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Popular Summary 

The objective of wastewater treatment is twofold: protecting the public health and 

the environment. The increase of the world’s population and urbanisation has 

resulted to a rise in water usage and thus, wastewater production. The 

intensification in clean water demands, as well as depletion of other resources, 

have eventually led to a growing interest in resource recovery during wastewater 

treatment. It is recognized that valuable resources, such as clean water, nutrients 

and energy could be recovered from the wastewater. 

Meanwhile, phosphorus is gaining considerable attention due to the alarming 

depletion of non-renewable phosphate rock reserves. Coincidentally, it is possible 

to minimize phosphorus, a eutrophying nutrient, in the effluent of wastewater 

treatment plants through recovery. Another relevant pollutant is sulfur which 

originates from certain waste streams, such as from tanneries and distilleries. In 

wastewater treatment plant operation, sulfur may cause problems associated with 

odour production, corrosion and toxicity. Highly linked to phosphorus and sulfur 

is iron. The latter is commonly used as a precipitant for phosphorus and has close 

and significant interactions with sulfur. 

Mathematical modelling of wastewater treatment processes is generally used to 

optimise, control and gain a better understanding of the complex interactions 

within the plant. Although carbon and nitrogen removal processes have been 

widely included in plant-wide models, consideration of phosphorus, sulfur and 

iron has been lagging behind. In this research, the latter three are taken into 

account in a plant-wide model. The various key stages for the model development 

are stated below: 

 

 A physico-chemical model was developed. This includes: ion activity 

corrections which takes into account that ions are less reactive in a non-

ideal solution (such as wastewater), aqueous phase chemical equilibria to 

determine the distribution of various chemical species, multiple mineral 

precipitation to describe the transformation of various compounds from a 

solution to the solid phase and gas-liquid transfer to represent the 

absorption and volatilization/stripping of gas to the liquid phase and the 

liquid to the gas phase, respectively. This model was implemented 

together with standard wastewater treatment models and the results show 

that a physico-chemical model is important for accurate prediction of 

processes. 

 



xii 

 The biological models are extended with processes related to 

phosphorus, sulfur and iron. The Activated Sludge Model No. 2d and 

Anaerobic Digestion Model No. 1 are enhanced to include relevant 

transformation processes. Oxidation reactions are added for aerobic and 

anoxic processes while reduction reactions are added for anaerobic 

processes. The model extensions are tested for various case scenarios in 

order to analyse the interactions between phosphorus, sulfur and iron and 

the results show the relevance of including them in wastewater treatment 

process models. 

 The above-mentioned model extensions are incorporated in a plant-wide 

model provided by the Benchmark Simulation Model No. 2. The complex 

interactions between phosphorus, sulfur and iron are compounded when 

considering the recycle of several streams (water, sludge) within a plant-

wide model. Other unit processes are modified to take into account the 

additional state variables. A recovery unit, consisting of a gas stripper, 

crystallizer and dewatering units, is also modelled to describe the prospect 

of phosphorus recovery as struvite. 

 

The collective model extensions are used to test various operational strategies 

aimed at improving the performance of a wastewater treatment plant. Using 

specified evaluation criteria, which likewise considers the phosphorus, sulfur and 

iron extensions, comparison of scenarios with different operational and control 

strategies is facilitated. The resulting plant-wide model is suitable for similar 

control strategy development aimed at improved operational cost, environmental 

compliance or resource recovery. Moreover, each of the enhanced models can be 

independently implemented and used as one sees fit for purpose.  
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Nomenclature 

Acronyms  

AD Anaerobic digestion 

ADM1 Anaerobic Digestion Model No. 1. Suffix Ox denotes model 

version extended with oxygen effects 

AE Algebraic equation 

AER Aerobic tank. Suffixes 1, 2 and 3 correspond to the first, second and 

third aerobic tank, respectively 

ANAER Anaerobic tank. Suffixes 1 and 2 correspond to the first and second 

anaerobic tank, respectively 

ANOX Anoxic tank. Suffixes 1 and 2 correspond to the first and second 

anoxic tank, respectively 

AS Activated sludge 

ASM Activated Sludge Model. Suffixes 1, 2, 2d, 3 and 3-bioP denote the 

model versions No. 1, 2, 2d, 3 and 3-bioP, respectively 

BOD Biological oxygen demand 

BSM Benchmark Simulation Model. Suffixes 1, 1_LT and 2 denote the 

model versions No. 1, 1_LT and 2, respectively 

CBIM Continuity-based interfacing method 

CEIT PWM Centro de Estudios e Investigaciones Técnicas (CEIT) plant-wide 

model 

CFD Computational fluid dynamics 

COST European Cooperation in Science and Technology 

EBPR Enhanced biological phosphorus removal 

EQI Effluent Quality Index 

EU European Union 

HFO Hydrous ferric oxide 

HRT Hydraulic retention time 

IWA International Water Association 

OCI Operational Cost Index 

ODE Ordinary differential equation 

PAO Phosphorus accumulating organisms 

PCM Physico-chemical model 

PHA Polyhydroxyalkanoates 

PP Polyphosphates 

SRB Sulfate-reducing bacteria 

TUDP Technical University of Delft phosphorus model 

UASB Upflow anaerobic sludge blanket 

UCTPHO University of Cape Town Activated Sludge Model 

VFA Volatile fatty acid 
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WFD Water Framework Directive 

WRRF Water resource recovery facility 

WWTP Wastewater treatment plant 

 

Chemical formulas 

Al Aluminium 

C Carbon 

CaCO3 Calcium carbonate 

CaHPO4 Dicalcium phosphate 

Ca3(PO4)2 Amorphous calcium phosphate 

Ca4H(PO4)3 Octacalcium phosphate 

Ca5(PO4)3OH Hydroxyapatite 

CO2 Carbon dioxide 

CH4 Methane 

Fe Iron 

Fe(II) Ferrous 

Fe(III) Ferric 

FeCl3 Ferric chloride 

Fe(OH)3 Ferric hydroxide 

FePO4 Ferric phosphate 

FeS Ferrous sulfide 

Fe3(PO4)2 Ferrous phosphate 

H, H2 Hydrogen 

H2S Hydrogen sulfide 

HPO4
2-

 Hydrogen phosphate 

H2PO4
-
 Biphosphate 

K Potassium  

KMgPO4 K-struvite 

MgHPO4 Newberyite 

MgNH4PO4 Struvite 

Mg, Mg
2+

 Magnesium  

N, N2 Nitrogen 

Na
+
 Sodium 

NH3 Ammonia 

NH4
+
 Ammonium 

O Oxygen 

P Phosphorus 

PO4
3-

 Phosphate 

S Sulfur 
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Model variables  

SA Acetate (ASM2d) g.m
-3

 

Saa Amino acids (ADM1) kg.m
-3

 

Sac Total acetic acid (ADM1) kg.m
-3

 

SALK Alkalinity (ASM2d) kmol.m
-3

 

San Anions (ADM1) kmol.m
-3

 

Sbu Total butyric acid (ADM1) kg.m
-3

 

SCa+, SCa Calcium (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

Scat Cations (ADM1) kmol.m
-3

 

Sch4 Dissolved methane (ADM1) kg.m
-3

 

SCl-, SCl Chloride (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

SF Fermentable substrate (ASM2d) g.m
-3

 

Sfa Soluble fatty acids (ADM1) kg.m
-3

 

SH+ Proton concentration (ADM1) kmol.m
-3

 

Sh2 Dissolved hydrogen (ADM1) kg.m
-3

 

SI Soluble inerts (ADM1) kg.m
-3

 

SIC Inorganic carbon (ADM1) kmol.m
-3

 

SIS Inorganic total sulfides (ADM1)  kg.m
-3

 

SK+, SK Potassium (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

SMg2+, SMg Magnesium (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

SNa+, SNa Sodium (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

SNH4 Ammonium (ASM2d) g.m
-3

 

SNO3 Nitrate nitrogen (ASM2d) g.m
-3

 

SN2 Dinitrogen (ASM2d) g.m
-3

 

SO2 Dissolved oxygen (ASM2d) g.m
-3

 

Spro Total propionic acid (ADM1) kg.m
-3

 

SS Readily biodegradable COD (ASM2d) g.m
-3

 

SSO4 Sulfate (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

Ssu Sugars (ADM1) kg.m
-3

 

Sva Total valeric acid (ADM1) kg.m
-3

 

XA Autotrophic biomass (ASM2d) g.m
-3

 

Xaa Amino acid degraders (ADM1)  kg.m
-3

 

Xac Acetate degraders (ADM1) kg.m
-3

 

XaSRB Acetotrophic sulfate-reducing bacteria (ADM1) kg.m
-3

 

XbSRB Butyrate-degrading sulfate-reducing bacteria 

(ADM1) 

kg.m
-3

 

XC Composite materials (ADM1) kg.m
-3

 

Xch Carbohydrates (ADM1) kg.m
-3

 

Xc4 Valerate- and butyrate-degraders (ADM1) kg.m
-3

 

Xc4SRB Valerate- and butyrate-degrading sulfate- 

reducing bacteria (ADM1) 

kg.m
-3
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Xfa Fatty acid-degrading acetogenic bacteria (ADM1) kg.m
-3

 

XH Heterotrophic biomass (ASM2d) g.m
-3

 

XHFO Hydrous ferric oxide (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

XHFO,H Hydrous ferric oxide with high adsorption  

capacity (ASM2d, ADM1) 

g.m
-3

, kmol.m
-3

 

XHFO,L Hydrous ferric oxide with low adsorption  

capacity (ASM2d, ADM1) 

g.m
-3

, kmol.m
-3

 

XHFO,H,P XHFO,H with adsorbed phosphate (ASM2d) g.m
-3

 

XHFO,L,P XHFO,L with adsorbed phosphate (ASM2d) g.m
-3

 

XhSRB Hydrogenotrophic sulfate-reducing bacteria 

(ADM1) 

kg.m
-3

 

Xh2 Hydrogenotrophic methanogens (ADM1) kg.m
-3

 

XI Inert particulates (ASM2d, ADM1) g.m
-3

, kg.m
-3

 

Xli Lipids concentration (ADM1) kg.m
-3

 

XMe(OH) Metal hydroxides (ASM2d) g.m
-3

 

XMeP Metal phosphates (ASM2d) g.m
-3

 

Xpao Phosphorus accumulating organisms (ASM2d, 

ADM1) 

g.m
-3

, kg.m
-3

 

Xpha Polyhydroxyalkanoates (ASM2d, ADM1) g.m
-3

, kg.m
-3

 

Xpp Polyphosphates (ASM2d, ADM1) g.m
-3

, kmol.m
-3

 

Xpr Proteins (ADM1) kg.m
-3

 

Xpro Propionate-degraders (ADM1) kg.m
-3

 

XpSRB Propionate-degrading sulfate-reducing bacteria 

(ADM1)  

kg.m
-3

 

XS Slowly biodegradable substrates (ASM2d) g.m
-3

 

XS0 Elemental sulfur (ASM2d, ADM1) g.m
-3

, kg.m
-3

 

XSRB Sulfate-reducing bacteria (ADM1) kg.m
-3

 

Xsu Sugar degraders (ADM1) kg.m
-3

 

 

Other symbols 

α Ion-specific parameter (used in ion activity 

correction) 

- 

αC,i  Mass fractions of carbon in a component i - 

αH,i Mass fractions of hydrogen in a component i - 

αO,i Mass fractions of oxygen in a component i - 

αN,i Mass fractions of nitrogen in a component i - 

αP,i Mass fractions of phosphorus in a component i - 

β Ion-specific parameter (used in ion activity 

correction) 

- 

ηNO3 Reduction rate for nitrate oxidation - 

ρj Kinetic rate kg.m
-3

.d
-1
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γ Activity coefficient - 

μSRB Maximum growth rate of SRB d
-1

 

a Contact area between the liquid and gas phase m
2
 

A Temperature-dependent constant (used in ion 

activity correction) 

- 

AE Aeration energy kWh.d
-1

 

ASFH Active site factor of XHFO,H mol
-1

 

ASFL Active site factor of XHFO,L mol
-1

 

AMFe Atomic mass of iron g.mol
-1

 

AMP Atomic mass of phosphorus g.mol
-1

 

b Disintegration rate d
-1

 

B Temperature-dependent constant (used in ion 

activity correction) 

- 

BM Biomass  - 

BOD5 BOD measured after 5 days g BOD.m
-3

 

Ci Dissolved concentration of the gaseous 

component 

kg.m
-3

 

COD Chemical oxygen demand g COD.m
-3

 

CODtotal Total COD g COD.m
-3

 

Csat Saturation concentration kg.m
-3

 

Eproduction Energy production kWh.d
-1

 

fva,PHA Yield of valerate on PHA - 

fbu,PHA Yield of butyrate on PHA - 

fpro,PHA Yield of propionate on PHA - 

fac,PHA Yield of acetate on PHA - 

GCH4 Methane gas production kg.d
-1

 

GH2S Hydrogen sulfide gas production kg.d
-1

 

I Ionic strength kmol.m
-3

 

IH2S,SRB Hydrogen sulfide inhibition on SRB - 

IAP Ion activity product - 

KA Saturation coefficient for growth on acetate g.m
-3

 

kcryst Precipitation rate constant d
-1

 

kdec Decay rate d
-1

 

Kdiss Dissolution rate constant d
-1

 

Keq Equilibrium constant - 

KF Saturation coefficient for growth on readily 

biodegradable substrate 

g.m
-3

 

KFe(III),Fe(II) Conversion rate of Fe(III) to Fe(II) m
3
.kmol

-1
.d

-1
 

KH,i Henry’s constant kmol.m
-3

.bar
-1

 

KNH4 Saturation coefficient for ammonia g.m
-3

 

KNO3 Saturation coefficient for nitrite g.m
-3

 

KO2 Saturation coefficient for oxygen g.m
-3
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KPO4 Saturation coefficient for phosphate g.m
-3

 

KSO4 Saturation coefficient for sulfate g.m
-3

 

kL Mass transfer rate m.d
-1

 

kL·a or kLa Volumetric mass transfer coefficient m
-3

.d
-1

 

km Maximum specific uptake rate d
-1

 

koxi Oxidation rate m
3
.g

-1
.d

-1
 

KP Saturation coefficient for phosphate sorption onto 

HFO 

g.m
-3

 

KP,diss Saturation coefficient for phosphate dissolution 

from HFO 

g.m
-3

 

KPP Saturation coefficient for polyphosphate kg.m
-3

 

KPP Potassium content of polyphosphate - 

kred,Fe(III) Reduction rate of Fe(III) m
3
.g

-1
.d

-1
 

KSP Solubility product constant - 

KS,SO4 Half saturation constant for sulfate kmol.m
-3

 

MFeCl3 Mass flow rate of ferric chloride kg Fe.d
-1

 

MgPP Magnesium content of polyphosphate - 

MMg(OH)2 Mass flow rate of magnesium hydroxide kg Mg.d
-1

 

Ni Nitrogen content of component i - 

NKjeldahl Kjeldahl nitrogen g N.m
-3

 

Nremoved Total nitrogen removed g N.m
-3

 

Ntotal Total nitrogen g N.m
-3

 

Pi Partial pressure bar 

Pinorg Inorganic phosphorus g P.m
-3

 

Premoved Total phosphorus removed g P.m
-3

 

Ptotal Total phosphorus g P.m
-3

 

qaging Aging rate of HFO d
-1

 

qbinding Sorption rate of phosphates to HFO d
-1

 

qdiss Dissolution rate of HFO d
-1

 

qcoprecip-P Binding rate of HFO d
-1

 

qPHA Rate constant for storage of PHA d
-1

 

ri Rate of crystallization d
-1

 

ri,G/L Mass transfer rate between gas and liquid phase d
-1

 

SI Saturation Index - 

Srecovered Struvite recovered kg struvite.d
-1

 

S{i} Ion activity of ion i kmol.m
-3

 

S[i] Ion concentration of ion i kmol.m
-3

 

SPdisposal Sludge production for disposal kg.d
-1

 

TIV Time in violation % 

TSS Total suspended solids g.m
-3

 

Xcryst Concentration of the precipitate kg.m
-3

 

YaSRB Yield of aSRB - 
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Yc4SRB Yield of c4SRB - 

YhSRB Yield of hSRB - 

YPO4 Yield of biomass on phosphate kmol.kg
-1

 

YpSRB Yield of pSRB - 

YSRB Yield of SRB - 

zi Charge of ion i - 

 

 





1 

Chapter 1  

Introduction 

This chapter gives an overall view of this thesis work. In particular, it presents the 

motivation behind this research study and what it is expected to accomplish. 

Moreover, it provides the contributions of this research work to the current state 

of knowledge in the field and ends with a synopsis of the chapters of this thesis. 

1.1. Motivation of the Research Study  

The fundamental goal of treating wastewater is to protect human health. 

Nevertheless, protecting the environment has also become essential in the last 

decades, such that stringent effluent discharge limits for wastewater treatment 

plants have been set for eutrophying substances, organic matter, priority 

substances and other pollutants. 

Due to the various and numerous biological, chemical and physical factors 

affecting wastewater treatment processes, the disturbances, dynamics and 

uncertainties in the influent, it is usually a challenge to control the plant. On this 

subject, wastewater treatment modelling is a pragmatic approach that has been 

widely-employed for finding ways to control and improve the performance of 

wastewater treatment plants as efficiently and at the lowest cost possible. 

Moreover, it is also effective to simply gain an understanding on the complexity of 

the interactions in wastewater treatment processes. The benchmark simulation 

models, created for objective evaluation of control strategies for wastewater 

treatment plants, have been used for such purposes. 

Currently, there is also focus on maximizing the resource potential of wastewater. 

Valuable resources such as clean water, nutrients and energy could be recovered 
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from the wastewater while concurrently protecting the environment. Along these 

lines, the recovery potential of phosphorus from wastewater is gaining 

considerable attention since it has an adverse effect on surface waters because of 

its eutrophying potential all the while considering that its natural source is non-

renewable and is becoming increasingly expensive. It is recognized that while 

phosphorus removal has been a focus of wastewater treatment plant (WWTP) 

design and operation, its inclusion in plant-wide models is lagging behind that of 

carbon and nitrogen removal. Aside from phosphorus, sulfur in wastewater is also 

gaining importance due to the operational problems caused by hydrogen sulfide 

(e.g. odour problems, corrosion, toxicity), especially when dealing with 

wastewater streams coming from tanneries and distilleries. Additionally, iron is 

also of importance as it is widely used for phosphorus removal in WWTPs and has 

close interlinks with sulfur. 

As a consequence, current wastewater treatment models need to be updated to 

include processes to describe biological and chemical phosphorus removal, as well 

as sulfur and iron transformation processes. As there is a large interest in resource 

recovery, which is mostly accomplished by precipitation within the WWTP, an 

improved physico-chemical model is also needed. Thus, inclusion of a plant-wide 

pH model and extending the activated sludge and anaerobic digestion model to 

describe phosphorus, sulfur, iron and other relevant variables are of primary 

importance. The resulting model can be used for simulation-based scenario 

analysis aiming at finding ways to improve the operation of a WWTP designed for 

carbon, nitrogen and phosphorus removal. 

1.2. Objectives of the Study  

The main objective of this thesis is to extend wastewater treatment process models 

with phosphorus, iron and sulfur conversions. The extensions are required for the 

development of a plant-wide model platform, which allows for objective analysis 

and comparison of various control and operational strategies aimed at combined 

carbon, nitrogen and phosphorus removal from the wastewater. 

To achieve the main objective, several working points are accomplished as listed 

below. 

 Development of a physico-chemical module which includes: weak acid-

base chemistry, ion activity corrections and ion pairing effects. In 

addition, multiple mineral precipitation as well as gas-liquid transfer 

processes are also included. 
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 Addition of iron and sulfur conversions in the Activated Sludge Model 

No. 2d (ASM2d). 

 Addition of phosphorus, iron and sulfur conversions in the Anaerobic 

Digestion Model No. 1 (ADM1). 

 Development of a plant-wide model comprising of these extensions using 

the Benchmark Simulation Model No. 2 (BSM2) platform. This phase 

includes, among others, developing the model interfaces, plant 

performance criteria and evaluation and additional processes (e.g. for 

struvite recovery). 

 Development of control and operational strategies using the developed 

extended plant-wide model aimed at phosphorus removal and/or recovery. 

Several limitations and assumptions are implicit in this study. The model 

extensions are all implemented within the framework provided by the BSM2. 

Greenhouse gas formation and micropollutants are not considered in the study. 

The influent data used in the model simulations are synthetically created but are 

assumed to reflect realistic wastewater influent concentrations and dynamics. 

Validation of the developed models, either by lab-scale experiments or full-scale 

tests, is not part of this work but is considered imperative. More specific and 

detailed limitations to each model extension are discussed in the subsequent 

relevant chapters. 

1.3. Contributions to Research  

The key contributions of this research to the state of knowledge are stated below. 

 A versatile/general module which takes into account ion activity 

corrections and ion pairing is developed. This can be easily added to 

different activated sludge (AS) and anaerobic digestion (AD) models and 

can reliably predict pH and speciation of components under anaerobic, 

anoxic and aerobic conditions in AS and AD models. A solving routine is 

also developed that handles the systems of equations describing fast and 

slow reactions simultaneously. 

 Phosphorus, sulfur and iron transformations under anaerobic, anoxic and 

aerobic conditions are added to ASM2d for plant-wide phosphorus 

modelling and simulation. 
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 An extension of ADM1 with sulfate reduction, iron reduction and 

phosphorus transformations is developed for plant-wide phosphorus 

modelling and simulation. In addition, model interfaces are developed to 

link the extended ASM2d and ADM1 variables. 

 A platform for control strategy development, testing and evaluation for 

wastewater treatment plants designed for carbon, nitrogen and phosphorus 

removal and/or recovery is presented. 

 Multi-criteria (economic/environmental) analysis of the results is provided 

taking into account phosphorus-related components and cost of 

chemicals/price of resource for effluent quality and operational cost 

evaluation, respectively. 

This thesis is based mainly on five papers as listed in the List of Publications. This 

section describes the contents of these papers and the contributions of each to the 

research field. All of the papers are published in the journal Water Research 

(impact factor 2015: 5.991).  

Paper I: This paper describes the implementation of the physico-chemical 

framework for the ADM1. It includes ion activity corrections and accounts for ion-

pairing effects in order to see the effects on pH and anaerobic digestion products. 

Several scenarios are set up to see the physico-chemical effects from the water to 

the sludge line. The principles of the developed solving routine for simultaneous 

solution of fast and slow reactions are presented. 

Paper II: This paper presents the modelling work on incorporation of the physico-

chemical framework into general wastewater treatment process models, such as 

ASM1, ASM2d, ASM3 and ADM1. An extensive aqueous phase chemistry 

module is interfaced with these models, and enables depiction of speciation of 

different wastewater components under different conditions (e.g. aerobic, 

anaerobic, anoxic). The applicability of the module is also discussed. The solving 

routine from the previous paper is improved to include simulated annealing for 

optimizing initial values used in the model simulations. 

Paper III: This paper presents the modelling of the anaerobic digestion of cane-

molasses vinasse, a high-strength and sulfate-rich wastewater, by extending the 

ADM1 with sulfate reduction processes. The model is validated using 

experimental data and shows accurate prediction of pH, sulfides, acids, chemical 

oxygen demand (COD), methane and hydrogen sulfide in the gas phase. 

Moreover, failure of methanogenesis and sulfidogenesis at high loading rates is 

also predicted in the model. 
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Paper IV: This paper presents the extensions to the ADM1 for applications in 

plant-wide modelling and simulations. Because of the complex interactions 

between the phosphorus (P), iron (Fe) and sulfur (S) cycles, their transformations 

are taken into account within the anaerobic digester. Several alternatives of the 

extensions are simulated and the effects on the physico-chemical and biochemical 

transformations are analysed. The development of the model interfaces between 

the extended ADM1 and the plant-wide state variables is presented. 

Paper V: This paper focuses on the effects of different control strategies on 

phosphorus transformations in wastewater treatment plants. The BSM2 platform is 

extended to take into account P, S and Fe transformations. This is done by 

extending the biological models, the interfaces, the evaluation criteria, and if need 

be, additional unit processes for resource recovery (i.e. stripping unit and 

crystallizer). Three control strategies are tested and compared using plant 

performance criteria, such as Effluent Quality Index (EQI) and Operational Cost 

Index (OCI). 

The various model extensions and developments are implemented in 

Matlab
®
/Simulink

®
. All source code is freely distributed and presented as four 

model packages described below. 

 The ADM1 is extended with ion activity corrections, ion pairing effects 

and aqueous phase equilibria. The extended ADM1 model is implemented 

using the BSM2. This is the supplementing model for Paper I. 

 A general physico-chemical module is developed, which includes ion 

activity corrections, ion pairing effects and aqueous phase equilibria. This 

module is compatible with the biochemical models ASM1, ASM2d, 

ASM3 and ADM1. The ASMs are implemented using the BSM1 while the 

ADM1 is implemented using the BSM2. These are the supplementing 

models for Paper II. 

 The ADM1 is extended with processes related to phosphorus, sulfur and 

iron. In addition, the pool of composite materials is removed and directly 

mapped into carbohydrates, proteins, lipids and inerts. This extended 

ADM1 model is implemented using the BSM2. This is the supplementing 

model for Paper IV. 

 The ASM2d and ADM1 are both extended with processes to describe 

phosphorus, sulfur and iron transformations. Model interfaces, recovery 

unit processes and evaluation criteria are also updated to take into account 

the new state variables. These extensions are implemented using the 

BSM2. This is the supplementing model for Paper V. 
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1.4. Thesis Structure  

This thesis presents the sequential phases of model extensions and developments 

related to wastewater treatment processes for plant-wide modelling of 

simultaneous carbon, nitrogen and phosphorus removal. Each model development 

is implemented and several test scenarios are evaluated and analysed. Findings for 

each key model development stage are also presented. 

In Chapter 2, the background to the study is presented. Basic concepts are briefly 

discussed, focusing on the following wastewater treatment processes: activated 

sludge system and the Activated Sludge Models, anaerobic digestion and the 

Anaerobic Digestion Model No. 1, and the Benchmark Simulation Models. State-

of-the-art for the aforementioned models and their current applications are 

discussed. 

Chapter 3 starts with an overview of the physico-chemical framework and how it 

is relevant for this research work. The main concepts of the framework are 

presented as well as their implementation for coupling them with wastewater 

treatment process models, particularly to biological models (from Papers I and II). 

The chapter concludes with a scenario analysis and discussion of key findings 

from the relevant papers.  

Mainly model developments are presented in Chapter 4. It focuses on the 

extensions of the biological models, ASM2d and ADM1, with processes 

describing phosphorus, sulfur and iron transformations (from Papers III, IV and 

V).  

Chapter 5 combines the model developments presented in Chapters 3 and 4 into 

the Benchmark Simulation Model platform in order to provide a platform for 

control strategy development, testing and evaluation aimed at combined organics, 

nitrogen and phosphorus removal and/or recovery. Other relevant parts of the 

approach are discussed, such as: plant layout and influent characteristics, model 

interfaces, auxiliary models (in case of aiming for resource recovery) and extended 

evaluation criteria. The platform is then used for scenario analysis of different 

control strategies for which the findings from Paper V are discussed. 

General conclusions from this research are detailed in Chapter 6, together with 

ideas for future work and perspectives. 
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Chapter 2  

Background 

This chapter provides an overview of the field of wastewater treatment, with 

principal focus on its modelling aspects. A summary of the two key biological 

models in this thesis: the ASM and ADM1 are presented. The chapter ends with a 

discussion of the BSM platform. 

2.1. Wastewater Treatment  

Water fulfils many functions in human society: domestic, industrial, agricultural, 

infrastructure, recreational, transportation use, energy use, etc. As a consequence 

of its usage, water becomes contaminated, which affects the water cycle and 

creates disturbances in natural functions (WWPA, 2016). In order to avoid this, 

regulations come into place and establish compulsory water quality criteria. 

Early legislations related to water in the European Union (EU) focused on certain 

types of water uses and water areas: bathing waters (CEC, 1976), fish waters 

(CEC, 1978), shellfish waters (CEC, 1979) and drinking water (CEC, 1975; CEC, 

1980). Experiences learned and gaps identified from former directives then led to 

the development of the Water Framework Directive (WFD) (CEC, 2000). It is 

more of a global approach for solving EU’s water pollution problem aiming for 

good ecological and chemical quality status for all waters through involvement of 

all stakeholders in the development, management and implementation. Thus, it 

also encompasses implementation of measures from the earlier EU Directives, 

including the Urban Wastewater Treatment Directive (CEC, 1991) wherein the EU 

addresses the main source of water quality deterioration. The objective of the 

Urban Wastewater Treatment Directive is to protect the environment from adverse 
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effects of urban wastewater discharge by prescribing wastewater collection and 

treatment for all EU urban areas and considering different sensitivity classes of 

receiving waters for discharge. It sets emission limit values and in order to achieve 

these, wastewater should be treated up to a certain degree before disposal to 

receiving waters or, when applicable, before re-use. 

The contaminated water, or wastewater, contains significant amounts of pollutants, 

which results in oxygen depletion when discharged directly to surface waters. The 

wastewater composition largely varies depending on the area it is collected from. 

It generally constitutes contaminants such as solids, biodegradable and non-

biodegradable (or slowly biodegradable) compounds, nutrients, toxic substances, 

pathogenic organisms, etc. Each of these different types of contaminations often 

requires different ways of treatment (physical, chemical, biological), thus a 

conventional wastewater treatment plant, such as shown in Figure 2.1, also 

constitutes several stages wherein a certain type of pollutant is targeted to be 

removed in each stage. The main objective of wastewater treatment is to allow 

urban wastewater discharge into surface waters ensuring protection of public 

health and the environment (Pescod, 1992). 

 

 

 
 

Figure 2.1. An example of a wastewater treatment plant configuration. 

 

Typically, the influent wastewater first undergoes pre-treatment, which is aimed at 

removing coarse materials and particles, such as sand. These large solid materials 

might cause operational problems further along the treatment process, such as 

blocking of pumps and mains, thus their removal should be at an early stage of the 

treatment process. For this purpose, bar screens, sieves and grit chambers are 

installed. Settling of settleable undissolved particles is stimulated during the next 

step of primary sedimentation. Due to particle flocculation, i.e. by adding 

chemicals or simply by biological mechanisms, particles become larger and 
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SLUDGE 
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DEWATERING
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settling is promoted. The next stage is biological treatment wherein 

microorganisms are used to consume and degrade the contaminants in the 

wastewater. Aeration is often provided during this stage to promote microbial 

growth. A secondary settling tank follows the biological treatment to separate the 

treated wastewater from the sludge that settles, containing the contaminant-

degrading organisms. The settled sludge is fed again into the biological reactor as 

seen in Figure 2.1. In practice, there are different types of biological treatments 

employed, such as activated sludge and trickling filter. The excess sludge, which 

mainly contains water, is sent to a thickener/flotation unit to further remove a large 

part of liquid from the sludge. It is then sent to an anaerobic digester for 

stabilization. Here, the sludge is degraded by various types of bacteria. One of the 

main advantages of anaerobic digestion is the production of biogas, which can be 

used for heat and power generation. The residual organic matter is chemically 

stable and contains a reduced amount of pathogens. It then goes into a dewatering 

unit to reduce its volume, saving storage and making it less expensive to transport. 

In WWTP operation, the main function is to effectively remove pollutants from the 

wastewater or convert them into less detrimental compounds, such that the effluent 

meets permit requirements using appropriate treatment technologies at the lowest 

possible cost. Reducing the cost can involve recovering resources from the process, 

such as nutrients, biogas and water for re-use (Verstraete et al., 2009). However, due 

to complex interactions of different variables relating to the operation of the 

wastewater treatment plant, it is time and again a challenge to control the plant 

operation in such a way as to treat the wastewater to levels set by legislation at the 

lowest possible cost. In this respect, mathematical models and simulations tools for 

wastewater treatment plant processes become useful in predicting their behaviour 

(Henze et al., 2008; Jeppsson, 1996) and in exploring different approaches to improve 

plant performance (Jeppsson et al., 2013). Dochain & Vanrolleghem (2001) and 

Gernaey et al. (2004) mention the three main application areas of models in the field 

of wastewater treatment, which are for: learning, design and process optimization.  

The activated sludge models (Henze et al., 2000) developed by the International 

Water Association (IWA), especially the Activated Sludge Model No. 1 (ASM1) 

(Henze et al., 1987), has been the trigger for general acceptance of wastewater 

treatment modelling in research and also in industry (Gernaey et al., 2004). Aside 

from the ASM family, the Anaerobic Digestion Model No. 1 (ADM1) (Batstone et 

al., 2002) was later developed as a consensus model and a platform for anaerobic 

process modelling and simulation. All of these IWA standard models have been 

widely used in research resulting in thousands of publications. Moreover, they are 

also commonly included in proprietary wastewater treatment process simulators, 

such as BioWin
TM

, GPS-X
TM

, WEST
®
, STOAT

TM
 and SIMBA

®
. This thesis work 

focuses on these two key biological models and they will be further discussed in 

the next subsections and chapters. 
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Just in the last ten years, there has been a rapid transition of WWTPs into water 

resource recovery facilities (WRRFs). Wastewater is now considered a resource 

from where nutrients, energy and water can be recovered. In line with this, plant-

wide modelling of wastewater treatment processes needs to account for new 

processes and state variables. In this research work, emphasis is given to 

phosphorus removal and/or recovery. Wastewater contains significant amounts of 

phosphorus, which legislation requires to be reduced to legal limits before 

discharge onto surface waters due to the fact that it is also responsible for 

eutrophication. On the other hand, phosphorus is considered a limited resource and 

only an estimated 50-100 years is left before the known reserves of phosphate rock 

will be depleted (Herring & Fantel, 1993; Seyhan et al., 2012), with a more 

conservative estimate of up to 300 years according to Cordell & White (2011). 

Thus, phosphorus recovery from wastewater becomes a viable prospect to consider 

(Le Corre et al., 2009). 

From a wastewater treatment modelling perspective, phosphorus removal and/or 

recovery requires an inevitable increase of model complexity in order to correctly 

describe phosphorus transformation processes. Since phosphorus occurs mostly as 

orthophosphates, such as PO4
3-

 and HPO4
2-

, their valency suggests strong influence 

on ion pairing and ion activity, which affects pH and mineral precipitation (Tait et 

al., 2012). Phosphorus is also highly associated with iron as iron salts are 

commonly used to precipitate phosphorus (de-Bashan & Bashan, 2004; Gutierrez 

et al., 2010). The relationship of iron with sulfur is also significant because the 

former reduces phosphorus precipitation due to its preferential binding with sulfur 

(Kleeberg, 1997; Nürnberg, 1996) and results in release of phosphates. By itself, 

sulfur is also becoming important because of the adverse effects of sulfur 

compounds during plant operation, e.g. inhibitory effects of sulfide on some 

bacterial population and causing odour, corrosion and safety problems (Pol et al., 

1998; Zhang et al., 2008). Thus, the development of a plant-wide model for 

organics, nitrogen and phosphorus removal comes in several stages: (1) the 

development of the aqueous phase chemical equilibria model to correctly describe 

and predict pH, speciation of the different compounds and precipitation reactions, 

(2) extension of the biological models by taking into account new state variables 

and (3) integration of the models into a plant-wide model with new unit processes 

for recovery, extended interfaces to link the different models together and new 

evaluation criteria (Jeppsson et al., 2013). 
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2.2. The Activated Sludge Models  

The activated sludge models are mathematical models describing biological and 

chemical reactions occurring in activated sludge systems. About fifteen years prior 

to the publication of the Activated Sludge Model No. 1 (ASM1), several research 

groups had already been working on mathematical modelling of activated sludge 

systems. The objective of the development of the ASM1 was to create a general 

framework of a model with complexity as low as possible but still able to 

accurately predict biological processes (Henze et al., 1987). Work on ASM1 began 

in 1983 (Henze et al., 1987) and is the foundation for further developments of the 

ASMs and their extensions. They have been accepted by wastewater treatment 

practitioners and researchers over the last two decades. The ASMs are presented 

conveniently in a table form containing a stoichiometric matrix and kinetic vector 

(Hauduc et al., 2013; Petersen, 1965) using notations recommended by Grau et al. 

(1983).  

The first activated sludge model, ASM1, describes biological oxidation of carbon, 

nitrification and denitrification and is therefore used to simulate carbon and 

nitrogen removal in activated sludge systems. Carbonaceous and nitrogenous 

compounds are subdivided into fractions based on biodegradability and solubility 

(Gernaey et al., 2004). The model considers four processes: (1) growth of 

autotrophs and heterotrophs, (2) decay of autotrophs and heterotrophs, (3) 

hydrolysis of particulate organics and (4) ammonification of soluble organic 

nitrogen. The rate of each process is expressed as a series of Monod-type 

switching functions, allowing it to occur only under a certain condition (e.g. 

whether aerobic, anoxic, anaerobic) (Seviour & Nielsen, 2010).  

Due to the need to meet effluent quality standards in terms of both nitrogen and 

phosphorus, modelling of biological phosphorus removal became essential. This is 

a deficit of the ASM1, which led to the development of the Activated Sludge 

Model No. 2 (ASM2) (Henze et al., 1995). ASM2 is an extension of ASM1 and 

includes biological and chemical phosphorus removal in addition to descriptions 

of carbon and nitrogen removal. Three hydrolysis processes of particulate organics 

were distinguished based on electron acceptors. A fermentation process is also 

included, which necessitates distinguishing readily biodegradable substrates as 

either fermentable substrates or fermentation products. With respect to 

phosphorus-related processes, inorganic phosphorus, phosphorus accumulating 

organisms (PAO), polyhydroxyalkanoates (PHA) and polyphosphates (PP) are 

included as additional state variables. Utilizing the energy from the hydrolysis of 

PP, the PAO are capable of taking up fermentation products and storing them as 

PHA (Figure 2.2a). Furthermore, the energy obtained from respiration of PHA is 

used by PAO to store inorganic phosphorus as PP (Figure 2.2b). Other important 
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processes included in ASM2 are the precipitation of phosphate with ferric 

hydroxide, Fe(OH)3 and the redissolution of the formed ferric phosphate, FePO4. 

 

  
        (a)      (b) 

 

Figure 2.2. Storage mechanisms of (a) polyhydroxyalkanoates and (b) polyphosphates 
during anaerobic and aerobic conditions, respectively. 

 

The ASM2 was then extended to the Activated Sludge Model No. 2d (ASM2d) 

(Henze et al., 1999) as understanding of the role of denitrification grew. This 

entails addition of two processes: (1) storage of inorganic phosphorus as PP using 

the energy obtained from the anoxic respiration of PHA and (2) anoxic growth of 

PAO. In both processes, the rate constant for storage of PP and the maximum 

growth rate of PAO are assumed to occur at reduced rates during anoxic 

conditions to account for the fact that only a fraction of the PAO has capabilities to 

denitrify or that denitrification occurs at a slower rate (Henze et al., 1999). This 

model is widely-used when accounting for enhanced biological phosphorus 

removal (EBPR) processes (Seviour & Nielsen, 2010). 

The Activated Sludge Model No. 3 (ASM3) (Gujer et al., 1999) tackles some of 

the limitations of ASM1, especially dealing with issues to facilitate model 

calibration. An important difference between ASM1 and ASM3 is in the COD 

flow (Figure 2.3). In ASM1, the death-regeneration cycle of the heterotrophs and 

the decay of nitrifiers are strongly interrelated while for ASM3, all the conversion 

processes of the heterotrophs and nitrifiers are clearly separated and the decay 

processes are identical (Gernaey et al., 2004; Gujer et al., 1999). ASM3 also 

considers that substrates are first stored into cell internal storage compounds 

before being taken up by heterotrophic biomass. The storage of substrates, growth 

of heterotrophs, respiration of cell internal storage compounds and endogenous 

respiration of both heterotrophs and nitrifiers are assumed to occur during aerobic 

and anoxic conditions. 
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           (a)             (b) 

 

Figure 2.3. COD fluxes in (a) ASM1 and (b) ASM3 (adapted from Gernaey et al. (2004)). 

 

Other significant extensions to the ASMs are the ASM3-bioP and TUDP models. 

The ASM3-bioP allows for the prediction of EBPR through inclusion of PAO-

related processes adapted from ASM2d into ASM3 (Rieger et al., 2001). A 

metabolic phosphorus model is included in ASM2 (van Veldhuizen et al., 1999) 

and ASM2d (Meijer, 2004; Meijer et al., 2002) referred to as the Technical 

University Delft Phosphorus (TUDP) model. Both models have been applied to 

full-scale wastewater treatment plants. Aside from the above-discussed models, 

there are still a number of activated sludge models developed and used by 

researchers and wastewater practitioners, such as the Barker and Dold model 

(Barker & Dold, 1997), UCTPHO model (Wentzel et al., 1989a; Wentzel et al., 

1989b; Wentzel et al., 1988) and the CEIT Plant-Wide Model (CEIT PWM) (Grau 

et al., 2007). 

Table 2.1 presents an overview of the different processes included in the IWA 

published ASMs showing important features of each model. These, together with 

the other described models, are commonly implemented and used in numerous 

simulation platforms and are used to a great extent for scientific research to study 

biological processes in real and hypothetical systems.  
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Table 2.1. Overview of activated sludge models (Gernaey et al., 2004; Hauduc et al., 2013). 
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ASM1 CN X X DR, Cst EA      

ASM3 CN X X ER, EA Cst      

ASM2 CNP X X DR, Cst EA X  Cst X X 

ASM2d CNP X X DR, Cst EA X X Cst X X 

DR = death regeneration principle; EA = electron acceptor dependent; Cst = not electron acceptor 
dependent; C = carbon; N = nitrogen; P = phosphorus 

2.3. The Anaerobic Digestion Model No. 1  

Anaerobic digestion involves the breakdown of complex molecules into simpler 

substances in the absence of oxygen by a population of anaerobic microorganisms, 

wherein, the disintegration of each type of organic compounds requires a specific 

type of microorganism (Lettinga & van Haandel, 1993). This established process 

is utilized for biological waste stabilization. During the past 25 years, anaerobic 

digestion has gained popularity for treatment of organic municipal waste and 

wastewater, of which a large percentage of the installations are located in Europe 

(De Baere, 2006). Compared to aerobic treatment systems, anaerobic treatment 

requires less energy, generates less sludge and produces valuable by-products 

(Chen et al., 2008; de Mes et al., 2003; Holm-Nielsen et al., 2009; Mata-Alvarez et 

al., 2000; Metcalf & Eddy, 2014). In addition to these, the main benefit of this 

process is the potential energy recovery (Appels et al., 2008; Chynoweth et al., 

2001) for instance through production of methane, a strong greenhouse gas 

(Lashof & Ahuja, 1990).  

Appels et al. (2011) mention that although the process is widely-applied, there are 

still further research areas to explore for further improvement and optimisation of 

the anaerobic digestion performance. One approach could be the use of 

mathematical modelling in order to gain more understanding of the complex 

phenomena and interactions occurring during anaerobic digestion (Yu et al., 

2013), an example of which is the Anaerobic Digestion Model No. 1 (ADM1) 

(Batstone et al., 2002). 

The ADM1 is a structured model consisting of biochemical and physico-chemical 

processes aimed to help in the design, operation and optimization of full-scale 

anaerobic digestion plants (Batstone & Keller, 2003; Batstone et al., 2002). Before 
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the publication of the ADM1, numerous models on anaerobic digestion were 

already available and have shown good performance in terms of simulation 

accuracy. However, it has become difficult to compare results using different 

models. The ADMI was proposed by the IWA Task Group for Mathematical 

Modelling of Anaerobic Digestion Processes not to develop a single overall model 

but rather to “provide a unified basis for anaerobic digestion modelling” (Batstone 

& Keller, 2003). Thus, ADM1 may be considered a base model, which can either 

be directly used or modified to adapt to more specific applications. 

The biochemical processes of ADM1 are categorized into five key steps: 

disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis, as 

shown in Figure 2.4. The disintegration stage involves the separation of the pool of 

composite organic materials (XC) into carbohydrates (Xch), proteins (Xpr) and lipids 

(Xli) as well as into inerts (XI, SI). This phase allows the particulate components to 

be readily biodegraded in the subsequent steps through lysis, non-enzymatic 

decay, phase separation and physical breakdown, and was mainly included to 

facilitate modelling of activated sludge digestion (Batstone et al., 2002; Batstone 

et al., 2015). During the subsequent hydrolysis, these large non-soluble polymers 

of carbohydrates, proteins and lipids are broken down by hydrolytic enzymes 

produced by hydrolytic bacteria and converted to soluble monosaccharide/sugars 

(Ssu), amino acids (Saa) and long chain fatty acids (Sfa), respectively. In most cases, 

hydrolysis is a relatively slow phase thus, it is the rate limiting step in the overall 

anaerobic digestion process (Batstone et al., 2002; Speece, 1983; van Haandel & 

van der Lubbe, 2012). Facultative bacteria and hydrogen-producing acidogenic 

bacteria (Xsu, Xaa) convert the soluble organic compounds into smaller volatile fatty 

acids (VFAs) (Sva, Sbu, Spro, Sac) during the acidogenesis stage, producing hydrogen 

(Sh2) and carbon dioxide (SIC) as by-products (Batstone et al., 2002). Bacteria 

known as acetogens (Xfa, Xc4, Xpro) are responsible for the formation of acetate 

from VFAs. Acetate is considered the most important intermediate of the 

anaerobic digestion process because, compared to H2 and CO2, it is principally the 

final substrate for methane production (Khanal, 2008). The last stage is the 

methanogenesis in which methane (Sch4), carbon dioxide and water are produced 

from the conversion of acetate and hydrogen gas. The methanogenesis is 

considered to occur via two mechanisms: by acetate cleavage and through 

reduction of CO2 with H2 facilitated by aceticlastic (Xac) and hydrogenotrophic 

methanogens (Xh2), respectively (Parkin & Owen, 1986). 

Besides the above-mentioned biochemical conversions, non-biologically 

facilitated processes also take place. Acid-base processes are modelled as 

equilibrium processes since they are assumed to occur very fast (Batstone et al., 

2002; Musvoto et al., 2000b). Only the acid-base pairs whose pKa (i.e. the 

negative logarithm of the acid dissociation constant) values are close to the pH of 

anaerobic systems are included in the ADM1. The transfer of gases, of which only 
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CO2, CH4 and H2 gases are considered, is another physico-chemical process 

included in the ADM1.  

ADM1 has been considered either too simple or too complex by many users. 

When applicable, adding relevant extensions to the model is sufficient to address 

its simplicity and thus enabling the model to be used for specific applications. On 

the other hand, model complexity can be addressed by simplification of the model 

(i.e. model reduction) (Batstone et al., 2006) and is often needed for control and 

optimization purposes (García-Diéguez et al., 2013).  

 

                          

 
 

Figure 2.4. The anaerobic digestion process as described in Batstone et al. (2002). 

 

Because of new technologies, increasing and newfound applications and the shift 

towards a holistic outlook on anaerobic digestion within the wastewater cycle, a 

growing number of extensions to the ADM1 are being requested and addressed. 

Batstone et al. (2006) mention that the most commonly requested extensions are 

on sulfate reduction, phosphorus transformations and mineral precipitation. 

Knobel & Lewis (2002) and Fedorovich et al. (2003) published extensions 

regarding sulfate reduction occurring during anaerobic digestion of sulfate-rich 

wastewaters. Both models consider several species of sulfate-reducing bacteria 

(SRB), which are able to utilize different substrates when converting sulfate to 

sulfide. Batstone (2006) has considered a simplified sulfate reduction model in 

ADM1 where only a single type of SRB is responsible for sulfate reduction, valid 
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for influents with S:COD of 0.1 g S.g COD
-1

. The inclusion of phosphorus within 

ADM1 is important for WWTP modelling so that phosphorus transformations can 

be accurately tracked on a plant-wide basis (Johnson & Shang, 2006; Solon et al., 

2015b). In addition, it is also linked to the sulfur cycle especially when 

considering EBPR processes (Wu et al., 2013), chemical phosphorus removal (de-

Bashan & Bashan, 2004) and sulfide control (Gutierrez et al., 2010; Sharma et al., 

2008). Initial studies on precipitation processes within ADM1 have been done by 

Batstone & Keller (2003) on recycling mill wastewater wherein only a single 

precipitate is considered (i.e. calcium carbonate, CaCO3). However, in reality it is 

known that multiple mineral precipitations usually occur in concentrated systems, 

such as in anaerobic digesters (Batstone et al., 2012). 

Meanwhile, the ADM1 has also been modified and/or extended for case-specific 

applications. For example, co-digestion is employed in order to improve 

biodegradability and thus increase biogas production during anaerobic digestion 

and numerous studies have already adapted ADM1 for co-digestion taking into 

account different substrates (Arnell et al., 2016; Boubaker & Ridha, 2008; Derbal 

et al., 2009; Esposito et al., 2008; Fezzani & Cheikh, 2008; Lübken et al., 2007; 

Zaher et al., 2009). Fezzani & Cheikh (2009) have added degradation processes of 

phenol compounds in their study on digestion of olive mill wastewater. Botheju et 

al. (2009) expanded the ADM1 into a model, called ADM1-Ox, which takes into 

account the effects of minute concentrations of oxygen in an otherwise anaerobic 

environment. Computational fluid dynamics (CFD) modelling is also being linked 

to ADM1 in order to capture the various gradients occurring in full-scale reactors 

(Gaden & Bibeau, 2011). Mu et al. (2008) and Tartakovsky et al. (2008) 

implemented ADM1 considering spatial dispersion significant in upflow anaerobic 

sludge bed (UASB) reactors. 

For municipal wastewater treatment plant applications, Johnson & Shang (2006) 

mention that ADM1 is lacking the following: (1) the inclusion of phosphorus in 

the model which is needed for accurate tracking of struvite precipitation, (2) 

precipitation, (3) accurate pH prediction and (4) the fate and transport of sulfur 

species which is important for operation and maintenance. These issues are found 

to be inter-related and this thesis work consequently attempts to address and fill 

these gaps.  
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2.4. The Benchmark Simulation Models  

Several early studies have presented numerous control strategies for wastewater 

treatment systems. Feedforward controllers were used by Davis et al. (1973) to 

manipulate the return sludge recycle flow rate in an activated sludge process based 

on the influent substrate concentration in order to minimize the effluent soluble 

substrate. Andrews (1974) demonstrated process control in activated sludge 

systems by regulating the feed points in a step-feed activated sludge system 

particularly targeted for poorly settling or bulking sludge, and in anaerobic 

digesters by studying the effect of controlling the pH through addition of base. A 

design manual was presented by Flanagan et al. (1977) dealing with various 

dissolved oxygen control systems for the activated sludge process wherein the 

capital and operating costs of such control systems were also compared. A 

simplified dynamic model was developed for the activated sludge process for 

automatic control purposes by Lech et al. (1978b), which they then used for testing 

different control strategies, such as various types of feedback and feedforward 

control using computer simulations (Lech et al., 1978a). Sludge recycle and 

wastage rates are controlled with the objective of maintaining the effluent 

substrate concentration below regulatory limits (Kabouris & Georgakakos, 1991). 

Sludge recirculation flow rate and dissolved oxygen control are the most 

commonly used and studied control actions for activated sludge systems (Marsili-

Libelli, 1989; Olsson et al., 1985). A general overview of control as applied to 

wastewater treatment systems from early years until more recent times is presented 

by Olsson (2012) and Olsson et al. (2014). 

Optimisation of wastewater treatment plant process performance could be done 

through any of these numerous control strategies to achieve benefits, such as 

process reliability, stability and even lower operational costs (Andrews, 1994; 

Olsson, 1992). There are several possibilities and combinations of control 

strategies in order to achieve the same goal. For example, improving nitrogen 

removal can be achieved by external carbon addition and/or by manipulating the 

airflow rate (Kim et al., 2004; Stare et al., 2007). These control strategies might 

bring about an improvement in organic carbon removal as well but might have an 

opposite impact on the operational cost or on the removal of another substrate, 

such as phosphorus. Because of the complexity, interdependency and non-linearity 

of the processes involved in wastewater treatment systems, it is a challenge to 

define control actions that will improve the plant performance (i.e. in terms of 

stability, substrate removal, etc.) at the lowest possible operational cost. 

Mathematical models, such as those discussed in the previous subchapters, can be 

utilized to study the effect of different control strategies on process performance. 

However, it is still often difficult to evaluate and compare control strategies due to 
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differences in the system: variations in the influent, reactor layout, wide range of 

time constants, etc. (Jeppsson & Pons, 2004). In order to objectively compare 

different control strategies, a benchmark is necessary upon which to test them and 

apply standard evaluation criteria to compare them (Pons et al., 1999). 

Along this line of thinking, a simulation benchmark was developed as a product of 

the European Cooperation in Science and Technology (COST) Actions 682 and 

624 (Copp, 2002). The simulation benchmark is considered a standard simulation 

protocol containing guidelines for evaluating control strategies for activated sludge 

wastewater treatment plants. It is a simulation tool with a defined plant layout, 

bioprocess models, influent dynamics, sensors and actuator models and a set of 

evaluation criteria (Copp, 2002). The simulation benchmark was officially called 

the Benchmark Simulation Model No. 1 (BSM1).  

The development of the BSM1 (Figure 2.5) continued within the IWA Task Group 

on Benchmarking of Control Strategies for Wastewater Treatment Plants. The 

BSM1 plant layout is composed of an activated sludge system followed by a 

secondary clarifier as shown in Figure 2.5, which is a common configuration for 

biological organic and nitrogen removal. The default activated sludge system has a 

Modified Ludzack-Ettinger configuration: two anoxic zones preceding three 

aerobic zones, and is modelled using ASM1. The secondary settler is modelled as 

a non-reactive unit and using the double-exponential settling velocity function by 

Takács et al. (1991). Influent dynamics are given for dry weather, rain weather and 

storm weather conditions (Gernaey et al., 2005; 2006b). Default control strategies 

are also provided to test the benchmark system through performance assessment. 

This evaluation is to test that an applied control strategy is properly implemented 

and to measure its effect on the plant performance. Different types of sensors and 

available control handles are also provided in the benchmark, together with their 

model descriptions. A more detailed description of the BSM1 is provided in 

Vrečko et al. (2014) and Gernaey et al. (2014). 

 

 

 

Figure 2.5. Plant layout of the Benchmark Simulation Model No. 1 (from Gernaey et al. (2014)). 
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BSM1 was further developed into the Long Term Benchmark Simulation Model 

No. 1 (BSM1_LT) (Rosén et al., 2004), wherein the evaluation period is extended 

from 7 to 364 days and is evidently aimed for long-term assessment of control 

strategies. In line with this, control actions with long-term effects are allowed, 

such as sludge age control. Sensor and actuator faults are also included in 

BSM1_LT in contrast to BSM1, wherein they are assumed ideal. With regards to 

fault detection and process monitoring, BSM1_LT allows monitoring of 

measurements in order to detect process deviations, failures and faults thus 

assisting in determination of what causes them (Corominas et al., 2011). It also 

allows comparisons of monitoring strategies of WWTPs using a new set of criteria 

(e.g. detection performance). In addition to all of these, temperature is taken into 

account, which strongly affects process parameters. A more detailed description of 

the BSM1_LT is provided in Gernaey et al. (2014). 

The BSM1 was developed significantly into the Benchmark Simulation Model No. 

2 (BSM2) for use in plant-wide control by considering both water and sludge 

lines. The research community has considered that the WWTP should not only be 

controlled on a local level but also as a whole, taking into account the interactions 

between the processes (Gernaey et al., 2014; Jeppsson et al., 2007; Nopens et al., 

2010). Thus, in addition to the BSM1 subunits there are: a primary clarifier, 

thickener, anaerobic digester, dewatering unit and reject water storage tank as 

shown in Figure 2.6. The dynamic influent file for BSM2 is generated using an 

influent generator model by Gernaey et al. (2011). The primary clarifier is based 

on the model by Otterpohl & Freund (1992) and the anaerobic digestion process is 

based on the ADM1 (Batstone et al., 2002). The thickener and dewatering units 

are modelled as ideal continuous processes and assume 98% solids removal 

efficiency. Because of the difference in the set of state variables used for the 

biological processes, it is necessary to create model interfaces (Nopens et al., 

2009) in order to couple them. The extended scope of BSM2 compared to BSM1 

denotes that the number of possible control handles also substantially increases. 

As such, the performance evaluation criteria were modified and extended. For 

example, the contributions of heating energy required for the digester and the 

energy recovered (electricity and heat) from methane production are appropriately 

included in the cost index calculation; in addition, the weights assigned to 

ammonium and nitrate nitrogen are modified in the effluent quality index 

calculation. A more detailed description of the BSM2 is presented in Nopens et al. 

(2010) and Gernaey et al. (2014). 

As mentioned frequently, the BSMs have been mainly developed as an objective 

multi-criteria analysis tool for comparison of control strategies in wastewater 

treatment systems (Flores-Alsina et al., 2008). Nevertheless, they have also been 

widely used as a collection of stand-alone wastewater treatment process models 

for use in teaching, research and process simulation.  
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Figure 2.6. Plant layout of the Benchmark Simulation Model No. 2 (from Gernaey et al. (2014)). 

 

After the publication of the Scientific and Technical Report of the Benchmark 

Simulation Models (BSM1, BSM1_LT, BSM2), it is only rational that 

deficiencies, challenges and new opportunities for development of the models 

have been recognised. Jeppsson et al. (2013) have identified several aspects as to 

how the models might be extended: temporal, spatial, processes within the 

WWTP, control strategies and evaluation tools. Some research works on these 

extensions have been conducted by people involved in the Task Group. For 

example, the BSM2 was extended to include the catchment and sewer network 

(Saagi et al., 2016) as well as the river (Saagi et al., 2017), the latter depicting 

scenarios where integrated control impacts the receiving water. Several studies 

have also extended the BSM to include greenhouse gas emissions from the WWTP 

(Arnell, 2016; Corominas et al., 2012; Flores-Alsina et al., 2011; Lindblom et al., 

2016; Snip, 2015) and sewer network (Guo et al., 2012). Snip et al. (2014) and 

Snip (2015) have also included transformations of micropollutants in WWTPs. 

One of the significant gaps in the BSMs is the phosphorus description. Plant-wide 

modelling of phosphorus removal and/or recovery processes is of significance due 

to legislation requirements and a growing interest in resource recovery. This thesis 

work describes in detail the development of the BSM2 extended with phosphorus 

removal and/or recovery processes. 
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Chapter 3  

Physico-Chemical Framework         

for Wastewater Treatment        

Process Models 

This chapter presents the motivation behind the development of a physico-

chemical framework specific for wastewater treatment modelling. It also gives 

details about the different processes taken into consideration to account for the 

non-idealities and how they are modelled. The chapter ends with presenting the 

main results of scenario analysis performed in Papers I and II, which show the 

importance of including a physico-chemical framework for activated sludge 

modelling, anaerobic digestion modelling and plant-wide modelling. 

3.1. Purpose of Physico-Chemical Modelling 

Physico-chemical processes are non-biologically mediated. They are categorized 

as either liquid-liquid, gas-liquid or liquid-solid processes (Batstone et al., 2012). 

Advances in data collection and modelling related to physico-chemistry are 

generally established in the field of geochemistry, such that most of the available 

software products on water chemistry are directed for geochemical applications. 

In the field of wastewater treatment modelling, the physico-chemical models (PCMs) 

that are used are inspired by the framework used in geochemistry. Due to the 

enormity of available databases and processes involved in PCMs, the number of 

processes and components included in wastewater treatment models is often reduced. 
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Due to the current needs to expand the IWA models (e.g. Activated Sludge 

Models, Anaerobic Digestion Model), model formulations also need to be 

modified and expanded. For example, anaerobic digestion systems dealing with 

sulfate-rich waste streams need to account for an increase in the number of state 

variables being considered (Fedorovich et al., 2003). Other significant components 

that are interacting with sulfur (S), in this case iron (Fe), also need to be taken into 

account (as in Paper V). In certain conditions, sulfur, in the form of sulfate, can be 

removed by precipitating it with Fe or aluminium (Al). Such precipitation 

reactions are physico-chemical processes. Modelling precipitation reactions should 

consider ion activities instead of the actual concentrations (Kazadi Mbamba et al., 

2015a; 2015b) and this involves non-ideality corrections that are inherent to 

geochemical models. According to Batstone et al. (2012), systems with non-ideal 

conditions are modelled correctly when physico-chemical models are included. 

Papers I and II focus on the development of the physico-chemical models paired 

with the activated sludge models and the anaerobic digestion model. This allows 

for dynamic calculation of pH, taking into account non-idealities. The results of 

these studies have shown a significant difference when compared with results 

obtained from the original model implementations, especially for the cases where 

multi-valent ions are considered. The results have strongly suggested that physico-

chemical modelling is needed in order to produce accurate results. 

3.2. Liquid-Liquid Processes 

Acid-Base Reactions 

Stumm & Morgan (1996) give the general principle of chemical equilibrium 

dissociation reactions: 

 

+ -HA H +A  (3.1) 

 

where HA is an acid dissociating into a conjugate base, A
-
, and a hydrogen ion, H

+
. 

The chemical equilibrium can be solved either by ordinary differential equations 

(ODEs) or algebraic equations (AEs). The dissociation processes of acid-base 

reactions as well as that of ion pairing reactions can be described using ODEs with 

given high kinetic rate constants to show that these reactions occur more or less 

instantaneously (Musvoto et al., 1997, 2000b), or separately, calculated as AEs at 

each time step. 
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Ion Speciation/Pairing 

In some cases, there are also non-electrostatic interactions between ions, which 

form ionic complexes as new chemical species. These ion pairs or ion complexes 

are different from the free ions (such as a hydrogen phosphate ion, HPO4
2-

, which 

is different from free orthophosphate, PO4
3-

) in solution. Ion complexes can 

increase or decrease the chemical driving force for a specific reaction to occur. Ion 

pairing effects on pH predictions are considered significant in systems with high 

total dissolved solids concentrations (Musvoto et al., 2000b), which indicates high 

ionic strengths, such as in high-strength anaerobic digestion liquors, sea water and 

concentrated industrial wastewater. 

The most common ion pairs present in wastewater are set up to describe ion-

pairing behaviour. This is implemented in a similar fashion as weak acid-base 

reactions where an algebraic procedure (Ikumi et al., 2011; Serralta et al., 2004) is 

used based on the assumption that ion pairs are in a state of equilibrium at all 

times. Total concentrations are determined by mass balances and subsequently, the 

ionic concentrations are calculated iteratively using a speciation sub-routine from 

a set of algebraic mass balances and equilibrium constant relationships (Tait et al., 

2012). 

Ion Activity 

The effect of ionic strength, also known as ion activity (S{i}), is defined as the 

effective concentration of any particular kind of ion in solution and is caused by 

electrostatic interactions between ions. It is calculated by multiplying the 

concentration of ion i (S[i]) by a correction factor, which is called the activity 

coefficient (γi) (Stumm & Morgan, 1996): 

 

   ii i
γS S    (3.2) 

 

Consider a chemical equilibrium reaction: 

 

bB + cC  dD   (3.3) 

 

In infinitely dilute solutions, the ion activities can be approximated by the 

concentrations, as the activity coefficient approaches unity. The equilibrium 

constant (Keq) is expressed as: 

 

d

[D]

eq b c

[B] [C]

S
K

S S



  (3.4) 
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However, for non-ideal solutions Keq is calculated as: 

 

 

   

d
d

D [D]{D}

eq b c b c

{B} {C} B [B] C [C]

γ

γ γ

SS
K

S S S S


 

   
 (3.5) 

 

There have been numerous studies on this topic, which have developed empirical 

correlations of experimental data that allow prediction of activity coefficients at 

various solution conditions (see Table 3.1). All of these expressions have shown 

that ion activity is dependent on the ionic strength (I) of the solution, which can be 

determined as follows: 

 

2

[i] i

1
z

2
I S   (3.6) 

 

where zi is the charge of ion i. 

 

Table 3.1. Expressions for calculating activity coefficients and their range of applicability. 

Equation name Equation Applicability 

Debye-Hückel 

(Debye & Hückel, 1923) 
2

i ilog γ A z I     I < 0.005 mol.L
-1
 

   
Extended Debye-Hückel 

(Debye & Hückel, 1923) 

2

i i

i

log γ A z
1 B α

I

I

 
        

 I < 0.1 mol.L
-1
 

   
Güntelberg 

(Güntelberg, 1926) 

2

i ilog γ A z
1

I

I

 
      

 I < 0.1 mol.L
-1
 

   
Davies 

(Davies, 1938) 

2

i ilog γ A z 0.3
1

I
I

I

 
        

 I < 0.5 mol.L
-1
 

   
WATEQ Debye-Hückel 

(Truesdell & Jones, 1973) 

2

i i i

i

log γ A z β
1 B α

I
I

I

 
          

 I < 1 mol.L
-1
 

A and B are temperature-dependent constants, zi is the charge of ion i, αi and βi are ion-specific 
parameters. 

 

 

The calculated activity should be used in equilibrium equations as well as for weak 

acid-base pairing and ion complexation reactions. 

The current physico-chemical models applied to wastewater treatment process 

modelling have used the Davies equation to describe the activity of the 

components. This equation is simple and does not need other constants, unlike the 
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extended and WATEQ Debye-Hückel equations. In addition, the Davies equation 

is valid for a larger range of ionic strength. The differences between the various 

ion activity correction equations and their relationships with ionic strength and ion 

types are shown in Figure 3.1, using sodium (Na
+
) and magnesium (Mg

2+
) as 

examples. It would seem best to use the WATEQ Debye-Hückel equation since it 

is valid for the widest range of ionic strength, however, it requires two additional 

parameters for each ion type considered, which are not always available in 

literature. Thus, the Davies equation seems to be the most fitting choice.  

 

  
                                    (a)                                 (b)  
 

Figure 3.1. Activity coefficients of (a) sodium and (b) magnesium ions as calculated 
from five activity coefficient correlations (from Tait et al. (2012)). 

3.3. Liquid-Solid Processes 

Precipitation and Redissolution 

Opposite to liquid-liquid processes, liquid-solid processes are assumed to occur 

slowly and take time to reach equilibrium. In order to model precipitation 

reactions, the possibility of precipitation is calculated first by testing if the solution 

is supersaturated or not. The Saturation Index (SI) indicates if a solution is in 

equilibrium, undersaturated or supersaturated with respect to a mineral (i.e. 
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whether mineral precipitation might occur or not) (Merkel & Planer-Friedrich, 

2005; Stumm & Morgan, 1996). If SI < 0, the liquid phase is undersaturated, thus 

a mineral might dissolve into the liquid phase. If SI = 0, the liquid phase is 

saturated or at equilibrium while if SI > 0, the liquid phase is supersaturated and 

mineral precipitation might occur. It is calculated as: 
 

 

SP

log
IAP

SI
K

   (3.7) 

 

where IAP is the ion activity product and KSP is the solubility product constant of 

the mineral. 

Considering an equilibrium reaction: 
 

v+ v-

x yxM  +  yA  M A   (3.8) 

 

the IAP is calculated as: 

 

   v+ v-M A
x y

IAP     (3.9) 

 

while KSP is calculated as: 

 

   v+ v-

SP 0 0
M A

x y

K     (3.10) 

 

The subscript zero denotes the activities in the state of equilibrium. Note that SI 

only indicates what could happen thermodynamically. However, it does not 

indicate the rate by which the process will proceed. This means that a solution may 

be supersaturated for a very long time (i.e. it will take a long time for the mineral 

to precipitate). There are several equations available for kinetic rates describing 

crystallization. The general form of the crystallization rate is given by Koutsoukos 

et al. (1980) and first proposed by Davies & Jones (1955) as applied to silver 

chloride precipitation. That rate equation has been used for kinetic studies 

(Kazmierczak et al., 1982) as well as in modelling of precipitation reactions as 

applied to wastewater treatment (Barat et al., 2011; Musvoto et al., 2000a). The 

equation describes how the difference between the concentrations of contributing 

ions in a solution and their equilibrium concentrations is the thermodynamic 

driving force that dictates the occurrence of precipitation. 

In this study, the rate of crystallization (ri) used is presented by Kazadi Mbamba et 

al. (2015a), which has been adapted from the crystallization rate presented by 

Nielsen (1984): 
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n

1

vv+ v-

i cryst cryst

SP

M A
1

x y

r k X
K

 
  
     
  
   

  (3.11) 

 

where kcryst is the precipitation rate constant, Xcryst is the concentration of the 

precipitate and n is a constant typically equal to 2. 

Building the precipitation model requires identification of the possible precipitates 

or else there might be components not accounted for or the model will be overly 

complex. This is the advantage of using an external software tool because all 

possible precipitates can be identified. That is also the reason why it is 

advantageous to have prior knowledge and process understanding. In the study of 

Musvoto et al. (2000a), precipitates that are likely to occur in wastewater 

treatment plants have been identified. The types of precipitates are largely 

dependent on the influent composition and the metals used for chemical 

precipitation. 

Unlike the equilibrium constants used in aqueous phase chemistry, the constants 

used to model precipitation reactions usually vary between databases and literature 

references. Because of this, one should take caution when using the solubility 

product constants for certain minerals. In addition, not all information can be 

found in one database. For example, the KSP value for K-struvite and iron 

phosphate cannot be found in the database of MINTEQ (Gustafsson, 2010). One 

reason is that this database is mostly used for geochemical studies and such 

precipitates are not common in groundwater. One can manually add the values 

found elsewhere (e.g. from literature) for these minerals into the database. 

Redissolution, on the other hand, can be considered as the inverse of the 

precipitation kinetics. In line with this, the dissolution rate equation is expressed 

as: 

 

   
n

1

vv+ v-

i diss cryst

SP

M A
1

x y

r k X
K

 
  
      
  
   

  (3.12) 

 

where kdiss is the dissolution rate constant. 
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3.4. Liquid-Gas Processes 

Stripping/Volatilization and Absorption 

Mass transfers between the liquid phase and gas phase are modelled to describe 

the dissolution of gaseous components formed during biological reactions into the 

aqueous phase (i.e. absorption) as well as the mass transfers of the dissolved forms 

of these gaseous components into the gas phase (i.e. volatilization – due to natural 

phenomenon or stripping – due to a mechanical device). Derived from Fick’s first 

law (Fick, 1855), the equation below is a very common form of the kinetic rate 

equation for the liquid-gas transfer: 
 

 

 i,G/L L H,i i ir k a K P C       (3.13) 

 

where ri,G/L is the mass transfer rate between the gas and liquid phase, kL is the 

mass transfer rate, a is the contact area between the liquid and the gas phase, KH,i 

is the Henry’s constant, Pi is the partial pressure and Ci is the dissolved 

concentration of the gaseous component. The product of Henry’s constant and the 

partial pressure of the gas (KH,i· Pi) gives the saturation concentration (Csat). The 

gas transfer coefficient (kL·a or kLa) is dependent on temperature. ASCE (1992) 

gives the widely-used relationship between kLa (d
-1

) and temperature (°C): 

 

 

  ( 15)

L L1.024 (15 C)Tk a T k a     (3.14) 

 

The common gaseous components, which are considered during modelling of 

stripping processes in wastewater treatment, are oxygen, carbon dioxide, 

ammonia, nitrogen, nitrous oxide, hydrogen and methane. For the study in Papers 

IV and V, where sulfur conversions are included, hydrogen sulfide is also 

considered. 

3.5. Implementation Details 

The aqueous phase physico-chemical processes are modelled as fast processes 

compared to the biological processes. For such a numerically stiff system, one 

solution can be to model the fast reactions as algebraic equations (AEs) while 

using the forward Runge-Kutta solver for the remaining slow reactions modelled 

as ordinary differential equations (ODEs), as was previously done for the pH and 
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H2 states in the ADM1 implementation (Rosén et al., 2006). However, this method 

is unsuitable due to multiple interdependencies of the aqueous phase reactions. 

Thus, a full gradient search method (i.e. multi-variate Newton-Raphson method) 

was used, which requires evaluating the Jacobian. The latter involves conversion 

of the matrix of all algebraic equations into first order partial derivatives and then 

using a decomposition method for inversion of the resulting matrix. The results of 

this approach was verified by comparison with the results obtained using an 

external geochemical program (i.e. MINTEQA2).  

3.6. Scenario Analysis 

Activity correction based on ionic strength using the Davies equation and ion 

pairing of inorganic carbon, inorganic nitrogen and volatile fatty acids with several 

cations and anions were taken into account in the ADM1 and implemented within 

the BSM2 platform as presented in Paper I. This was done to show the influence 

of these non-idealities on the anaerobic digester performance and products as well 

as on the water line. 

Three model variants are formulated to assess the results of the improved ADM1 

model: 

i. A1 – default ADM1; 

ii. A2 – ADM1 with ionic activity correction; and, 

iii. A3 – ADM1 with ionic activity correction and ion pairing. 

Each model variant is tested for different ionic strengths (I = 0.09, 0.14, 0.20, 0.25 

and 0.3 mol.L
-1

) by addition of a minor influent stream with increasing cationic 

loads (Scat = 0, 2, 4, 6 and 8 mol-L
-1

) representing scenarios SC1, SC2, SC3, SC4 

and SC5, respectively. The pool of cations added in the different scenarios is 

replaced by sodium (SNa+) and potassium (SK+) while anions are replaced by 

chloride (SCl-) for model variant A3.  

The average values of the ADM1 state variables are similar for all model variants 

at low ionic strengths. However, the activity corrections for A2 and A3 affect the 

species distribution of the inorganic carbon species with a shift to their 

deprotonated forms (i.e. removal of hydrogen ions from an acid). This leads to 

more required reactive protons (SH+) in A2 and A3 and they are released to 

maintain the charge balance. The resulting decrease in pH in A2 and A3 compared 

to A1 causes a lower free-ammonia concentration. Thus, a lower level of free-

ammonia inhibition of aceticlastic methanogenesis results in lower acetic acid 
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concentration, more acetate degraders and higher acetate uptake. These 

observations are more pronounced at higher ionic strengths, as seen in Figure 3.2b. 

The increase in influent cation load to the digester unit results in a decrease of the 

concentration of reactive protons (SH+). The corresponding increase in pH 

increases the free-ammonia concentration, which causes increased inhibition of 

acetate degraders and decreased acetate uptake. Biogas production is also 

decreasing at increasing cationic loads. At high ionic strengths (I = 0.3 mol.L
-1

), 

ammonia inhibition is highly pronounced causing significant accumulation of 

acetate in the digester, which means lower biogas production as observed when 

comparing Figure 3.2a and Figure 3.2b.  

 

  
           (a)                  (b) 

 

Figure 3.2. Dynamic profiles of the total biogas production in BSM2 using three 
model variants and two different cationic loads, (a) Scat = 0 mol.L

-1
 and 

(b) Scat = 8 mol.L
-1
 (from Paper I).  

 

Up to an additional load of Scat = 4 mol.L
-1

, pH is higher in A1 than in A2 due to the 

release of reactive protons through ion activity of inorganic species in A2. Above 

that cationic load, pH increased due to the unbalanced cationic species. This rise 

can no longer be buffered by the release of reactive protons, which comes from the 

shift of the inorganic carbon species to deprotonated forms.  

For case A3, ion-pairing would theoretically shift the inorganic species to their 

deprotonated forms, which would release more reactive protons and thus further 

decrease pH when compared to A2. However, simulation results show that this 

ion-pairing effect is minimal and that the resulting pH and species distribution are 

very similar for A2 and A3. Thus, ion-pairing effects are less significant when 

trying to account for effects of increased salinity/pH. 

The overall plant performance, represented by EQI and OCI, is similar using the 

three model variants for simulated scenarios with additional cationic load of Scat = 

0-4 mol.L
-1

 (i.e. SC1, SC2, SC3). Above that cationic load (i.e. SC4 and SC5), the 
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results using model variants A2 and A3 show significant differences from the 

results of A1. For model A1, the high ionic strength of SC4 and SC5 considerably 

decreases the plant performance due to ammonia inhibition. The negative effect of 

this ammonia inhibition on the digester results in lower biogas production (Figure 

3.2) and increases the operational cost (OCI) (Figure 3.3b) because less energy is 

obtained from this biogas. The poor digester performance also leads to an increase 

in the total COD that is returned from the sludge line to the water line (Figure 3.4). 

This additional load can overload the activated sludge process and thus affects the 

effluent quality (Figure 3.3a). The effect of ammonia inhibition on the Effluent 

Quality Index (EQI) may be unrealistically high for model A1 and scenario SC4 

when considering the models A2 and A3, which take into account ionic strength 

and ion-pairing effects, they do not show the same significant influence on the 

EQI. Comparison of the values for model variants A2 and A3 for the different 

scenarios shows yet again that ion-pairing effects are less significant. 

 

  
            (a)                (b)  

 

Figure 3.3. The variations in (a) EQI and (b) OCI using three model variants (A1, A2, 
A3) and five additional cationic loads (SC1, SC2, SC3, SC4, SC5) (from 
Paper I).  

 

The results show that ion activity and ion-pairing effects need not be accounted for 

when simulating anaerobic digestion of dilute wastewaters having ionic strength < 

0.2 mol.L
-1

. This is demonstrated by the similar EQI, OCI and biogas production 

values for the model variants with (A2 and A3) and without (A1) corrections. 

Above this ionic strength, which are typical for high solids and manure digestion, 

ion activity corrections are required to model the effects of salinity and pH 

throughout the water and sludge lines of a plant-wide model. This is seen from the 

results on biogas production (Figure 3.2), COD load returning to the water line 

(Figure 3.4), EQI and OCI (Figure 3.3), wherein there are considerable differences 

between the results of the model without corrections (A1) and with model 

corrections (A2 and A3). 
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The Davies equation is used to calculate the activity coefficients because it is valid 

for the range of ionic strength being tested. At higher ionic strengths (i.e. 0.5-1 

mol.L
-1

), the WATEQ Debye-Hückel equation is recommended. 

It was pointed out that ion-pairing corrections are less important compared to ion 

activity corrections. However, it should be noted that predominantly monovalent 

ions were considered, whereas ion pairing of divalent and trivalent ions is known 

to be influential in mineral precipitation. Even though the digester pH is strongly 

influenced by monovalent ions, such as bicarbonate, the driving force for minerals 

precipitation are commonly divalent and trivalent ions. According to Tait et al. 

(2012), both ion activity and ion pairing are equally important when modelling 

digestion and precipitation of high-strength wastewaters.  

 

  
      (a)              (b)  

 

Figure 3.4. Dynamic profiles of the total COD load returning to the water line using 
three model variants (A1, A2, A3) and two different cationic loads, (a) Scat = 0 
mol.L

-1
 and (b) Scat = 8 mol.L

-1
 (from Paper I). 

 

Both ion activity and ion pairing corrections are applied to the activated sludge 

models ASM1, ASM2d and ASM3 by implementing a plant-wide aqueous phase 

chemistry module in order to predict pH variations as presented in Paper II. The 

methodology involves consideration of 19 components and almost 120 species. 

The three wastewater treatment plant configurations used are (Figure 3.5): 

 WWTP1 – a nitrogen removal plant consisting of five reactors in series 

and a secondary clarifier. The first two tanks are anoxic (ANOX1, 

ANOX2) and the last three tanks are aerobic (AER1, AER2, AER3), 

where AER3 and ANOX 1 are linked by an internal recycle. The 

biological reactions for the activated sludge section in WWTP1 are 

described using ASM1 and ASM3.  
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 WWTP2 – a combined nitrogen and phosphorus removal plant consisting 

of seven reactors in series and a secondary clarifier. Aside from two 

anoxic tanks and three aerobic tanks, two anaerobic tanks are added in 

front. The biological reactions for the activated sludge section in WWTP2 

are described using ASM2d.  

 WWTP3 – a full-plant model having the configuration of BSM2. It 

consists of the configuration of WWTP1 and further contains a primary 

clarifier, a sludge thickener, an anaerobic digester, a storage tank and a 

dewatering unit. The biological reactions for the anaerobic digester in 

WWTP3 are described using the original ADM1.  

 
 

Figure 3.5. Wastewater treatment plant configuration of the wastewater 
treatment plants analysed (from Paper II). 

 

The default implementation of the three activated sludge models had to be 

adjusted in order to include the ion pairing correction. The alkalinity state (SALK) is 

removed and replaced by an inorganic carbon state (SIC), phosphorus is included in 

ASM1 and ASM3 as non-reactive, carbon dioxide stripping is included, potassium 

(SK+) and magnesium (SMg2+) are described during modelling of formation/release 

of polyphosphates and chemical precipitation of metal hydroxides is omitted. The 

adjusted ASM models are linked to the aqueous phase module, such that the 

outputs of the ASM models at each integrations step are used as inputs to the 

aqueous phase module in order to estimate the pH. Specific cations and anions are 

also included, which will be used for further model extensions, such as multiple 

minerals precipitation or for pH adjustment. 

The aqueous phase module allows not only for pH calculation but also the 

speciation of the wastewater composition as shown in Figure 3.6. 
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Figure 3.6. Distribution of the various C, N, P, S and acetate-related species/ion pairs 
in the different sections of the wastewater treatment plant (from Paper II). 
INF refers to the influent, OVER refers to the secondary settler overflow 
and UNDER refers to the secondary settler underflow. Note that there is 
no nitrate present in the influent. 

 

The influent cationic loads for ASM1, ASM2d and ASM3 are identical, thus the 

pH prediction at the influent is the same as shown in Figure 3.7. Biological 

oxidation of organic substrates using nitrate as electron acceptor occurs in the 

anoxic zones. As nitrate is converted to nitrogen gas, a strong acid is removed 

thereby increasing pH. Meanwhile, oxidation of inorganic carbon and ammonium 

causes a decrease in pH due to production of acid. However, the carbon dioxide 

stripping in AER1, AER2 and AER3 causes an overall rise in pH (i.e. the CO2 

stripping might be overestimated in this case, causing a considerable pH rise). For 

WWTP2 with an anaerobic section as a first stage of the activated sludge unit, the 

pH increases in ANAER1 due to uptake of organic acids to produce 

polyhydroxyalkanoates. At the same time, release of inorganic phosphorus, 

potassium and magnesium ions from the decay of polyphosphates leads to a net 

decrease of pH in ANAER2. The oxidation of the organic substrates and ammonia, 

without air stripping, at the top of the clarifier causes a slight decrease in pH. On 

the other hand, the denitrification in the reactive secondary settler causes pH to 

increase due to the same reasons as presented for the anoxic zone. However, for 

 i/j distribution INF ANAER1 ANAER2 ANOX1 ANOX2 AER1 AER2 AER3 OVER UNDER 

𝑺𝐈𝐂  𝑆CO3 −2                      

 𝑆HCO3 − 
         

  

 𝑆H2CO3 ∗ 
         

  

 𝑆CaCO3 (aq) + 𝑆CaHCO3 + 
         

  

 𝑆MgCO3 (aq ) + 𝑆MgHCO3 ++ 𝑆Mg2CO3 +2  
         

  

 𝑆NaCO3 − + 𝑆NaHCO3 (aq ) 
         

  

𝑺𝐈𝐍  𝑆NH4 + 
         

  

 𝑆NH3 (aq ) 
         

  

 𝑆NH4SO4 + 
         

  

𝑆Ca NH3  2+2  + 𝑆CaNH3 +2 + 𝑆Mg  NH3  2+2            

𝑺𝐈𝐏  𝑆PO4 −3  
         

  

 𝑆HPO4 −2  
         

  

 𝑆HPO4 − 
         

  

  𝑆H3PO4  
         

  

 𝑆CaHPO4  (aq ) + 𝑆CaPO4 −+ 𝑆CaH2PO4 + 
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 𝑆Na2HPO4  (aq ) + 𝑆NaH2PO4  (aq) + 𝑆Na2PO4 − + 𝑆NaHPO4 − 
         

  

 𝑆K2HPO4  (aq ) +  𝑆K2PO4 − +  𝑆KH2PO4  (aq ) +  𝑆KPO4 −2   
         

  

𝑺𝐍𝐎𝟑   𝑆NO3 − 
         

  

 𝑆Ca (NO3 )+ + 𝑆Ca (NO3 )2 
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 𝑆KSO4 − 
         

  

 𝑆NH4SO4 −  
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 𝑆H−ac  
         

  

 𝑆Ca−ac + 
         

  

 𝑆Mg−ac + 
         

  

 𝑆Na−ac  
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the case with biological phosphorus removal, the release of inorganic phosphorus 

is expected to decrease the pH in the lower part of the secondary settler. 

 

 
 

Figure 3.7. pH predictions in the different units for WWTP1 and WWTP2 
using ASM1, ASM2d and ASM3 (from Paper II). INF refers to 
the influent, OVER refers to the secondary settler overflow and 
UNDER refers to the secondary settler underflow. 

 

The WWTP3 is further set up to evaluate the impact of monovalent and divalent 

ion pairing on plant performance. An additional waste stream of 5 m
3
.d

-1
 and 

additional cationic influent concentrations from 0 to 2.5 mol.L
-1

 are added and 

distributed amongst sodium and potassium (monovalent, M) or calcium and 

magnesium (divalent, D) to arrange a default case (Def) and five scenarios (SC1, 

SC2, SC3, SC4 and SC5). 

Figure 3.8 shows that the highest variations in the species distribution are for the 

inorganic carbon and phosphorus systems depending on whether monovalent or 

divalent cations ions are added to the system. Calcium and magnesium have higher 

affinities to carbonate and phosphorus anions compared to sodium and potassium. 

Carbon dioxide production is also highly affected by the addition of cationic loads. 

A decrease in CO2 production is observed in the simulation results for increasing 

cationic loads due to the corresponding changes in the carbonate system. 

Furthermore, the difference between the results whether monovalent or divalent 

cations are added can also be observed (Figure 3.9). However, methane gas 

production is not affected. 
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Figure 3.8. Distribution of the various C, N, P, S and VFA-related 
species/ion pairs for the different scenarios evaluated for 
WWTP3 (from Paper II). 

 

There are limitations for this model that need to be addressed. For example, 

phosphorus and sulfur are not included in the ADM1. Phosphorus accumulating 

organisms in the anaerobic digester might cause release of phosphates and metals, 

which may have a significant effect on the aqueous phase chemistry of the system. 

Sulfate will also be reduced in the digester and therefore affect the speciation of 

sulfur, for which the distribution to hydrogen sulfide is important due to its 

inhibitive properties to methanogens. Precipitation is also not included, which 

means that while calcium ions are included this could over-predict the pH in the 

system and the carbon dioxide production. These issues are addressed in the 

subsequent chapter, wherein precipitation and biological reactions involving 

 i/j distribution Def SC1 SC2 SC3 SC4 SC5 

𝑺𝐈𝐂  𝑆CO3 −2                        

 𝑆HCO3 −                       
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 𝑆MgCO3 (aq ) + 𝑆MgHCO3 ++ 𝑆Mg2CO3 +2                        
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phosphorus, sulfur and iron are included in the activated sludge models and 

anaerobic digestion model. 

 

 
 

Figure 3.9. Effect of monovalent and divalent ion pairing on the biogas 
production for different cationic loads (from Paper II).  

 

The approach presented in this chapter provides new prospects. For example, the 

pH dependency of biochemical processes can now be taken into account. Another 

benefit is that the distribution of the species of each component can also be used to 

determine free ammonia and free nitrous acid speciation, which is important for 

modelling high strength nitritation/nitratation processes for prediction of nitrous 

oxide emissions. Moreover, one of the considered significant applications of this 

aqueous phase module is for use when modelling mineral precipitation, wherein 

the kinetics is based on the saturation index (SI), which is calculated using 

activities instead of concentrations. 

3.7. Summary of Key Findings 

 The Anaerobic Digestion Model No. 1 is extended with correction for non-

idealities: ion activity corrections and ion pairing effects, and successfully 

simulated within the Benchmark Simulation Model No. 2 platform. The 

ADM1 extended with the aqueous phase chemical equilibria model is 

implemented as a set of ODEs and AEs, for which a multivariate Newton-

Raphson method is used to solve the algebraic interdependencies. 
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 Ion activity corrections have a greater influence on model results at higher 

ionic strengths. Thus, it is recommended that these should be applied to 

ADM1 at ionic strengths greater than 0.2 mol.L
-1

. Monovalent ion pairing is 

less influential than ion activity corrections, even at higher ionic strengths, 

and can be excluded from ADM1, especially when minerals precipitation is 

not considered. 

 The approach presented for implementing the aqueous phase chemistry 

module (i.e. ion activity corrections and ion pairing reactions) is seamlessly 

combined with standard wastewater treatment process models, such as 

ASM1, ASM2d, ASM3 and ADM1. pH and speciation of the different 

wastewater components under different conditions (anaerobic, anoxic, 

aerobic) are reliably predicted. 

 It is foreseen that the aqueous phase chemistry module can improve 

predictions of nitrification/denitrification models by prediction of speciation 

of free ammonium and free nitrous acid, which have important effects on 

the growth of ammonia-oxidizing bacteria and nitrite-oxidizing bacteria. It 

could also be included together with sewer models for which ions, such as 

sulfur and iron transformations, are deemed important. It is also a much 

better starting point for the development of mineral precipitation modelling 

in wastewater treatment processes. 
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Chapter 4  

Extensions to Biological Models 

ASM2d and ADM1 

In the context of plant-wide modelling, the state of the art is that most models are 

still limited to the description of plant-wide carbon and nitrogen biochemical 

processes. In order to fill the gaps in plant-wide modelling, ASM2d is extended to 

include phosphorus interactions with the iron and sulfur cycles as done in Paper 

V. In addition phosphorus, sulfur and iron transformations are also included in 

the ADM1 as employed in Paper IV and partly in Paper III. Although there have 

been studies on the biological and chemical complexations of phosphorus during 

anaerobic conditions, these have not been generally considered in plant-wide 

interactions with the iron and sulfur cycles. The chapter ends with presenting key 

results from Paper IV. 

4.1. Phosphorus Transformations 

After the discussion of the physico-chemical framework and modelling in Chapter 

3, phosphorus can now be properly accounted for in the biochemical wastewater 

treatment models. This subchapter describes phosphorus transformations occurring 

in the activated sludge process by ASM2d and anaerobic digestion by an extended 

ADM1.  
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ASM2d 

ASM2d is an effort to extend ASM1 in order to describe biological phosphorus 

removal in activated sludge systems. It is a minor extension to ASM2 in order to 

take into account that phosphorus accumulating organisms use cell internal storage 

products for denitrification. It also includes two chemical processes to describe 

chemical precipitation of phosphorus. In this enhanced version of the ASM2d, 

these chemical precipitation reactions are omitted since a more general 

precipitation framework is included, which takes into account possibilities of a 

wider range of precipitates. In addition, new state variables related to iron and 

sulfur are included to ensure that the most significant interactions of these two 

with phosphorus are considered, especially when incorporating chemical 

phosphorus removal and recovery. The activated sludge configuration is modified 

from the Ludzack-Ettinger process to include an anaerobic section in order to 

promote phosphorus release under anaerobic conditions and uptake by phosphorus 

accumulating organisms in the subsequent anoxic and aerobic zones (Figure 4.1). 

 

 
 

Figure 4.1. Activated sludge layout with anaerobic/anoxic/aerobic (A
2
O) configuration. 

 

An important aspect of the model is defining the phosphorus content of all soluble 

and particulate components in the ASM2d through elemental balances as 

described by Takács & Vanrolleghem (2006). It is based on the hypothesis that the 

mass of each component is made up of constant mass fractions of the elements C, 

H, O, N and P (Reichert et al., 2001). This principle can be easily extended to 

include other elements, such as sulfur, iron, potassium, magnesium, etc. provided 

that the sum of all elemental mass fractions (α) of a given component i equals 

unity (Eq. (4.1)).  

 

 

C,i H,i O,i N,i P,iα  + α  + α  + α  + α  = 1   (4.1) 

 

One major modification relates to the accounting of the compositional analysis of 

polyphosphates (XPP) assuming that it has a chemical formula (K0.33Mg0.33PO3)3. 

Thus, for example lysis of XPP leads to release of potassium (SK+) and magnesium 

(SMg2+). 

TO
SECONDARY CLARIFIER
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ADM1 

Modelling of phosphorus is one of the major limitations of the ADM1 (Batstone et 

al., 2015). Phosphorus-related processes have been addressed in commercial 

software packages due to engineering demands but not in academically distributed 

wastewater treatment models. Batstone (2006) identify that phosphorus has been 

requested to be included in the ADM1 in order to describe the phosphorus 

retention and release from the biomass and to close the phosphorus balances 

during plant-wide modelling. 

An important aspect of phosphorus modelling is its effect on pH. In ADM1, the 

most important ions are tracked, except the phosphorus-related ones. It should be 

noted that a prerequisite to adding phosphorus and its precipitation kinetics 

requires taking into account physico-chemical effects, such as ion activity 

correction, ion pairing behaviour and relevant weak acid-base reactions. These 

effects are more pronounced when considering divalent and trivalent ions, such as 

hydrogen phosphate and phosphate, respectively. 

Johnson & Shang (2006) also mention that tracking the fate of both sulfur and 

phosphorus in anaerobic systems are major areas that ADM1 does not currently 

address but are both highly important in municipal wastewater treatment systems. 

It has been found that the recycled stream from the dewatering of digested sludge 

(i.e. reject water) contains as much as 30% of the total nutrient load of the WWTP 

(Johnson & Shang, 2006). This high recycle load proves the importance of an 

accurate method of tracking phosphorus through the anaerobic digestion process. 

The main concept for integrating phosphorus in ADM1 is to assume that the 

phosphorus-related microorganisms are still active when they reach the anaerobic 

digester (Ikumi et al., 2014; Wang et al., 2016). In order to handle this, some of 

the ASM2d processes (Henze et al., 1999), those which occur in anaerobic 

conditions, are included as additional processes in ADM1. The growth of 

phosphorus accumulating organisms (XPAO) and the cell-internal storage materials, 

polyphosphates (XPP) and polyhydroxyalkanoates (XPHA), are not included as 

additional processes since these are known to occur only during aerobic and 

anoxic conditions. The phosphorus-related processes added to ADM1 are given in 

Table 4.1 and Table 4.2. In addition to biochemical conversions, precipitation of 

phosphorus with various cations is included in the extended ADM1. Precipitates 

considered are: amorphous calcium phosphate (Ca3(PO4)2), hydroxyapatite 

(Ca5(PO4)3OH), dicalcium phosphate (CaHPO4), octacalcium phosphate 

(Ca4H(PO4)3), struvite (MgNH4PO4), newberyite (MgHPO4), k-struvite 

(KMgPO4), ferrous phosphate (Fe3(PO4)2). The precipitation kinetics are described 

in Section 3.3. 

 

4343 43



4
4

 

 
T

a
b

le
 4

.1
. 
G

u
je

r 
m

a
tr

ix
 f

o
r 

p
h
o
s
p
h
o
ru

s
-r

e
la

te
d
 e

x
te

n
s
io

n
s
 t
o
 A

D
M

1
. 

  
 C

o
m

p
o

n
e
n

t,
 i

 →
 

 P
ro

c
e

s
s
, 

j 
↓
 

S
v
a
 

S
b

u
 

S
p

ro
 

S
a
c
 

S
I 

X
c
h
 

X
p

r 
X

li
 

X
I 

X
P

H
A
 

X
P

P
 

X
P

A
O
 

S
K
 

S
M

g
 

S
to

ra
g
e

 o
f 
S

h
v
a
 i
n

 X
P

H
A
 

-1
 

 
 

 
 

 
 

 
 

1
 

-Y
P

O
4
 

 
Y

P
O

4
·K

P
P
 

Y
P

O
4
·M

g
P

P
 

S
to

ra
g
e

 o
f 
S

h
b
u
 i
n

 X
P

H
A
 

 
-1

 
 

 
 

 
 

 
 

1
 

-Y
P

O
4
 

 
Y

P
O

4
·K

P
P
 

Y
P

O
4
·M

g
P

P
 

S
to

ra
g
e

 o
f 
S

h
p
ro

 i
n
 X

P
H

A
 

 
 

-1
 

 
 

 
 

 
 

1
 

-Y
P

O
4
 

 
Y

P
O

4
·K

P
P
 

Y
P

O
4
·M

g
P

P
 

S
to

ra
g
e

 o
f 
S

h
a
c
 i
n

 X
P

H
A
 

 
 

 
-1

 
 

 
 

 
 

1
 

-Y
P

O
4
 

 
Y

P
O

4
·K

P
P
 

Y
P

O
4
·M

g
P

P
 

L
y
s
is

 o
f 
X

P
A

O
 

 
 

 
 

f S
I,

X
B
 

f C
H

,X
B
 

f P
R

,X
B
 

f L
I,

X
B
 

f X
I,

X
B
 

 
 

-1
 

 
 

L
y
s
is

 o
f 
X

P
P
 

 
 

 
 

 
 

 
 

 
 

-1
 

 
K

P
P
 

M
g

P
P
 

L
y
s
is

 o
f 
X

P
H

A
 

f v
a
,P

H
A
 

f b
u
,P

H
A
 

f p
ro

,P
H

A
 

f a
c
,P

H
A
 

 
 

 
 

 
-1

 
 

 
 

 

  
T

a
b

le
 4

.2
. 
P

ro
c
e
s
s
 k

in
e
ti
c
 r

a
te

 e
q
u
a
ti
o

n
s
 f
o
r 

p
h
o
s
p
h
o
ru

s
-r

e
la

te
d
 r

e
a
c
ti
o

n
s
 (

e
x
te

n
s
io

n
s
 t

o
 A

D
M

1
).

  

P
ro

c
e

s
s
, 

j 
↓
 

K
in

e
ti

c
s
 r

a
te

 e
x

p
re

s
s
io

n
s
 (
ρ

j, 
k

g
 C

O
D

.m
-3

.d
-1

) 

S
to

ra
g
e

 o
f 
S

h
v
a
 i
n

 X
P

H
A
 

v
a

P
P

P
A

O
v
a

P
H

A
P

A
O

A
v
a

P
P

P
P

P
A

O
v
a

b
u

p
ro

ac

S
X

X
S

q
X

K
S

K
X

X
S

S
S

S














 

S
to

ra
g
e

 o
f 
S

h
b
u
 i
n

 X
P

H
A
 

b
u

P
P

P
A

O
b
u

P
H

A
P

A
O

A
b
u

P
P

P
P

P
A

O
v
a

b
u

p
ro

ac

S
X

X
S

q
X

K
S

K
X

X
S

S
S

S














 

S
to

ra
g
e

 o
f 
S

h
p
ro

 i
n
 X

P
H

A
 

p
ro

p
ro

P
P

P
A

O

P
H

A
P

A
O

A
p
ro

P
P

P
P

P
A

O
v
a

b
u

p
ro

ac

S
S

X
X

q
X

K
S

K
X

X
S

S
S

S














 

S
to

ra
g
e

 o
f 
S

h
a
c
 i
n

 X
P

H
A
 

ac
P

P
P

A
O

ac

P
H

A
P

A
O

A
ac

P
P

P
P

P
A

O
v
a

b
u

p
ro

ac

S
X

X
S

q
X

K
S

K
X

X
S

S
S

S














 

L
y
s
is

 o
f 
X

P
A

O
 

P
A

O
P

A
O

b
X

 

L
y
s
is

 o
f 
X

P
P
 

P
P

P
P

b
X

 

L
y
s
is

 o
f 
X

P
H

A
 

P
H

A
P

H
A

b
X

 

4444



45 

4.2. Sulfur Transformations 

Sulfate-rich waste streams are those usually coming from industries, such as 

petrochemical plants, leather tanning industries, ethanol production and coal-fired 

plants. Sulfate in the wastewater stream has been a source of operational problems, 

especially in the sewer system, pipelines, as well as in the anaerobic digester 

mainly due to its conversion to hydrogen sulfide under anaerobic conditions. A 

common problematic effect due to hydrogen sulfide is its odour, a distinct rotten 

egg-like smell at low concentrations in air (< 50 ppm), which can cause irritations 

at low to medium (30-100 ppm) concentrations, and is very toxic at high 

concentrations (> 100 ppm). Corrosion is another operational problem caused by 

hydrogen sulfide. It attacks several types of material that are normally used in 

wastewater treatment plants, such as concrete, steel, copper and iron. A further 

issue with hydrogen sulfide in relation to wastewater treatment plant operation, 

and of paramount importance, is its toxic effect on the methanogenic population, 

which can result in operational failure of anaerobic digesters. 

Thus, including sulfur transformations in modelling of wastewater treatment 

processes is necessary to predict its fate and thereby, appropriate control strategies 

can be proposed and assessed to minimize hydrogen sulfide production. 

ASM2d 

The ASM2d is modified to include sulfur transformations in the biological reactor. 

Since the activated sludge configuration includes an anaerobic section, applicable 

oxidation and reduction reactions of sulfur depending on whether it is in the 

anaerobic zones or in the aerobic/anoxic zones, respectively, should be described. 

Sulfide oxidation is described as a purely chemical reaction using either oxygen or 

nitrate as electron acceptors (Gutierrez et al., 2010). Sulfate reduction, on the other 

hand, is assumed to be biologically mediated by means of sulfate-reducing 

bacteria (SRB) using acetate and fermentation products as possible electron donors 

(Batstone, 2006; Batstone et al., 2015). The sulfur-related processes added to 

ASM2d are presented in Table 4.3 and Table 4.4 (Solon et al., 2016). 

Hydrogen sulfide inhibition is taken into account during growth of heterotrophic 

organisms (XH), phosphorus accumulating organisms (XPAO), nitrifiers (XA) and 

sulfate-reducing bacteria (XSRB). The inhibition is due to toxicity of several 

bacterial groups, including the SRB themselves, to sulfide. Hydrogen sulfide 

stripping is also included. 
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ADM1 

A high sulfate concentration in the digester influent can significantly affect the 

methanogenesis phase during anaerobic digestion. This effect is not modelled in 

the current version of the ADM1, but it is important in order to correctly predict 

the behaviour of the system under high sulfate conditions. Modelling of sulfate 

reduction in the ADM1 is also one of the most widely requested extensions. 

Fedorovich et al. (2003) and Knobel & Lewis (2002) have developed extensions to 

ADM1 on sulfate reduction, which is complex, since it is intended for systems 

dealing with high concentrations of sulfate.  

A simpler approach was developed by Batstone (2006) by assessing sulfate 

reduction through oxidation of available hydrogen. This model only considers a 

single group of microorganism, hydrogen sulfate-reducing bacteria (XhSRB), which 

can oxidise hydrogen with sulfate as electron acceptor to produce hydrogen sulfide 

according to the equation: 

 

XhSRB: 
2 2 4 2 24H  + H SO H S + 4H O  (4.2) 

 

This group of sulfate reducers are competing with hydrogen utilisers. According to 

Batstone (2006), this simplified model is effective for predicting the behaviour 

with influent S:COD of up to 0.1 g S.g COD
-1

 (note that this value is obtained 

using a simplified model without considering inhibition due to sulfide and without 

the detailed aqueous phase chemical model). Above this level the sulfate reducers 

will start to oxidise the volatile fatty acids as well and the model will incorrectly 

predict sulfate in the effluent, and there will be underprediction of hydrogen 

sulfide in the gas stream.  

According to the model by Fedorovich et al. (2003) and Knobel & Lewis (2002), 

the sulfate reduction process is carried out by four groups of microorganisms: 

hydrogenotrophic sulfate-reducing bacteria (XhSRB), propionate-degrading sulfate-

reducing bacteria (XpSRB), butyrate-degrading sulfate-reducing bacteria (XbSRB) and 

acetotrophic sulfate-reducing bacteria (XaSRB). Equations (4.2),   (4.3), (4.4) and 

(4.5) show the stoichiometric reactions describing the conversion of sulfate to 

hydrogen sulfide by different types of sulfate-reducing bacteria using specific 

kinds of substrates as electron acceptors. 

 

XpSRB: 
2 5 2 4 3 2 2 2C H COOH + 0.75H SO CH COOH + CO  + H O + 0.75H S    (4.3) 

 

XbSRB: 
3 7 2 4 3 2C H COOH + 0.5H SO 2CH COOH + 0.5H S  (4.4) 

 

XaSRB: 
3 2 4 2 2 2CH COOH + H SO 2CO  + 2H O + H S  (4.5) 
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Hydrogen sulfide inhibition is taken into account in the acetogenesis and 

methanogenesis stages, as well as for the growth of SRB. The inhibition as 

described by Chen et al. (2008) is a result of competition for common substrates 

and also due to toxicity of several bacterial groups, including the SRB themselves, 

to sulfide.  

Three kinds of substrate competition were described by Fedorovich et al. (2003):  

i. between SRB and acidogenic bacteria for sugars and amino acids;  

ii. between SRB and acetogenic bacteria for VFAs; and,  

iii. between SRB and methanogens for acetate and hydrogen.  

The first type is won by acidogenic bacteria therefore there is no need to modify 

the disintegration and hydrolysis part of the ADM1. On the other hand, SRB are 

found to successfully compete with acetogenic and methanogenic bacteria 

indicating that to describe the VFA and hydrogen removal, sulfate reduction 

should be included in the model. 

The sulfur-related processes added to ADM1 are presented in Table 4.5 and Table 

4.6 (from Paper IV). In addition to biochemical conversions, possible precipitation 

of sulfur with iron as ferrous sulfide (FeS) is included in the extended ADM1. The 

precipitation kinetics are described in Section 3.3. 
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4.3. Iron Transformations 

Iron in the wastewater is important to model, especially when considering 

phosphorus removal and recovery, because of its interactions with phosphorus and 

sulfur, preferentially binding with the latter. Iron is often used in wastewater 

treatment plants for chemical precipitation in order to remove phosphorus. 

ASM2d 

The ASM2d is modified to include iron transformations in the biological reactor. 

In this model, only Fe(II) oxidation using either oxygen or nitrate as electron 

acceptors is included. This is assumed to be a purely chemical reaction resulting in 

oxidation of Fe(II) to hydrous ferric oxide, Fe(OH)3 (XHFO). In addition, reduction 

of hydrous ferric oxide to Fe(II) using inorganic sulfides and acetate are also 

included (Table 4.7 and Table 4.8). 

The hydrous ferric oxide model (Smith et al., 2008) describes how the 

precipitation of XHFO provides a number of adsorption sites for ions on its surface. 

Hauduc et al. (2015) adapted this approach focusing only on phosphates 

adsorption and co-precipitation. The model describes in general the precipitation 

and dissolution of XHFO, phosphates adsorption/binding onto XHFO and aging of 

XHFO.  

A simplified version of the HFO model adapted for ASM2d is shown in Figure 4.2. 

 

 
 

Figure 4.2. Simplified HFO model included in ASM2d and ADM1. 
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According to this simplified model, HFO is formed from Fe(II) oxidation. HFO 

initially precipitates with a high adsorption capacity (XHFO,H), which has an open 

structure and easily accessible binding sites. As it ages, it loses reactivity and has a 

more compact structure and less accessible sites (XHFO,L). Adsorption of 

phosphates onto HFO leads to production of XHFO,H,P and XHFO,L,P. The kinetic rate 

of aging is lower for XHFO,L than for XHFO,H due to the increased probability of floc 

breakages (compared to aggregation) for older HFO. Similarly, HFO with 

bounded phosphates (XHFO,H,P, XHFO,L,P) also have lower kinetic rates than 

unbounded HFO. The adsorption kinetic rates depend on the concentration of the 

binding component. The complete stoichiometry and kinetic rates used are found 

in Table 4.11 and Table 4.12.  

ADM1 

The process of Fe(III) reduction is added as a process to ADM1. Fe(III), in the 

form of hydrous ferric oxides (XHFO,L, XHFO,H), is reduced to Fe(II) using hydrogen 

and sulfide as electron donor (Table 4.9 and Table 4.10). 

In addition to biochemical conversions, precipitation of iron with sulfur and 

phosphate is included in the extended ADM1. Possible precipitates considered are 

ferrous sulfide (FeS) and ferrous phosphate (Fe3(PO4)2). The precipitation kinetics 

are described in Section 3.3. 
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4.4. Modelling of Phosphorus, Sulfur and Iron 

Transformations in Anaerobic Digestion 

The work in incorporating biochemical conversions of phosphorus and chemical 

transformations of sulfur and iron is done for ADM1 (Paper IV). The goal of this 

is to show the importance of taking into account phosphorus and its interaction 

with sulfur and iron during anaerobic digestion. There are anaerobic systems, 

which are used for the stabilization of either phosphorus-rich and/or sulfur-rich 

sludge, such that it becomes essential to model their interactions, which in turn 

could affect the whole plant-wide processes due to recycling of streams. This 

analysis enables evaluation of the need for model extensions in a plant-wide 

model. 

A case study is performed by comparing four sets of model assumptions, which 

describes the phosphorus, sulfur and iron interactions. 

i. A0 – the BSM2 implementation of the default ADM1 with some minor 

changes is used. Phosphorus is modelled in the AD using a source-sink 

approach with a pre-defined elemental compositional for each model state 

variable. The composite material (XC) is removed and directly mapped 

into biodegradable and inert organics. The physico-chemical framework is 

also included, which comprises of the weak acid-base chemistry module, 

ion activity corrections, ion-pairing effects and multiple mineral 

precipitation. 

ii. A1 – the P-related processes presented in Section 4.1 are added to the 

ADM1 processes in addition to the physico-chemical module.  

iii. A2 – the S-related processes presented in Section 4.2 are added to the 

ADM1 in addition to the P-related processes and physico-chemical 

module. There are two implementations of this model. One considers only 

a single type of SRB, which use hydrogen for sulfate reduction (A2,1). The 

other considers multiple types of SRB, which utilize organic acids for 

sulfate reduction (A2,2). 

iv. A3 – the Fe-related processes involves iron reduction using either 

hydrogen or sulfides as electron donors. These processes are added in 

addition to the P-related processes, S-related processes and the physico-

chemical module. 

A comparison of the P partitioning in the effluent for both models A0 and A1 

results in similar distributions of P amongst soluble, organic, biomass and 

precipitates for the two models. Among the precipitates considered, the main 

compounds are struvite and calcium phosphate. Further analysis is done with 
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respect to mineral precipitation and biochemical P transformations at different 

hydraulic retention times (HRT) and different influent calcium and magnesium 

loads.  

Increase in calcium and magnesium loads promotes precipitation. The difference 

between the two model variants is observed at higher cationic loads as shown in 

Figure 4.3. Moreover, the difference is also apparent at low HRT due to the 

difference in supply of P for precipitation. At high HRT, the P supply as a result of 

the biochemical P transformations followed by the precipitation occurs well within 

the corresponding process time constant. However, at low HRT, these P 

transformations (i.e. A1) cause a noticeable delay in P availability resulting in a 

smaller quantity of precipitated P compared to the A0. 

 

  

      (a)          (b)  
 

Figure 4.3. Effect of including biochemical phosphorus transformations (A1) in the 
anaerobic digester at various HRT on the total precipitated P by: (a) 
increasing the influent calcium load and (b) increasing the influent 
magnesium load, as compared with the reference model A0 (from Paper IV).  

 

Moreover, including the biochemical P transformations in the anaerobic digestion 

model affects biogas production. As expected, there is higher methane production 

at higher HRT. Figure 4.4 shows the difference between the methane production 

between A0 and A1. There is generally a lower predicted methane gas production 

in A1 because the biochemical processes involve the uptake of organic acids, 

which includes acetate, into PHA. Thus, there is a less available substrate for 

acetoclastic methanogenesis.  
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Figure 4.4. Effect of including biochemical phosphorus transformations (A1) in the 
anaerobic digester at various HRT on methane gas production compared 
with reference model A0 (from Paper IV).  

 

To simulate case A2, an influent load with S:COD ratio of 0.0025 g S.g COD
-1

 is 

added as sulfate. Sulfate is then transformed to hydrogen sulfide gas and dissolved 

sulfide, with some remaining fraction of sulfate. Both simulation results of model 

implementations A2,1 and A2,2 are similar. The reduction of sulfate to sulfide only 

uses hydrogen as electron donor for both models and there is no possibility to use 

organic acids. Figure 4.5a depicts the effect of sulfur transformations on methane 

production. There is a decrease in methane production at higher S:COD ratios due 

to higher production of sulfide, which in turn causes sulfide inhibition of the 

methanogens. It has also been observed that model differences between A2,1 and 

A2,2 become significant only when considering an influent with S:COD ratio greater 

than 0.06 g S.g COD
-1

, such that hydrogen becomes completely depleted during 

reduction of sulfate to sulfide and thus other SRB use organic acids as electron 

source. However, such a sulfate concentration is extremely high, whereas primary 

and secondary sludge normally has an S:COD ratio around 0.001 g S.g COD
-1

. 

Case A3 involves addition of Fe(III), in which it is converted into its reduced form 

Fe(II) under anaerobic conditions. At increasing quantities of added Fe(III), iron 

phosphates are formed, which decreases the quantity of struvite precipitates. This 

principle can be used as a control strategy to avoid undesired struvite precipitation. 

On the other hand, when sulfur is present the iron conversions are affected due to 

preferential binding of sulfur with iron. Thus, in anaerobic systems with high 

sulfate loads, addition of iron will result in an increase of iron sulfide precipitates. 

The quantity of hydrogen sulfide produced decreases (Figure 4.5b) preventing 

consequent methanogenesis inhibition.  
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                                        (a)           (b) 
 

Figure 4.5. Effect of including: (a) biochemical sulfur transformations (A2,1) on methane 
gas production and (b) chemical iron transformations (A3) on hydrogen 
sulfide gas production in the anaerobic digester at various S:COD ratios 
(from Paper IV).  

4.5. Modelling of Phosphorus, Sulfur and Iron 

Transformations in Activated Sludge Processes 

The modelling and simulation study presented in the previous section is an 

exploratory work to show that modelling P, S and Fe transformations and their 

interactions in the sludge line have a significant effect on plant-wide outputs. 

There are several simplifications and assumptions. Firstly, iron transformations are 

modelled as purely chemical processes in the anaerobic digester and secondly, iron 

and sulfur transformations (and the precipitation reactions) were not accounted for 

in the activated sludge section. Nevertheless, ASM2d should be used to describe 

the biological reactions in the activated sludge unit, which considers phosphorus 

transformations. It was assumed that sulfate and iron concentrations in the influent 

(i.e. municipal wastewater) are not high enough to affect the phosphorus 

transformations in the activated sludge unit. 

However, the sulfur and iron extensions to ASM2d presented in Sections 4.2 and 

4.3 are to be used when: (1) chemical precipitation is employed in the activated 

sludge unit, (2) modelling sulfur-rich activated sludge units such as in sulfate 

reduction, autotrophic denitrification and nitrification integrated (SANI) processes 

and (3) tracking the transformations in the water line. 

Chapter 5 will present the results of modelling and simulation of a wastewater 

treatment plant using ASM2d and ADM1 extensions for the water and sludge 

lines, respectively (Paper V). It will also demonstrate the practical use of the 

model extensions to plant-wide modelling with focus on resource recovery. 
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4.6. Summary of Key Findings 

 The ADM1 is extended to include biochemical transformations of 

phosphorus and sulfur, as well as chemical iron conversions. This 

extension also includes implementation of the physico-chemical 

framework, which consists of ion activity corrections, ion-pairing effects, 

weak acid-base chemistry and multiple mineral precipitation reactions. 

The extended ADM1 model is implemented within a plant-wide 

framework provided by the BSM2 in order to track the P-, S- and Fe-

related state variables from the sludge line and back to the water line. 

 Biochemical phosphorus conversions have an effect on the prediction of 

amounts of precipitates and methane gas production due to the role of 

phosphorus accumulating organisms under anaerobic conditions. The 

difference between the default ADM1 implementation and the ADM1 

extended with phosphorus transformations is evident at higher cationic 

loads and low HRT. 

 Inclusion of sulfate conversions in the ADM1 also has a significant effect 

on biogas production prediction. At increasing S:COD ratios, methane 

production is decreasing due to the conversion of sulfates to sulfides 

during anaerobic conditions. The hydrogen sulfide produced is inhibitory 

to methanogens and thus affects biogas production. 

 Chemical iron conversions influence precipitation reactions. At high iron 

concentrations, phosphates bind with iron to form precipitates resulting in 

less available P for struvite precipitation. In systems with the presence of 

sulfur, iron preferentially binds with sulfur instead of phosphates. Thus, 

less sulfides are produced, which then reduces inhibition of 

methanogenesis. 

 This work assesses the influence of including P, S and Fe transformations 

and interactions in a plant-wide model. Inclusion of sulfur and iron 

extensions in the activated sludge model is presented in this chapter but 

not included in the case study. However, a plant-wide model with P, S and 

Fe conversions in the water line and sludge line is deemed important to 

track the fate of these compounds within the wastewater treatment plant 

and therefore, assist in developing control strategies for their removal 

and/or recovery. 

  

5959 59



60 

 

6060



61 

Chapter 5  

Plant-Wide Model Extended with 

Phosphorus, Sulfur and Iron 

This chapter discusses the integration of the various model extensions presented in 

the previous chapters into a plant-wide model approach within the framework of 

the Benchmark Simulation Model No. 2 (BSM2). It showcases the main 

modifications to the BSM2 with respect to the plant layout, process models for 

other unit operations, model interfaces, evaluation criteria, etc. The plant-wide 

model allows for prediction of phosphorus fluxes from the water line to the sludge 

line. It also analyses the interactions with iron and sulfur on a plant-wide level. 

These extensions are useful for evaluating operational and control strategies 

aimed at energy production, resource recovery, reduction of environmental impact 

and decrease of the operational expenses. Key results of Paper V are presented, 

which is based on analysis of several scenarios depicting various operational 

strategies aimed at phosphorus removal and/or recovery. 

5.1. Plant Layout and Influent 

The models representing the wastewater treatment unit processes are implemented 

in a plant layout that is a modification of the BSM2 plant. It consists of: primary 

clarifier, activated sludge unit, secondary settler, sludge thickener, anaerobic 

digester, storage tank and dewatering unit. The main modification with respect to 

the original design of the BSM2 plant layout is on the activated sludge 

configuration. An anaerobic/anoxic/aerobic (A
2
O) configuration (Figure 5.1) is 

implemented replacing the modified Ludzack-Ettinger process. An anaerobic 
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section is added, preceding the anoxic and aerobic sections, to promote anaerobic 

phosphorus release and to provide the phosphorus accumulating organisms with a 

competitive advantage over other bacteria. It is important to highlight that this 

configuration does not represent an optimal configuration for P removal, because 

the biological P removal is dependent on the N removal through the nitrate 

concentration recycled to the anaerobic reactor via the underflow recycle (i.e. 

nitrates overload may cause the anaerobic reactors to become anoxic). 

Nevertheless, it exemplifies the retrofit of many treatment plants adapting their 

plant layout to satisfy new and stricter effluent requirements. 

 

 
 

Figure 5.1. BSM2-P plant layout (from Paper V). 

 

Model-based influent scenario generation as described in Gernaey et al. (2011) is 

utilized to create a dynamic wastewater influent to simulate the treatment plant 

performance. The model blocks for flow rate generation, chemical oxygen 

demand, N and P generation, temperature profile generation and sewer network 

and first flush effects are used to generate the influent dynamics consisting of a 12 

months period of output data for the evaluation period with a 15 minutes sampling 

interval. The resulting daily average influent mass flow rates are presented in 

Table 5.1. The S influent load for this analysis is set to a high value in order to 

have a noticeable effect in the AD. In addition, cation and anion profiles are added 

so that the resulting pH is close to neutrality.  

 

 

INFLUENT
EFFLUENTPRIMARY

CLARIFIER ACTIVATED SLUDGE

THICKENER

ANAEROBIC DIGESTER

DEWATERING

STORAGE

SLUDGE

SECONDARY
CLARIFIER

GAS REMOVAL

ANAER1 ANAER2 ANOX1 ANOX2 AER1 AER2 AER3
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Table 5.1. Daily average influent mass flow rates. 

Mass flow rates  Value 

COD 8 386  kg COD.d
-1
 

N 1 014  kg N.d-1
 

P 197  kg P.d
-1
 

S:COD 0.003  kg S.kg COD
-1
 

5.2. Interfaces 

ASM-PCM Interface 

The default implementation of the ASM2d was adjusted in order to include the 

PCM. The main modifications are:  

i. the use of inorganic carbon (SIC) instead of alkalinity (SALK) as a state 

variable; 

ii. the inclusion of mass transfer equations for CO2, H2S, NH3 and N2 

(Batstone et al., 2012; Lizarralde et al., 2015);  

iii. consideration of multiple cations (SK, SNa, SCa, SMg) and anions (SCl), which 

are tracked as soluble/reactive states; and, 

iv. omission of chemical precipitation using metal hydroxides (XMeOH) and 

metal phosphates (XMeP) since the generalised kinetic precipitation model 

is used instead (Hauduc et al., 2015; Kazadi Mbamba et al., 2015a; 

2015b). 

The outputs of the ASM2d at each integration step are used as inputs for the 

aqueous phase module to estimate pH and ion speciation/pairing while 

precipitation and stripping equations are formulated as ordinary differential 

equations and included in the system of ODEs in the ASM2d. 

ADM-PCM interface 

The ADM is slightly modified to account for the updated physico-chemical model 

and new processes. The main modifications are:  

i. the original pH solver proposed by Rosén et al. (2006) is substituted by 

the approach presented in Papers I and II, as detailed in Section 3.5.  
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ii. C, N, P, O and H fractions are updated and taken from de Gracia et al. 

(2006);  

iii. the original ADM1 pools of undefined cations (Scat) and anions (San) are 

substituted for specific compounds as in the ASM-PCM interface; and, 

iv. the existing gas-liquid transfer equations are extended to include H2S and 

NH3.  

Similar to the ASM-PCM interface, the outputs of the ADM at each integration 

step are used as inputs for the aqueous phase module to estimate pH and ion 

speciation/pairing while precipitation and stripping equations are formulated as 

ordinary differential equations and included in the system of ODEs in the ADM. 

ASM-ADM-ASM interface 

The continuity-based interfacing method (CBIM), described in Volcke et al. 

(2006), Zaher et al. (2007) and Nopens et al. (2009), is used for creating the 

interfaces between ASM-ADM-ASM to ensure elemental mass and charge 

conservation.  

The ASM-ADM-ASM interfaces consider instantaneous processes and state 

variable conversions. The ASM-ADM interface instantaneous processes involve 

direct removal of COD demanding compounds (i.e. SO2 and SNO3) and immediate 

decay of heterotrophic/autotrophic biomass. State variable conversions require the 

transformation of soluble fermentable organics (SF), acetate (SA) and 

biodegradable particulate organics (XS) into amino acids (Saa)/sugars (Ssu)/fatty 

acids (Sfa) (soluble) and proteins (Xpr)/lipids (Xli)/carbohydrates (Xch) (particulate), 

respectively. The ADM-ASM interface assumes that all compounds that can be 

transferred into the gas phase are stripped, and also immediate decay of the AD 

biomass takes place. All the biodegradable organic particulates (Xpr, Xli, Xch), 

organic solubles (Saa, Sfa, Ssu) and volatile fatty acids (Sac, Spro, Sbu, Sva) are 

converted into XS, SF and SA, respectively. There is no variation of Fe and S before 

and after the interface. A compositional analysis of each of the state variables is 

pre-defined and together with the corresponding stoichiometric factors the 

elemental compositional balance is conserved with respect to C, N, P, K, Mg, S 

and Fe.  

 

 

 

 

6464



65 

5.3. Other Unit Process Models 

Aside from the activated sludge unit and anaerobic digester, which are described 

in detail in Chapter 4, the other wastewater treatment unit processes included in 

the plant-wide model are listed in Table 5.2. The Otterpohl model (Otterpohl, 

1995) is used to represent the primary clarification process and is able to yield 

sensible values of the concentrations of particulate components that are going to 

the activated sludge and anaerobic digestion units. The secondary clarifier is based 

on the double exponential velocity function proposed by Takács et al. (1991) with 

a 10-layer reactive configuration and using a reduction factor in the process 

kinetics to obtain more realistic results (Guerrero et al., 2013). The thickener and 

dewatering units are modelled as reactive solid separation units with biological 

reactions using a similar simplified approach as described by Gernaey et al. 

(2006a). The gas stripping unit is modelled based on Kazadi Mbamba et al. (2016) 

while the crystallization unit is described using the multiple mineral precipitation 

model as presented in Kazadi Mbamba et al. (2015b). 

 

Table 5.2. Description of wastewater treatment unit processes included in the plant-wide model. 

Variable Description References 

primary clarifier homogenous tank concept 

non-reactive 

Otterpohl (1995) 

   
secondary settler double exponential velocity function 

reactive 

Takács et al. (1991) 

Flores-Alsina et al. (2012) 

Guerrero et al. (2013) 

   
activated sludge unit ASM2d  

with P, S and Fe extensions 

Henze et al. (1999) 

see Chapter 4 

   
anaerobic digester ADM1  

with P, S and Fe extensions 

Batstone et al. (2002) 

see Paper IV 

see Chapter 4 

   
thickener reactive Gernaey et al. (2006a) 

   
dewatering unit reactive Gernaey et al. (2006a) 

   
storage non-reactive Gernaey et al. (2014) 

   
gas stripping unit gas stripping model Kazadi Mbamba et al. (2016) 

   
crystallization multiple mineral precipitation model Kazadi Mbamba et al. (2015b) 

 

 

6565 65



66 

5.4. Extended Evaluation Criteria 

To assess the performance of combined C, N and P control strategies, an updated 

set of evaluation criteria is necessary (Jeppsson et al., 2013; Solon & Snip, 2014). 

This allows for simplification of the large output dataset into a more manageable 

set of comparable numbers. The effluent concentrations over the evaluation period 

should, at all times, obey the concentration limits given in Table 5.3. 

 

Table 5.3. Effluent quality limits. 

Variable  Value 

Ntotal < 18  g N.m-3
 

CODtotal < 100  g COD.m
-3
 

SNH < 4  g N.m-3
 

TSS < 30  g SS.m
-3
 

BOD5 < 10  g BOD.m
-3
 

Ptotal < 2  g P.m
-3
 

 

Additional consideration has been necessary to include effluent violations 

(frequency and magnitude) and percentiles related to P. The percentage of time the 

effluent limits are not met are reported, as well as the number of violations. The 

number of violations is defined as the number of crossings of the limit (from 

below to above the limit). 

The Effluent Quality Index (EQI) reflects the amount of pollution discharged onto 

surface waters averaged over the period of observation based on a weighting of the 

effluent loads of compounds that have a major influence on the quality of the 

receiving water and are usually included in the legislation. The EQI is updated to 

include the additional P load, both organic and inorganic.  

Another criterion is the Operational Cost Index (OCI). It is given as the weighted 

sum of costs related to sludge production, aeration, pumping, external carbon 

source, mixing, heating and the benefit of methane production. Because of the 

modifications to the plant layout and operation, additional costs are considered, 

such as those relating to the additional recycles (anoxic, anaerobic), aerators (CO2 

stripping) and chemicals (for chemical P precipitation and/or recovery).  
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5.5. Scenario Analysis 

The plant-wide model is tested and used to analyse and compare several 

operational strategies aimed at phosphorus removal and recovery. Four dynamic 

scenarios are analysed: 

i. A0 – default, open loop configuration (i.e. no control); 

ii. A1 – cascade ammonium and wastage controller; 

iii. A2 – cascade ammonium and wastage controller + iron addition            

(i.e. chemical P precipitation) in the activate sludge section; and, 

iv. A3 – cascade ammonium and wastage controller + struvite recovery. 

The default configuration without any control (A0) represents the reference 

operational conditions with which the different operational/control/recovery 

strategies are implemented, simulated and evaluated. Dynamic profiles can be 

obtained using the model and some selected output variables are shown in Figure 5.2. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 
 

 

(h) 
 
 

 
 

Figure 5.2. Dynamic profiles for the default open loop scenario (A0) showing: (a) influent temperature, 
(b) influent pH, (c) dissolved oxygen in AER2, (d) effluent N (ammonia-N (grey) and TN 
(black)), (e) effluent P (inorganic phosphorus (grey) and TP (black)), (f) TSS in AER3, (g) 
methane gas production and (h) hydrogen sulfide gas production. An exponential 
smoothing filter (time constant = 3 days) is used to improve visualization of the data. Raw 
data is presented in grey (in (a), (b), (c), (f), (g) and (h)) (from Paper V). 
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The control strategy A1 uses a cascade PI ammonium controller that manipulates 

the oxygen set-point in the second aerobic tank (AER2) and also the airflow in 

AER1 and AER3 by a factor of 2.0 and 0.5 (compared to airflow rate into AER2), 

respectively. The air supply rate is manipulated to control the oxygen 

concentration in AER2. The concentration of total suspended solids is also 

regulated in AER3 by manipulating the wastage flow rate. The set-point changes 

from 4 000 to 3 000 g TSS.m
-3

 when the temperature exceeds 15°C. This is done 

to ensure that the solids retention time is long enough for sufficient nitrification 

when temperature is low. Due to better aeration strategy in the activated sludge 

unit, phosphate accumulation by phosphorus accumulating organisms improves 

and also increases nitrification/denitrification efficiency. The operational cost, as 

reflected by OCI, is reduced compared to A0 (see AE and OCI values in Table 5.4). 

In addition to the cascade ammonium and wastage controller in scenario A1, 

scenario A2 involves the addition of iron in the form of FeCl3 to the activated 

sludge section. The mass flow rate of FeCl3 is manipulated to control the 

phosphate concentration in AER3. Effluent phosphorus concentrations and EQI 

are reduced but with a consequent increase in sludge production and OCI. Aside 

from the benefit of increased P removal in the water line due to chemical P 

precipitation, there is also an advantageous effect to the sludge line. Under 

anaerobic conditions, hydrous ferric oxides are reduced to Fe(II). At the same 

time, iron phosphates formed in the activated sludge might re-dissolve under 

anaerobic conditions and precipitate with sulfide as FeS. This is mainly due to the 

lower solubility of iron sulfide compared to iron phosphate. This scenario results 

in reduced problems associated with hydrogen sulfide production (i.e. inhibition, 

odour, corrosion) (Figure 5.3). Due to the formation of iron phosphates, less 

calcium phosphate and struvite are formed, which averts having their deposition in 

the pipes. 

 

 
 

Figure 5.3. Dynamic profile of hydrogen sulfide gas production after 
implementing scenario A2 (from Paper V). 
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Scenario A3 has an addition of a recovery unit for struvite, which includes a 

stripping unit, a magnesium hydroxide dosing tank, crystallizer unit and a 

dewatering tank. Due to the recovery of struvite the quantities of N and P from the 

AD supernatant are significantly reduced. Consequently, a reduction in EQI is 

observed. Although there is chemical addition, this scenario has a lower OCI 

compared to scenario A2 due to the lower price of magnesium hydroxide 

compared to iron chloride and there is also a considered benefit from selling 

struvite. 

Scenario A3 is further evaluated using sub-scenarios by varying the airflow rate 

and chemical dosing in the stripping unit. At increasing airflow rates for CO2 

stripping the pH increases, which favours struvite precipitation as shown in Figure 

5.4. Similarly, increasing the magnesium dosage also drives the pH upwards. This 

leads to decreasing quantities of P in the digester supernatant resulting in lower 

EQI values. The OCI also decreases due to the consideration of the potential 

benefit from selling struvite. Above P/Mg stoichiometric rations, further addition 

of Mg is just increasing the cost without further benefit. 

 

 

 
 
 

(a) 

 

 

(b) 

 

 

 
 
 

(c) 

 

 

 
 
 

(d) 
 

 

 

 

 

Figure 5.4.  Effect of aeration power and dosage addition on (a) pH, (b) 
quantity of recovered struvite, (c) EQI and (d) OCI (from Paper V). 
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All of the proposed alternatives (A1, A2 and A3) result in significant improvements 

compared with the open loop configuration (A0). The implementation of 

controllers for a better aeration strategy and sludge wasting scheme (A1) results in 

a favourable alternative. Simulation results also show that this option leads to 

larger N and P effluent reductions, but is also a more cost-effective way to operate 

the plant. Both A2 and A3 also substantially reduce the quantity of effluent P. 

However, A3 considers a modification of the plant layout by addition of a recovery 

unit. Capital costs for the crystallizer, stripping unit, blowers, civil, electrical and 

piping works should be included in order to make a more complete techno-

economic assessment. On the other hand, A2 can be set up with an extra dosing 

tank. Even though the potential benefit that comes from struvite recovery is very 

uncertain and these results should be taken with care, the cost for each kg N and P 

removed is much higher for A2 (see Nremoved/OCI and Premoved/OCI values in Table 5.4).  

 

Table 5.4. Evaluation criteria for the evaluated control/operational strategies (from Paper V). 

Operational alternatives  A0 A1 A2 A3 Unit 

NKjeldahl 3.5 3.6 3.6 3.7 g N.m
-3
 

Ntotal 11.2 9.2 9.1 8.5 g N.m
-3
 

Pinorg 5.95 2.9 0.9 0.6 g P.m
-3
 

Ptotal 6.4 3.7 1.7 1.5 g P.m
-3
 

EQI 18 234 12 508 8 237 7 766 kg pollution.d
-1
 

TIV SNHX (= 4 g N.m
-3
) 0.95 0.07 0.08 0.08 % 

TIV Ntotal (= 14 g N.m
-3
) 0 0 0 0 % 

TIV Ptotal (= 2 g N.m
-3
) 100 75 13.4 15.7 % 

AE 4 000 3 146 3 218 3 194 kWh.d
-1
 

Eproduction 5 955 6 054 6 150 6 038 kWh.d
-1
 

SPdisposal 3 461 3 538 3 730 3 487 kg TSS.d
-1
 

MFeCl3 - - 169 - kg Fe.d
-1
 

MMg(OH)2 - - - 40 kg Mg.d
-1
 

Srecovered - - - 206 kg struvite.d
-1
 

OCI 10 201 9 495 13 770 8 912 - 

GCH4 992 1 009 1 025 1 006 kg CH4.d
-1
 

GH2S 17.4 19.2 12.1 19.2 kg H2S.d
-1
 

Nremoved/OCI 0.079 0.089 0.062 0.097 kg N (removed).OCI
-1
 

Premoved/OCI 0.007 0.013 0.012 0.019 kg P (removed).OCI
-1
 

 

7070



71 

The model shows the importance of linking the P with the S and Fe cycles. This is 

a perfect starting point for evaluating and developing control strategies for 

wastewater treatment plants with focus on resource recovery (Solon et al., 2017). 

The sub-models included can be used as modelling tools to simulate particular 

processes. For example, the ADM1 model can be used independently as well as 

the ASM2d, both of which are extended with P, S and Fe related conversions. On 

the other hand, the model extensions could also be applied to integrated urban 

water systems wherein it is important to track the chemicals added in the sewer 

network and how it could impact the downstream WWTP processes.  

5.6. Summary of Key Findings  

 The model platform Benchmark Simulation Model No. 2 is extended to 

include phosphorus transformations in both the water and sludge lines. The 

modelling of the interactions between phosphorus and the sulfur and iron 

cycles has been necessary.  

 To evaluate the performance of the wastewater treatment plant under 

various operational strategies, the evaluation criteria, such as EQI and OCI, 

are extended to include P related compounds and additional costs for 

chemical addition, struvite recovery and aeration for the stripping unit. 

 The simulation study involves evaluation and comparison of operational 

strategies using the default open loop configuration of BSM2 as the 

baseline. The first alternative operational strategy (A1) implements a PI 

ammonia controller to manipulate the oxygen concentration in the aerobic 

reactors of the activated sludge unit and a wastage controller to manipulate 

the TSS concentration in the last aerobic tank. The second alternative 

operational strategy (A2) includes the controls implemented in A1 and an 

additional iron chloride addition in the activated sludge unit for phosphorus 

precipitation. The third alternative operational strategy (A3) includes the 

controls implemented in A1 and an additional recovery unit (with CO2 

stripping, magnesium hydroxide dosing tank and crystallizer). The three 

alternatives show a significant improvement in the effluent quality, 

especially in terms of phosphorus removal. However, the OCI increases 

significantly in A2 due to the increase in sludge production and high cost of 

iron chloride. A3 performs the best in terms of EQI and OCI but it should be 

noted that in the last alternative investment costs for the recovery unit are 

not included in the calculations and that the price of struvite should be taken 

with care (highly varying). 
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 The plant-wide model and sub-models presented in this chapter can be used 

as a tool to aid decision makers/wastewater engineers when 

upgrading/improving the sustainability and efficiency of wastewater 

treatment systems with respect to reducing energy consumption and 

increasing resource recovery. It can be utilized in the development, testing 

and evaluation of phosphorus control/recovery strategies. 
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Chapter 6  

Conclusions and                      

Future Perspectives 

This chapter presents the general conclusions from this thesis and also provides 

perspectives for future work. 

6.1. Conclusions 

This thesis presents the sequential phases of developments and extensions to 

biological and physico-chemical wastewater treatment processes to develop a plant-

wide model, which includes phosphorus, sulfur and iron conversions and interactions. 

The first main work carried out was the modelling of physico-chemical effects, 

which included ion activity corrections, ion pairing effects and aqueous phase 

chemical equilibria. The physico-chemical model was implemented together and 

interfaced with biochemical models ASM1, ASM2d, ASM3 and ADM1. A scenario 

analysis was formulated and simulated to analyse and compare ADM1 results using 

three model variants: default ADM1, ADM1 with ion activity corrections and 

ADM1 with both ion activity corrections and ion pairing effects. Another scenario 

analysis was done for the different Activated Sludge Models paired with the 

physico-chemical model. The general findings of the studies are summarised below. 

 Physico-chemical effects have an influence on the model results of ADM1 

and are propagated throughout the entire plant model. There is a difference in 

the model outputs when comparing results of the default ADM1 and the 

ADM1 with physico-chemical corrections.  
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 In particular, ion activity corrections have greater influence on model results 

at higher ionic strengths. Pairing of ions, which have valence of one, is less 

influential than ion activity corrections even at higher ionic strengths and can 

be excluded from ADM1.  

 When the physico-chemical model is implemented together with the Activated 

Sludge Models, the pH and speciation of the different wastewater components 

are reliably predicted under anaerobic, anoxic and aerobic conditions. 

The subsequent work dealt with the model development by inclusion of 

phosphorus, sulfur and iron transformation processes in ASM2d and ADM1, on 

top of the physico-chemical model. The ASM2d was extended with sulfur and iron 

oxidation and reduction processes. In addition, hydrous ferric oxides’ formation, 

aging, binding with phosphates and dissolution were also considered. On the other 

hand, the ADM1 considered biochemical phosphorus transformations and 

reduction of sulfate and iron. In addition, multiple mineral precipitation was also 

included in ADM1. Ion pairing was included since it was expected that ion pairing 

of multivalent ions, which are most commonly participating in precipitation 

reactions, would have a significant effect on the model outputs. Scenario analysis 

was performed to initially examine the importance of the extensions to the ADM1 

in a plant-wide context. Given below are the general findings from the analysis. 

 The model is able to show the transformations of phosphorus during 

anaerobic digestion. Consideration of biochemical phosphorus conversion 

describes phosphorus availability through the role of phosphorus 

accumulating organisms and thus affects the prediction of precipitation 

and biogas production. 

 Similarly, the model is also able to show the effect of sulfate 

transformations during anaerobic conditions and how it negatively affects 

the anaerobic digestion process due to: competition between methanogens, 

acetogenic bacteria and sulfate-reducing bacteria on substrates and sulfide 

inhibition of methanogenesis.  

 Inclusion of chemical iron conversions in the ADM1 can predict the 

influence on precipitation. The extended model is able to capture the 

interactions between phosphorus, sulfur and iron. For instance, phosphates 

typically precipitate with iron, however, in the presence of sulfur, iron 

preferentially binds with sulfur rather than with phosphates. These 

interactions can be used to develop operational strategies, such as 

mitigation of sulfide inhibition in the digester or to facilitate struvite 

recovery. 
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The final work carried out was on the integrated implementation of the developed 

physico-chemical module and the extended biochemical models in a plant-wide 

model. The Benchmark Simulation Model No. 2 was used as the starting point in 

order to track the fate of phosphorus, sulfur and iron in the water and sludge lines 

under anaerobic, anoxic and aerobic conditions. The plant-wide model was 

modified and extended, with respect to layout, interfaces, unit processes, 

evaluation criteria, etc., to take into account new state variables related to 

phosphorus, sulfur and iron. The plant-wide model was used to analyse and 

compare operational strategies aimed at phosphorus removal and/or recovery. The 

important conclusions from this analysis are summarised below. 

 The developed plant-wide model is able to track the fate of phosphorus, 

sulfur and iron along the different units of the wastewater treatment plant. It 

can therefore be used as a tool to develop, analyse and compare operational 

strategies aimed at improving the plant performance designed for organics, 

nitrogen and phosphorus removal or aimed at enhanced phosphorus removal 

and/or recovery. 

 The simulation study is able to capture the intricacies of wastewater 

treatment plant operation. For instance, certain operational strategies could 

improve plant performance in terms of environmental impact but could have 

negative consequence on the operational cost.  

The plant-wide model presented in this thesis should be used as a tool to improve 

the performance of wastewater treatment systems with respect to environmental 

impact, reducing energy consumption or increasing resource recovery. Moreover, 

the sub-models used as building blocks for the plant-wide model can be used 

independently. For example, the physico-chemical model can be interfaced with 

other models to predict pH, speciation of components, or when modelling systems 

with non-ideal solutions. The ASM2d and ADM1 extensions can be used as stand-

alone applications to investigate activated sludge and anaerobic systems with 

significant concentrations of phosphorus, sulfur or iron. Similarly, the evaluation 

criteria developed in the last chapter can be used to assess the sustainability of 

different alternatives. 

The models presented in this work are all freely distributed with the aim of 

promoting academic research. 
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6.2. Future Perspectives 

Some opportunities for future research topics were identified for each main phase 

of the research work. 

The physico-chemical model presented has used the Davies equation to calculate 

for activity corrections, which is valid for the commonly measured ionic strengths 

of municipal wastewater (I < 0.5 mol.L
-1

). Although this approach has been 

successfully applied to model electrochemical membrane systems (Thompson 

Brewster et al., 2016), results should be taken with care. When considering other 

high-strength waste streams, such as industrial wastewater, landfill leachate and 

brine from reverse osmosis, the Pitzer equation would be more valid to use. In 

addition, since a typical municipal wastewater influent is assumed, the most 

common ions found in such a wastewater are considered. One could include more 

ions in the physico-chemical model depending on the type of solution being 

studied. Another option is to use an external software tool, which is more 

exhaustive than the tailored model presented in this work and interface it with the 

biochemical models. 

Future work on calibration and validation of the extended ASM2d and ADM1 

models is mandatory. Because of the increase in model complexity and the 

associated number of state variables, model calibration and validation can be 

assisted by sensitivity analysis (Solon et al., 2015a). Feldman et al. (2017) used the 

ADM1 phosphorus and sulfur extensions to model optimization of a full-scale 

granular anaerobic digester while Puyol et al. (2017) used and built upon the 

ADM1 phosphorus and iron extensions to model and study the effect of zero 

valent iron on phosphorus recovery potential. In addition, similar process 

extensions for phosphorus, sulfur and iron, as done in ASM2d and ADM1, could 

be adapted and added to other biochemical models when relevant. Oxygen effects 

due to micro-aeration in the anaerobic digester could also be added in the ADM1 

and, together with the extensions presented, could be used to model sulfide 

removal and control. The combination of the biochemical and physico-chemical 

frameworks developed in this thesis could be used for modelling high-rate and 

granular systems, wherein intra-granular precipitation is a common problem 

There is also an opportunity for calibration and validation of the developed plant-

wide model. Although a study exists regarding the validation of a plant-wide 

phosphorus model (Kazadi Mbamba et al., 2016), a validation with its interactions 

with sulfur and iron has not yet done, especially in the context of phosphorus 

recovery. It is nonetheless planned to use the models developed in this thesis to a 

study of a full-scale wastewater treatment plant in Stockholm, Sweden. Other 

treatment plant configurations could also be studied. Further recovery strategies 

can be added upon the plant-wide model. For example, enhanced biogas 
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production can be achieved through chemically enhanced primary treatment, 

wherein iron is added to the primary clarifier to increase the quantity of settled 

organic particles that passes to the anaerobic digester. Other control and 

operational strategies can be developed and tested using the plant-wide model 

implemented within the BSM2 platform. 

Another research possibility is to combine the plant-wide model with the urban 

water system. The effects of adding chemicals in the sewers for control of sulfide 

production on the wastewater treatment plant could be explored. In addition, 

previous extensions to the Benchmark Simulation Models, such as greenhouse gas 

and micropollutant modelling could be combined with the sub-models or the plant-

wide model. Increased detail in the cost calculations could also be important. 

Investment costs were never included in the OCI calculation in the BSM. 

However, it would be interesting to have it included especially when comparing 

strategies involving addition of unit processes that facilitate resource recovery.  
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a b s t r a c t

Plant-widemodels of wastewater treatment (such as the Benchmark SimulationModel No. 2

or BSM2) are gaining popularity for use in holistic virtual studies of treatment plant control

and operations. The objective of this study is to show the influence of ionic strength (as

activity corrections) and ion pairing on modelling of anaerobic digestion processes in such

plant-wide models of wastewater treatment. Using the BSM2 as a case study with a number

ofmodel variants and cationic load scenarios, this paper presents the effects of an improved

physico-chemical description on model predictions and overall plant performance in-

dicators, namely effluent quality index (EQI) and operational cost index (OCI). The acid-base

equilibria implemented in the Anaerobic Digestion Model No. 1 (ADM1) are modified to

account for non-ideal aqueous-phase chemistry. The model corrects for ionic strength via

the Davies approach to consider chemical activities instead of molar concentrations. A

speciation sub-routine based on a multi-dimensional NewtoneRaphson (NR) iteration

method is developed to address algebraic interdependencies. The model also includes ion

pairs that play an important role in wastewater treatment. The paper describes: 1) how the

anaerobic digester performance is affected by physico-chemical corrections; 2) the effect on

pH and the anaerobic digestion products (CO2, CH4 and H2); and, 3) how these variations are

propagated from the sludge treatment to the water line. Results at high ionic strength

demonstrate that corrections to account for non-ideal conditions lead to significant dif-

ferences in predicted process performance (up to 18% for effluent quality and 7% for oper-

ational cost) but that for pH prediction, activity corrections are more important than ion

pairing effects. Both are likely to be required when precipitation is to be modelled.
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1. Introduction

Anaerobic digestion is a proven waste stabilization technol-

ogy which is widely applied and studied because of its

beneficial production of renewable biogas energy, making it a

truly sustainable technology. From a systems engineering

point-of-view, one of the major advances in the field of

anaerobic digestion has been the development of the Inter-

national Water Association (IWA) Anaerobic Digestion Model

No. 1 (ADM1) (Batstone et al., 2002). The ADM1 is a general

structured model consisting of biochemical and physico-

chemical processes, which is useful for the design, opera-

tion and optimization of anaerobic digestion plants (Batstone

et al., 2006). The adoption of the ADM1 in popular systems

analysis tools, such as the plant-wide benchmark simulation

model for wastewater treatment plants (BSM2), and its use as

a virtual industrial system can stimulate modelling of

anaerobic processes by researchers and practitioners outside

the core expertise of anaerobic processes (Jeppsson et al.,

2013).

Anaerobic digestion models are still being extended to

include: i) improved biodegradability predictions (Astals et al.,

2013); ii) inhibition factors (Wilson et al., 2012; Zonta et al.,

2013); and, iii) microbial diversity (Ramirez et al., 2009). The

ADM1 has been successfully implemented into multiple tank

configurations: continuous stirred tank reactors (CSTRs)

(Rosen et al., 2006), upflow anaerobic sludge blanket (UASB)

reactors (Batstone et al., 2005; Hinken et al., 2014) and biofilm

reactors described by 1D (Batstone et al., 2004) and 2D/3D

models (Picioreanu et al., 2005). Important aspects about

modelling frameworks and methodologies for parameter

estimation and model validation in the field of anaerobic

digestion processes can be found in Donoso-Bravo et al. (2011).

In addition to municipal wastewater treatment, other appli-

cations of the ADM1 have been hydrogen production

(Penumathsa et al., 2008), blue-algae digestion (Yuan et al.,

2014) or co-digestion processes using the general integrated

solid waste co-digestion (GISCOD) model interface (Zaher

et al., 2009). Along this line of thinking, the ADM1 could

potentially be applied to the treatment of industrial waste,

animal manure, landfill leachate and brine from reverse

Nomenclature

g activity coefficient

DHo enthalpy change of the reaction

A1; A2; A3 physicoechemical framework 1, 2 and 3

AD anaerobic digestion

ADM1 Anaerobic Digestion Model No. 1

ai or aj activity of the species (i) or component (j)

BSM2 Benchmark Simulation Model No. 2

COD chemical oxygen demand

CSTR continuous stirred tank reactor

DAE differential algebraic equation

EQI effluent quality index (kg pollution day�1)

GasCH4 methane gas production (kg day�1)

GasCO2 carbon dioxide gas production (kg day�1)

GasH2 hydrogen gas production (kg day�1)

GISCOD general integrated solid waste co-digestion

GðZiÞ vector containing the values of the set of implicit

algebraic equations (g(z1,....,zn), …, g(z1, …,zn))

I ionic strength (mol L�1)

IWA International Water Association

Jf analytical Jacobian of first order partial derivatives

d(G1, …, Gm)/d(z1, …, zn)

Ki equilibrium constant

N nitrogen

NC number of components

NR NewtoneRaphson

Nsp number of species

OCI operational cost index

PCM physicoechemical model

ODE ordinary differential equation

R universal gas constant (bar L mol�1 K�1)

Sac acetate concentration (kmol COD m�3)

SAl aluminium concentration (mol L�1)

San anions concentration (mol L�1)

Sbu butyrate concentration (kmol COD m�3)

SCaþ calcium concentration (mol L�1)

Scat cations concentration (mol L�1)

SCi
ith scenario

SCl Chloride concentration (mol L�1)

SCO�2
3

carbonate concentration (mol L�1)

SFe iron concentration (mol L�1)

SHþ proton concentration (mol L�1)

SH2CO
�
3

carbonic acid concentration (mol L�1)

SH2PO
�
4

dihydrogen phosphate concentration (mol L�1)

SH2S hydrogen sulfide concentration (mol L�1)

SHCO�
3

bicarbonate concentration (mol L�1)

SHPO�2
4

hydrogen phosphate concentration (mol L�1)

Si species concentration (mol L�1)

SIC inorganic carbon (kmol m�3)

SIN inorganic nitrogen (kmol m�3)

Sj component concentration (mol L�1)

SK potassium concentration (mol L�1)

SMgþ magnesium concentration (mol L�1)

SNa sodium concentration (mol L�1)

SNH3 ammonia concentration (mol L�1)

SNHþ
4

ammonium concentration (mol L�1)

SPO�3
4

phosphate concentration (mol L�1)

Spro propionate concentration (kmol COD m�3)

SSO�2
4

sulphate concentration (mol L�1)

Sva valerate concentration (kmol COD m�3)

T temperature (K)

UASB upflow anaerobic sludge blanket

WWTP wastewater treatment plant

zi of ion i

Zi vector of equilibrium states (z1,i, …, zn,i)
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osmosis (Batstone and Keller, 2003). Since the latter waste

streams, in general, contain substantially higher salinity than

domestic wastewater (ionic strengths of various waste

streams can be found in Batstone et al. (2012)), it is expected

that there will be significant physico-chemical effects, which

may need to be accounted for in a model. It is believed that a

key limitation of the ADM1, as applied to high-strength

wastes, is the absence of corrections for ionic strength and

ion pairing to account for non-ideal physico-chemical

behaviour that occurs in such wastes (Batstone et al., 2012;

Tait et al., 2012). The IWA Task Group on Generalized

Physico-chemical Framework is developing a structure to

better understand and represent these non-ideal behaviours

in the frame of wastewater treatmentmodelling. By gathering

complex knowledge from different disciplines and combining

this in a general framework, a guideline on how to approach

modelling of physico-chemical processes will be developed.

The work presented here fits within the scope of work of this

task group, and as such, the authors propose an extension of

the ADM1 (BSM2 implementation) to include: i) ionic strength

correction via the Davies equation; ii) ion pairing of inorganic

carbon, inorganic nitrogen and volatile fatty acids with

different cations (Kþ, Naþ) and anions (Cl�); and, iii) a new

solving routine that accounts for the increased number of

implicit algebraic variables without the use of an implicit

differential algebraic equation (DAE) solver.

The objective of this study is to show the influence of ionic

strength (as activity corrections) and ion pairing on (plant-

wide) modelling of anaerobic digestion processes in waste-

water treatment plants (WWTPs). The paper describes: i) how

the anaerobic digester performance is affected; ii) the effect on

pH and the anaerobic digestion products (CO2, CH4 and H2);

and, iii) how these variations are propagated from the sludge

treatment to the water line.

The paper details the development of the new physico-

chemical framework, the connection between the bio-kinetic

and physico-chemical models, how numerical/stiffness

issues have been handled and finally the differences in the

predicted effluent quality (EQI) and operational cost (OCI)

indices. The authors illustrate the performance of this new

approach with a number of case studies. These case studies

investigate the overall WWTP performance for different

physico-chemical model (PCM) frameworks and cationic

loads.

The main novelty of this paper relies on developing a new

ADM1: i) with a physico-chemical framework implementation

to describe non-ideal behaviour; ii) taking into account the

interactions between biotic and non-biotic processes when

mathematically describing the usefulness of control/opera-

tional strategies; and, finally iii) by integrating all the different

models (physico-chemical/biochemical) in one single

software.

This paper contributes to the field of wastewater engi-

neering by filling some of the gaps which previous studies did

not handle. For example model compatibility, simulation

inputeoutput transferability, ionic strength and ion pairing

assessment, and WWTP and control strategy/operational

procedure performance assessment. Once these models are

codified, the developed platform will be an excellent tool to

further analyse/evaluate the behaviour of additional com-

pounds (phosphorus, sulphur, etc.) and for developing

different chemical/recovery processes (precipitation). Indeed,

the correct description of the precipitation processes in

wastewater treatment system requires the consideration of

non-ideal conditions (Musvoto et al., 2000; van Rensburg et al.,

2003; Barat et al., 2011; Kazadi Mbamba et al., 2014).

2. Methods

2.1. Wastewater treatment plant (WWTP) under study

The WWTP under study is the IWA BSM2 platform proposed

by Gernaey et al. (2014) (Fig. 1). The plant is treating an influent

Fig. 1 e Schematic representation of the BSM2 plant (Gernaey et al., 2014).
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flow of 20 648 m3 day�1 and a total COD and N load of 12 240

and 1140 kg day�1, respectively, following the principles out-

lined in Gernaey et al. (2011). The activated sludge unit is a

modified LudzackeEttinger configuration consisting of 5 tanks

in series. Tanks 1 and 2 are anoxic, while tanks 3, 4 and 5 are

aerobic. Tanks 1 and 5 are linked by means of an internal

recycle. The ASM1 is chosen as the biological process model

(Henze et al., 2000) and the double exponential settling ve-

locity function of Tak�acs et al. (1991) as a fair representation of

the secondary settling process described by a one-

dimensional model divided into ten layers. The BSM2 plant

further contains a primary clarifier, a sludge thickener, an

anaerobic digester, a storage tank and a dewatering unit. The

ADM1 (Batstone et al., 2002) is the dynamic model imple-

mented in this platform to describe the anaerobic digestion

(AD) process. Detailed information about the plant design,

operational conditions and process models of the BSM2 is

reported by Gernaey et al. (2014).

2.2. Improved physicoechemical framework of the
anaerobic digester

The composition of the digester aqueous phase is represented

as a set of chemical entities called species Si (mol L�1) and

components Sj (mol L�1). As applied here, components (Sj) are

selected as the fully dissociated form of the species (Si). For

example, the fully dissociated form of inorganic carbon SCO�2
3

was selected as a component (Sj), while the partially dissoci-

ated SHCO�
3
and undissociated SH2CO

�
3
forms of inorganic carbon

were species (Si) in the model. Table 1 summarizes all the

considered species (rows) and how each of the species can be

represented by a linear molar balance combination of the

model components (columns). More details will be provided

below.

2.2.1. Ionic strength corrections
In dilute wastewaters, ions in solution can be physically far

apart (may not impose a chemical influence on one another),

whereas when a wastewater becomes concentrated up to

high-strength, the chemical interactions between ions and

with the solvent become significant and have an effect. These

interaction effects are commonly corrected for in a model

(Stumm andMorgan, 1996) by multiplying each concentration

(Si or Sj) with an activity coefficient (g), the product being

called the chemical activity (ai or aj) as shown in Eq. (1):

ai ¼ gi Si (1)

The ionic strength (I) of the aqueous phase empirically

estimates the level of interactions between ions (Hamann

et al., 2007) and is commonly calculated as in Eq. (2):

I ¼ 1
2

X
i¼1

Siz
2
i (2)

where zi is the valence of ion i. There are several correlations

available that describe the relationship between activity co-

efficients (g) and ionic strength for ions of different valences

(Batstone et al., 2012). In the present work, the Davies

approximation is used to calculate activity coefficients as

shown in Eq. (3):

log gi ¼ �Az2i

 ffiffi
I

p

1þ ffiffi
I

p � 0:3I

!
(3)

Table 1 e Stoichiometric matrix of the species (Si) and components (Sj).

Si Sj

Formula SNaþ SKþ SNHþ
4

SCl� SCO�2
3

Sac� Spro� Sbu� Sva� logKi DHo

SNaþ Naþ 1 0 0

SKþ Kþ 1 0 0

SNHþ
4

NHþ
4 1 0 0

SCl� Cl� 1 0 0

SCO�2
3

CO�2
3 1 0 0

SH2CO
�
3

H2CO
�
3 1 16.68 �32

SHCO�
3

HCO�
3 1 10.33 �14.6

Sac� C2H3O
�
2 1 0 0

Spro� C3H5O
�
2 1 0 0

Sbu� C4H7O
�
2 1 0 0

Sva� C5H9O
�
2 1 0 0

SNaOH NaOH 1 �13.90 59.81

SNaCl NaCl 1 1 �0.3 �8

SNaCO�
3

NaCO�
3 1 1 1.27 �20.35

SNaHCO3 NaHCO3 1 1 10.03 �283.3

SNa�ac C2H3O2Na 1 1 �0.12 8

SKOH KOH 1 �13.76 55.81

SKCl KCl 1 1 �0.3 �4

SK�ac C2H3O2K 1 1 �0.27 4

SNH3 NH3 1 �9.25 52

SH�ac C2H4O2 1 4.76 0.41

SH�pro C3H6O2 1 4.87 0.75

SH�bu C4H8O2 1 4.82 2.8

SH�va C5H10O2 1 4.84 2.8
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where A is a temperature-dependent parameter and gi is

calculated as common activity coefficient values for mono-

valent, divalent and trivalent ions, respectively. The Davies

approximation, which is mostly used in geochemical models,

is said to be valid for ionic strengths up to 0.5 mol L�1 (Stumm

and Morgan, 1996).

2.2.2. Ion pairing, acid-base reactions and formulation of the
equilibrium equations
The aqueous phase reactions (weak acid-base reactions and

ion pairing) are mathematically formulated by a set of non-

linear algebraic equations (Stumm and Morgan, 1996; Morel

and Hering, 1993) including one law of mass-action for each

species (i) (Eq. (4)) and 1 M contribution balance for each

component (j) (Eq. (5)) to guarantee the component conser-

vation principle (that is, all species can be expressed as linear

combinations of components). The mass action laws are

commonly rearranged (Eq. (4)) with the species (i) written as

the product of components (j) and the equilibrium coefficient

(Ki), where vi;j is the stoichiometric coefficient for each

respective aqueous phase reaction. This rearrangement al-

lows substitution of the mass action laws into the molar

contribution balances to eliminate the species from the

equation set, which then has to be solved iteratively for the

component concentrations. To illustrate, in the present study

the number of species (Nsp) is 24, but by substitution, is

reduced to 9 components to be solved implicitly (NC).

ai ¼ Ki

YNc

j¼1

a
vi;j
j i ¼ 1; 2;…Nsp (4)

Sj;tot ¼ Sj þ
XNsp

i¼1

vi;j Si ¼
aj

g
þ
XNsp

i¼1

vi;j
ai

g

j ¼ 1;2;…NC

i ¼ 1;2;…Nsp
(5)

The effect of temperature on Ki is corrected for by the

constant-enthalpy form of the van't Hoff equation (Stumm

and Morgan, 1996). In Eq. (6), K1 and K2 are the equilibrium

constants at temperatures T1 and T2 (in K), respectively, DHo is

the enthalpy change of the reaction and R is the universal gas

constant.

ln
K2

K1
¼ DHo

R

�
1
T1

� 1
T2

�
(6)

Full specification of the algebraic equation set requires an

additional equation, which can be resolved by the charge

balance (Batstone et al., 2002), as shown in Eq. (7):

X
Scat �

X
San ¼ 0 (7)

where Scat and San represent the total equivalent concentra-

tions of cations and anions, respectively, which are the con-

centrations of respective ions multiplied by their valence. An

alternative is the use of the proton balance (Morel and Hering,

1993), which generates the same equation set, but with a

different structure.

2.2.3. Implementation details, numerical issues and model
verification
The ADM1 implementation in the BSM2 framework is a very

stiff system with some of the states reacting quickly (weak

acid-base chemistry) while other states are reacting sluggishly

(different biological uptake processes). Implicit numerical

solvers are especially suitable to handle this type of system,

and can inherently solve DAE problems such as this, but

cannot be used for the BSM2 because they are intolerant to

highly dynamic inputs, controller numerical characteristics,

noise and step changes used in the modelling of process

control scenarios. In the past, this has been resolved by solv-

ing pH and the SH2 state through independent algebraic

equations (Rosen et al., 2006) with the use of a forward Run-

geeKutta solver for the remaining ordinary differential

equations (ODEs). This approach is not applicable due to

algebraic interdependencies, and was extended to a full

gradient search method as follows (Eq. (8)):

Ziþ1 ¼ Zi � JFðZiÞ�1G
�
Zi

�
(8)

where Zi is the vector of equilibrium variables (z1,i, …, zn,i)

obtained from the previous iteration step i, G (Zi) is a vector

containing the values of the set of implicit algebraic equations

(g1 (z1,…, zn),…, gn (z1,…, zn) ¼ [0]). The iteration is converged

to a tolerance of gmax < 10�12. The full analytical Jacobian

(gradient) (JF) was required for this approach, which requires

symbolic manipulation of the algebraic equations in order to

obtain the matrix of all first-order partial derivatives d(G1, …,

Gm)/d(z1, …, zn) and the matrix inverted using the decompo-

sition method in LinPack. The MINTEQA2 geochemical pro-

gram (Allison et al., 1991) was used to verify the approach.

A global sensitivity analysis was not included in this study

but could be considered in future work. Parameters related to

ion pairing behaviour are found to have well-established

values from literature eliminating the need for a sensitivity

analysis in this regard. On the other hand, variations in ion

activity-related parameters' values could have a significant

effect on numerous model outputs thus, performing a global

sensitivity analysis would be interesting to see the highly

sensitive parameters, as well as their contributions to varia-

tions in the model outputs.

2.3. Variants and model test cases

The performance of the improved ADM1 model was tested

with three model variants:

1. A base case (A1) using the default ADM1 (Rosen et al., 2006)

with kinetic and stoichiometric parameters at 35 �C from

Gernaey et al. (2014).

2. A variant (A2) with an ionic strength correction: iterative

ionic strength and activity corrections for inorganic carbon

(SIC), inorganic nitrogen (SIN), acetate (Sac� ), propionate

(Spro� ), valerate (Sva� ), butyrate (Sbu� ) and free reactive

protons (SHþ ).

3. A variant (A3) with ionic strength correction and ion pair-

ing: the ion activity corrections of A2 and in addition, Scat
replaced by sodium (SNaþ ) and potassium (SKþ ) and San
replaced by chloride (SCl� ). These monovalent ions are

permitted to form soluble ion pairs (see Table 1) modelled

with Eq. (4) and Eq. (5). The methanogenesis step during

anaerobic digestion could be inhibited by the presence of

sodium ions, and it could be expected that this inhibition
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will be influenced by ion activity and ion pairing. However,

Omil et al. (1995) have shown that adapting the biomass to

the high salinity levels could eliminate such inhibition

and/or toxicity effects. It is assumed in this study that the

biomass is adapted to high salinity levels and therefore, no

sodium inhibition term was added to the ADM1

biokinetics.

Also, each of the model variants are tested for increases in

ionic strength by adding another minor influent stream

(Qadd ¼ 5 m3 day�1) with different Scat loads to progressively

increase the ionic strength of the overall plant influent

(I ¼ 0.09e0.3 mol L�1). This leads to five test scenarios, SC1 , SC2 ,

SC3 , SC4 and SC5 , with additional Scat loads of 0, 2, 4, 6 and

8 mol L�1, respectively. In model variant A3, the added Scat is

distributed equally between SNaþ and SKþ . It is important to

highlight that the added cations are unpaired with anions, so

that a higher cation load also increases pH. This represents a

scenario where a strong alkali is added (e.g. sodium hydroxide

or a high alkalinity feed) to increase the alkalinity of the

wastewater. All other model conditions, including influent

flow rate, COD and N loads are kept identical for the three

model approaches.

Simulation results are evaluated dynamically during the

last 364 days of simulation in accordance with the BSM2

simulation principles, namely 200 days simulation to reach

steady state followed by 609 days of dynamic influent data.

The effluent quality index (EQI) is used to evaluate the

(weighted) pollution load discharged to water bodies and the

operational cost index (OCI) is an approximate measure of the

plant's operational costs (energy, sludge production, chem-

icals, etc.) (Gernaey et al., 2014).

3. Results and discussion

3.1. Influence of physicoechemical corrections on ADM1
state variables

Table 2 shows average values of the ADM1 state variables for

the three model variants (A1, A2 and A3) and the five cationic

load scenarios for increased ionic strengths (SC1 , SC2 , SC3 , SC4

and SC5 ). At low ionic strengths (SC1 ) the average ADM1 state

values for A1, A2 and A3 seem to be similar (Table 2). However,

activity corrections of A2 and A3 do influence the species

distribution in the inorganic carbon system (SIC), with depro-

tonated inorganic carbon (SCO�2
3
, SHCO�

3
) being up to 62% higher

for A2 and A3 than for A1 (Table 2). As a consequence, more

reactive free protons (SHþ ) are required in A2 and A3 and are

released to uphold the charge balance and thus the predicted

pH is lower in A2 and A3 (pH 7.11) than in A1 (pH 7.21). This

release of protons is facilitated by the shift in inorganic spe-

cies from protonated to deprotonated form. The lower pH in

A2 andA3 results in a lower free ammonia (SNH3 ) concentration

and this in turn reduces the level of free-ammonia-inhibition

of aceticlastic methanogenesis (KI;NH3 ¼ 0.0018 mol L�1).

Consequently, free-ammonia inhibition is more pronounced

for A1 as compared to A2 and A3. A lower level of free-

ammonia inhibition results in lower total acetic acid

(SH�ac þ Sac� ) concentration, more acetate degraders (Xac) and
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higher acetate uptake (Table 2). These effects are depicted in

the Graphical Abstract.

Increasing influent values of SNaþ and/or SKþ (Table 2,

comparison between SC1 to SC5 ) values result in a reduction of

SHþ values (neutralized in effect), and consequently pH in-

creases. Ionic strength (I) increases in a correlated manner

(not necessarily linearly) with the applied cationic load.

Higher pH values increase SNH3 which then increases inhibi-

tion of acetate degraders (Xac), decreases acetate uptake and

consequently influences the overall hydrogen (SH2 )/acetate

(Sac� ) (electron donors) consumption. Gas production (GasCH4 ,

GasCO2 , GasH2 ) is then also reduced (Table 3). At the high ionic

strengths of scenarios SC4 and SC5 , free-ammonia inhibition

becomes very strong, leading to very notable accumulation of

acetate (Sac� ) in the digester (Table 2) and a substantial

decrease in overall biogas production (Table 3). Further accu-

mulation of acetate can then decrease digester pH even

further and influence many other processes, such as hydro-

genotrophic methanogenesis and acetogenesis from different

organics (Batstone et al., 2002). These are noted to be pre-

dominantly the effects of an overall rise in pHwith increase in

Scat loads.

Importantly, the comparative results of A1 and A2 indicate

the significance of ion activity corrections to account for the

effects of increased salinity/pH. The results show that when

cationic load is increased up to Sc3, digester pH is higher with

case A1 than with case A2. As noted above, these model dif-

ferences are caused by the reactive free protons released

through ion activity of inorganic carbon species in case A2,

which counteracts the alkali effect of the added cationic load

and buffers the overall increase in pH. The lower pH of caseA2

causes less ammonia inhibition than in case A1 and therefore

digester performance (biogas production) is better with case

A2 than with case A1 (more on this below).

Theoretically, ion pairing would further shift the inorganic

carbon species towards their deprotonated forms, causing the

release of even more free reactive protons than in case A2.

These free reactive protons would further buffer increases in

pH with increasing cationic load with similar effects as noted

above for ion activity. The comparative results of cases A2 and

A3 show that the effect of ion pairing (A3) is minor in both pH

and species distributions (Table 2) and that the resulting pH

and species distribution are very similar in both cases. These

results thus indicate that ion pairing is less important to ac-

count for the effects of increased salinity/pH.

3.2. Water/sludge line interactions

In the reference scenario SC1 , the simulated values of EQI and

OCI are very similar for cases A1, A2 and A3 (within 1%) (Fig. 4).

Any differences between the results for cases A1, A2 and A3

only become pronounced at the higher ionic strengths of

scenarios SC4 and SC5 . At these high ionic strengths, free

ammonia inhibition substantially decreases the anaerobic

digestion performance (see previous section) and conse-

quently the overall process performance (18% in EQI and 7% in

OCI depending on whether one is using scenario A1 or A3 as

depicted in Fig. 4).

a b

Fig. 2 e Dynamic profiles of the total biogas production in BSM2 using three different physico-chemical frameworks (A1, A2

and A3) and two different cationic loads ðSC1 Þ (a) and ðSC5 Þ (b).

a b

Fig. 3 e Dynamic profiles of the total COD loading returning to the water line in BSM2 using three different physico-chemical

frameworks (A1, A2 and A3) and two different cationic loads ðSC1 Þ (a) and ðSC5 Þ (b).
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This deterioration in simulated digester performance de-

creases biogas recovery and especially GasCH4 (Fig. 2, also

Table 3 shows a reduction of up to 50%), which in turn in-

creases the overall operational costs (OCI values), because less

renewable energy is being recovered from biogas.

Poor digester performance also affects the quantity/quality

of the digester supernatant with a higher COD load returned

from the sludge line to the water line. Fig. 3 shows the dy-

namic profiles of the total organic load leaving the ADunit and

returning to the water line ahead of the primary clarifier.

This additional COD load can overload the activated sludge

process and influence effluent quality as reflected in EQI. The

overall result of these effects is much higher EQI and OCI

values for scenario SC5 as comparedwith scenarios SC1 , SC2 and

SC3 (Fig. 4). Interestingly, the effect of ammonia inhibition on

EQI may be unrealistically high for case A1 and scenario SC4 ,

when considering that the more comprehensive model ap-

proaches of cases A2 and A3 do not show the same influence

on EQI for scenario SC4 . Further, it is worth noting that the

differences between the EQI and OCI values of A2 and A3 are

not so pronounced (Fig. 4), indicating that the influence of ion

pairing is less important. The implications are further dis-

cussed below.

3.3. Selection of appropriate physicoechemical
framework

Overall, the results of the present study with ADM1 in BSM2

demonstrates that ion activity or ion-pairing corrections are

not required when simulating anaerobic digestion of dilute

wastewaters, such as weak industrial wastewater, in a plant-

wide context. This is shown by the similar plant performance

indices (Fig. 4) and overall biogas production for case A1 (no

corrections) and cases A2 and A3 (with corrections) up to

cationic load SC3 (I < 0.2 mol L�1) (Fig. 2, Table 3). In contrast, in

scenarios SC4 and SC5 (I > 0.2 mol L�1, which are typical for

high solids digestion and manure digestion), ion activity cor-

rections are required to correctly propagate salinity and pH

effects throughout the plant-wide model. This is seen from

the results for cationic load SC4 , where base case A1 (no cor-

rections) predicts a substantial effect on the plant perfor-

mance indices (Fig. 4), which is not reflected in the results

from the more comprehensive case A2 (with ion activity cor-

rections). This is significant because, while local pH pre-

dictions in an isolated model of anaerobic digestion may be

less sensitive to activity corrections (Nielsen et al., 2008; Tait

et al., 2012), the present study results suggest that activity

corrections are required for a plant-wide model such as BSM2

at I > 0.2 mol L�1. In such cases the inclusion of activity cor-

rections is fully justified and even necessary.

In the present study, the Davies approximation to ionic

activity is used because it is valid for the ionic strengths that

are being tested. The Davies approach is also widely used in

other industry-standard aqueous equilibrium models, pre-

dominantly because it is relatively simple to implement with

single respective activity coefficients for mono, di- and tri-

valent ions. In general with a model using the Davies

approach, the equilibrium coefficients can be readily cor-

rected directly by multiplying/dividing with activity co-

efficients as is relevant, and the iteration can calculate ion

concentrations rather than activities. However, at higher ionic

strengths of I > 0.3 mol L�1, activity coefficients of the Davies

equation unexpectedly approaches unity with further in-

creases in ionic strength (Tait et al., 2012). Accordingly, for

0.4 < I <1 mol L�1, the WATEQ DebyeeHückel approach

(Parkhurst and Appelo, 1999) is recommended, for which ac-

tivity coefficients continue to approach zero with increasing

ionic strength (as expected) up to its validity limit of 1 mol L�1.

The results of the present study with ADM1 in BSM2 sug-

gest that ion pairing corrections are less important in the

plant-wide context than ion activity corrections. This is seen

from the near identical results (Table 2, Table 3, Figs. 2e4) for

cases A2 (without ion pairing) and A3 (with ion pairing) for all

the tested cationic load scenarios (I ¼ 0.09e0.3 mol L�1). It is

however necessary to note that predominantly monovalent

ions are considered in case A3, whereas ion pairing with

divalent and trivalent ions is known to be strong and influ-

ential in minerals precipitation (Tait et al., 2012). This is

important because, while digester pH is strongly influenced by

monovalent ions (such as bicarbonate), the thermodynamic

driving force forminerals precipitation is determined by other

participating ions, which commonly include divalent and

trivalent ions. It has been suggested that ion activity and ion

pairing contribute equally in high-strength wastewater, and

can increase the effective saturation coefficient by an order of

magnitude (Tait et al., 2009). When required for precipitation

studies, an aqueous phase can be modelled with DAEs and

precipitation reactions as ODEs with dedicated kinetic re-

lationships (Batstone and Keller, 2003; Musvoto et al., 2000;

van Rensburg et al., 2003; Kazadi Mbamba et al., 2014).

a b

Fig. 4 e EQI (a) and OCI (b) variations in BSM2 using three different physico-chemical frameworks (A1, A2 and A3) and five

different scenarios with increasing cationic loads ðSC1 ;SC2 ;SC3 ;SC4 and SC5 Þ.
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Current research investigates upgrading the ADM1 with

phosphorus (SH2PO
�
4
=SHPO�2

4
=SPO�3

4
SPO�3

4
) and sulphur (SSO�2

4
=SH2S)

together with multiple metals (SCaþ , SMgþ , SFe and SAl) and

precipitation products (struvite, k-struvite, iron sulphide,

calcium phosphate, calcium carbonate, magnesium carbon-

ate). It is believed that the same framework as presented in

Section 2 (with additional compounds and species and

expanded biokinetics) can be used in such cases to correctly

describe the behaviour of these new model add-ons.

4. Conclusions

The findings of this study are:

� Ion activity corrections influence salinity/pH effects in a

plant-wide model such as BSM2, showing a greater influ-

ence at higher ionic strengths (I). Accordingly, it is recom-

mended that activity corrections be applied with ADM1 at

I > 0.2 mol L�1 (manure and high-solids digestion).

� Monovalent ion pairing is much less influential and much

less important than ion activity corrections. Thus, ion

pairing effects can be excluded from ADM1 when minerals

precipitation is not under study.

� The (bio)chemical processes in ADM1 should be described

mathematically as a combination of ODEs and DAEs, and a

multi-dimensional NewtoneRaphson method should be

used to handle algebraic interdependencies.

5. Supplementary material

The MATLAB/SIMULINK code containing the implementation

of the physico-chemical modelling framework in ADM1 using

BSM2 as a case study is available upon request to Prof. Ulf

Jeppsson (ulf.jeppsson@iea.lth.se).
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a b s t r a c t

There is a growing interest within the Wastewater Treatment Plant (WWTP) modelling community to
correctly describe physicoechemical processes after many years of mainly focusing on biokinetics.
Indeed, future modelling needs, such as a plant-wide phosphorus (P) description, require a major, but
unavoidable, additional degree of complexity when representing cationic/anionic behaviour in Activated
Sludge (AS)/Anaerobic Digestion (AD) systems. In this paper, a plant-wide aqueous phase chemistry
module describing pH variations plus ion speciation/pairing is presented and interfaced with industry
standard models. The module accounts for extensive consideration of non-ideality, including ion activ-
ities instead of molar concentrations and complex ion pairing. The general equilibria are formulated as a
set of Differential Algebraic Equations (DAEs) instead of Ordinary Differential Equations (ODEs) in order
to reduce the overall stiffness of the system, thereby enhancing simulation speed. Additionally, a multi-
dimensional version of the NewtoneRaphson algorithm is applied to handle the existing multiple
algebraic inter-dependencies. The latter is reinforced with the Simulated Annealing method to increase
the robustness of the solver making the system not so dependant of the initial conditions. Simulation
results show pH predictions when describing Biological Nutrient Removal (BNR) by the activated sludge
models (ASM) 1, 2d and 3 comparing the performance of a nitrogen removal (WWTP1) and a combined
nitrogen and phosphorus removal (WWTP2) treatment plant configuration under different anaerobic/
anoxic/aerobic conditions. The same framework is implemented in the Benchmark Simulation Model No.
2 (BSM2) version of the Anaerobic Digestion Model No. 1 (ADM1) (WWTP3) as well, predicting pH values
at different cationic/anionic loads. In this way, the general applicability/flexibility of the proposed
approach is demonstrated, by implementing the aqueous phase chemistry module in some of the most
frequently used WWTP process simulation models. Finally, it is shown how traditional wastewater
modelling studies can be complemented with a rigorous description of aqueous phase and ion chemistry
(pH, speciation, complexation).

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Activated Sludge Models (ASMs) have traditionally used alka-
linity to determine net acidebase state of the system (Henze et al.,

2000). That is, processes such as nitrification (acid producing) will
decrease alkalinity, while processes such as ammonia release (base
producing) will increase alkalinity. Thus, the alkalinity state pro-
vided a warning of whether pH is likely to decrease substantially
away from neutrality (Batstone et al., 2012), which is simple, and
effective in the specific case of nitrification. Unfortunately, the
alkalinity approach has limitations for important applications since
it is not possible to determine wastewater pH with the ASM
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alkalinity state, certainly not for the purposes of inorganic specia-
tion modelling (Batstone et al., 2012).

Processes such as anaerobic digestion (Batstone et al., 2002),
high strength wastewater nitrification/denitrification (Hellinga
et al., 1999; Jones et al., 2007; Van Hulle et al., 2007; Ganigue
et al., 2010), biological phosphorus removal (Serralta et al., 2004;
Lopez-Vazquez et al., 2009) and nutrient recovery/multiple min-
eral precipitation (Musvoto et al., 2000; van Rensburg et al., 2003;
Barat et al., 2011; Kazadi Mbamba et al., 2015a; b) require pH
calculation since some of the kinetic expressions are acidebase
dependent. Indeed, pH is one of the most important variables
affecting stoichiometry and kinetics of biological/chemical pro-
cesses occurring in wastewater treatment plants (WWTPs)
(Tchobanoglous et al., 2003) and a keymonitored variable due to its
ease of measurement. For this reason, future modelling needs, such
as plant-wide phosphorus (P) removal, will require a paradigm shift
from the traditional alkalinity-based approach towards explicit
calculation of pH and consequently a correct description of the
aqueous phase chemistry that dictates pH.

When modelling pH, an important point to take into account is
computation efficiency. It has been common to formulate pH/weak

acidebase models as Ordinary Differential Equations (ODEs)
(Stumm and Morgan, 1996; Musvoto et al., 2000; Hauduc et al.,
2015). These equations should be tackled simultaneously with the
ASM/ADM processes, where time constants differ significantly.
Such systems are difficult to handle numerically unless special stiff
solvers are used. Nevertheless, stiff solvers are inherently slow or
unstable when input disturbances are dynamic, noise is applied or
the models contain a mix of continuous and discrete elements
(delay/sample and hold blocks, frequently used for example for
process control applications) (Copp, 2002; Batstone et al., 2012). As
a consequence, model stiffness strongly limits the (practical)
application of some of the existing models. The more stochastic or
random an input variable behaves, the more problematic is the
simulation using a stiff solver. This is due to the structural nature of
stiff solvers, which solve for future states implicitly. Stochastic in-
puts result in a much higher computational effort, since they
disrupt both numerical stability and decrease state conformation to
the implicit function used. A possible solution is to reduce model
stiffness by approximating the fast ODEs as algebraic equations (AE)
(Rosen et al., 2006) leaving only the slower ODEs. The obtained
implicit algebraic equations can then be handled iteratively by

Nomenclature

g activity coefficient
DHo enthalpy change of the reaction
AD anaerobic digestion
ADM1 anaerobic digestion model no. 1
AER aerobic zone
AS activated sludge
ASM1, 2d, 3 activated sludge model no. 1, 2d, 3
ANAER anaerobic zone
ANOX anoxic zone
ai or aj activity of the species (i) or component (j)
BSM2 benchmark simulation model no. 2
COD chemical oxygen demand
D divalent ion
DAE differential algebraic equation
GasCH4

methane gas production
GasCO2

carbon dioxide gas production
GasH2

hydrogen gas production
G(Zi) vector containing the values of the set of implicit

algebraic equations (g1(z1, …, zn), …, gn(z1, …, zn))
I ionic strength
IWA International water association
Jf analytical Jacobian of first order partial derivatives

v(Gi,…, Gm)/v(zi,…, zn)
Ki equilibrium constant
KH henry constant
KLa oxygen volumetric mass transfer
KLaCO2

carbon dioxide volumetric transfer
M monovalent ion
MMP multiple mineral precipitation
NC number of components
NR NewtoneRaphson
Nsp number of species
OCI operational cost index
PCM physicoechemical model
ODE ordinary differential equation
R universal gas constant
SA simulated annealing
Sac or Sac� acetate concentration (total and free component)

SAl or SAlþ3 aluminium concentration (total and free component)
San anion concentration
Sbu or Sbu� butyrate concentration (total and free component)
SCa or SCaþ2 calcium concentration (total and free component)
Scat cation concentration
SCi

ith scenario
SCl or SCl� chloride concentration (total and free component)
SIC or SCO�2

3
inorganic carbon concentration (total and free
component)

S*CO2
carbon dioxide saturation concentration

SEC secondary clarifier
SIN or SNHþ

4
inorganic nitrogen concentration (total and free
component)

SIP or SPOþ3
4

inorganic phosphorus concentration (total and free
component)

SFe2 or SFeþ2 iron (II) concentration (total and free component)
SFe3 or SFeþ3 iron (II) concentration (total and free component)
SHþ proton concentration (total and free component)
SH2

hydrogen concentration
SHS or SHS� bisulfide concentration (total and free component)
Si species concentration
Sj component concentration
SK or SKþ potassium concentrate (total and free component)ion
SMg or SMgþ2 magnesium concentration (total and free

component)
SNa or SNaþ sodium concentration (total and free component)
SNO2

or SNO�
2

nitrite concentration (total and free component)
SNO3

or SNO�
3

nitrate concentration (total and free component)
Spro or Spro� propionate concentration (total and free

component)
SSO4

or SSO�2
4

sulfate concentration (total and free component)
Sva or Sva� valerate concentration (total and free component)
T temperature (K)
VFA volatile fatty acids
WWTP wastewater treatment plant
XMeOH metal hydroxides
XMeP metal phosphates
XPHA poly-hydroxy-alkanoates
XPP poly-phosphates
Zi vector of equilibrium states (z1,i,…, zn,i)
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either a stiff or an implicit algebraic solver.
In order to be useful in a plant-wide context, an aqueous-phase

chemistry module needs to predict pH in all process units across a
wastewater treatment plant (WWTP, water lines/sludge lines). This
is mainly because of the importance of plant-wide modelling/
control has been emphasized by the chemical engineering com-
munity (Skogestad, 2000). Additionally, the module should be
easily compatible with the existing ASM/ADM models and provide
pH predictions without structural or mathematical manipulation of
the existing models. This should be ensured, independently, by the
selected model approach. Options include; 1) a common plant-
wide (supermodel) approach (Fairlamb et al., 2003, Grau et al.,
2007; Ekama, 2009; Barat et al., 2012; Lizaralde et al., 2015)
where the whole plant is described with a common vector of
aqueous-phase components; or, 2) an interface-based approach
(Nopens et al., 2009; Gernaey et al., 2014) where the state variables
of each models are connected by means of specific modules. The
first method enables plant-wide commonality and avoids the
problem of translation across interfaces, while the second method
allows some simplification.

Given that for aquatic chemistry, all processes can potentially
occur in all units, we propose a (general) plant-wide aqueous phase
chemistry module to describe pH variation and ion speciation/
pairing from the simulation outputs of wastewater treatment
process models. The module works as a sub-routine and predicts
cationic/anionic behaviour and identifies potential pH related
problems. The proposed approach, formulated as a set of nonlinear
algebraic equations, guarantees computational efficiency, does not
increase model stiffness and can be handled by all types of solvers
(stiff/non stiff). In addition, a multi-dimensional NewtoneRaphson
(NR) sub-routine specifically developed to handle algebraic in-
terdependencies enables rapid algebraic solution of very large
equation sets. Finally, the presented module is formulated so that it
can be directly implemented together with most of the commonly
used wastewater process models (ASM, ADM).

The main novelty of this work relies on developing a module
that: (1) is generally applicable to any existing ASM/ADMmodel (as
illustrated in this paper); (2) iteratively tracks ionic strength and
calculates appropriate ion activity corrections; (3) shows the effect
of the most common ion pairs playing a role within wastewater
treatment works; (4) takes into account the interactions between
biotic and abiotic processes; (5) complements wastewater treat-
ment engineering studies with a rigorous description of cationic/
anionic behaviour (pH, speciation, complexation); and finally, (6)
integrates all the different elements (physicoechemical/biochem-
ical model) in a single software package. The paper details the
development of aqueous-phase plug-and-play module, provides
implementation details and then illustrates the performance of the
proposed approach with a number of simulated WWTP scenarios
using the standard ASM/ADM1 models and also in the BSM2
framework. Lastly, opportunities to use the more rigorous
description of the aqueous phase chemistry (as per the module) are
proposed.

2. Methods

2.1. General weak-acid base chemistry model

The activated sludge/anaerobic digester aqueous phase
composition is represented as a set of chemical entities called
species Si (mol.L�1) and components Sj (mol.L�1). A species is
defined as every chemical entity to be considered for the aqueous
phase. These can represent protonized/deprotonized states or
paired with other ions. For the set of species, a set of components is
selected which completely accounts for the molar content of the

aqueous phase (that is, all species concentrations can be fully
determined from an independent linear combination of component
concentrations) (Stumm and Morgan, 1996). The proposed
approach considers 19 components: acetate (Sac� ), aluminium
(SAlþ3 ), ammonium (SNHþ

4
), butyrate (Sbu� ), calcium (SCaþ2 ), carbon-

ate (SCO3�2 ), chloride (SCl� ), iron (II) (SFeþ2 ), iron (III) (SFeþ3 ), mag-
nesium (SMgþ2 ), nitrate (SNO�

3
), nitrite (SNO�

2
), phosphate (SPO�3

4
),

potassium (SKþ ), propionate (Spro� ), sodium (SNaþ ), sulfate (SSO�2
4
),

sulfide (SHS��) and valerate (Sva� ). Note that these component
concentrations are different to the total concentrations which in-
turn are the output of biokinetics models. The number of species
considered is almost 120 (a complete list can be found in TS1within
the Supplemental information section). In Table 1, and for exem-
plary purposes, a representation of the considered species (rows)
and how each species can be represented by a linear molar balance
combination for the inorganic carbon system (SIC) is shown. A full
description of the model components/species can be found in the
Supplemental information section (TS2).

The equilibrium equations are formulated as a set of non-linear
algebraic equations including one law of mass-action for each
species (i) (Eq. (1)) and one mass balance for each component (j)
(Eq. (2)) to guarantee the component conservation principle. Spe-
cies (i) are expressed in a way that can be written as the product of
components (j) and the equilibrium constant. In Eq. (1) and Eq. (2),
ai/Si represents the activity/concentration of the ith species, aj/Sj is
the activity/concentration of the jth component, vi,j is the stoi-
chiometric coefficient of the jth component in the ith species (see
Table 1), g is the activity coefficient, Ki is the equilibrium constant,
Nsp corresponds to the number of species and NC represents the
number of components. Further information about how to include
activity corrections in wastewater treatment models can be found
in Solon et al. (2015).

ai ¼ Ki

YNc
j¼1

avi;j

j i ¼ 1;2;…;Nsp (1)

Sj;tot ¼ Sj þ
XNsp

i¼1

vi;j Si ¼
aj
g
þ
XNsp

i¼1

vi;j
ai
g

j ¼ 1;2;…;NC
i ¼ 1;2;…;Nsp

(2)

The effect of temperature on Ki is corrected for by the constant-
enthalpy form of the van't Hoff equation (Stumm and Morgan,
1996). In Eq. (3), K1 and K2 are the equilibrium constants at tem-
peratures T1 and T2 (in K), respectively, DHo is the enthalpy change
of the reaction and R is the universal gas constant.

ln
K2

K1
¼ DHo

R

�
1
T1

� 1
T2

�
(3)

Full specification of the algebraic equation set requires an
additional equation, which can be resolved by the charge balance
(Batstone et al., 2002), as shown in Eq. (4):

X
Scat �

X
San ¼ 0 (4)

where Scat and San represent the total equivalent concentrations of
cations and anions, respectively, which are the concentrations of
respective ionsmultiplied by their valence. An alternative is to use a
proton balance (Morel and Hering,1993), which generates the same
equation set, but with a different structure (see for example
Harding et al., 2011 and Ikumi et al., 2011), and gives near identical
model results (Solon et al., 2015).
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2.2. Implementation details

The mathematical formulation of the physic-chemical model
results in a mixed system of nonlinear algebraic equations (AE) and
ordinary differential equations (ODEs) that have to be solved using
a suitable numerical method. Such equation sets are commonly
referred to as differential algebraic equations (DAEs) and this set
simultaneously computes the continuum concentrations of all
reacting species as a function of time. The proposed method solves
the differential equations separately with an explicit ODE solver,
and handles the nonlinear algebraic system using an iterative
approach, in this case a multi-dimensional version of the New-
toneRaphson method (Press et al., 2007).

Ziþ1 ¼ Zi � JFðZiÞ�1 GðZiÞ (5)

where Zi is the vector of equilibrium states (z1,i,…, zn,i) obtained
from the previous iteration step i, G(zi) is a vector containing the
values of the set of implicit algebraic equations (g1(zi,…, zn)
…,gn(zi,…, zn), which has to be zero in order to satisfy the equi-
librium. The full analytical Jacobian (JF) is used for calculation of the
new state values, which requires symbolic manipulation of the
algebraic equations in order to obtain the matrix of all first-order
partial derivatives J¼v(gi,…,gn)/v(zi,…,zn). A numerical Jacobian
was found to be less convergent but is included in the code pro-
vided. The iteration is repeated as long as the elements of the error
function are larger than the absolute tolerance, which in our case is
set to 10�12. Eq. (5) is used to solve the equilibrium set presented in
Eq. (2), and the charge balance in Eq. (4) is used for calculation of
ionic strength (I) and activity corrections (g). As a result, the
implementation can be easily simulated and combined with ASM/
ADM while ensuring convergence and without significantly
reducing simulation speed.

This method is re-enforced with the Simulated Annealing (SA)
algorithm. The SA is used when the solution of the gradient (Eq (5))
is not a number or the calculated algebraic is negative. The SA is a
generic probabilistic metaheuristic for the global optimization
problem of locating a good approximation to the global optimum of
a given function in a large search space. At each step, the SA heu-
ristic considers some neighbouring state of the current state, and
probabilistically decides between moving the system to new state
or staying in at the same. These probabilities ultimately lead the
system to move to states of lower energy. Typically this step is
repeated until the system reaches a state that is good enough for

the application, or until a given computation budget has been
exhausted. (Press et al., 2007).The MINTEQ geochemical program
(Allison et al., 1991) is used as a reference for verification purposes
(see Supplemental information section 3).

2.3. Wastewater treatment plants under study

Three benchmark wastewater treatment plant models are
considered in this study (see schematic representation in Fig. 1).
Firstly, a nitrogen (N) removal plant (WWTP1) consisting of five
reactors in series and one secondary sedimentation tank (SEC) is
investigated. Tanks 1 and 2 are anoxic (ANOX1, 2) while tanks 3, 4
and 5 (AER1, 2 and 3) are aerobic. AER3 and ANOX1 are linked by
means of an internal recycle (QINTR). Two cases are considered,
where the behaviour ofWWTP1 is described using ASM1 and ASM3
(Henze et al., 2000), respectively. Secondly, a combined N and
phosphorus (P) removal plant (WWTP2) is studied, where two
additional anaerobic reactors (ANAER1, 2) are added ahead of
WWTP1. The WWTP2 plant has the same operational settings as
WWTP1. In this case, the selected biological model is ASM2d (Henze
et al., 2000). The secondary settler of both WWTP1 and WWTP2 is
modelled using the double exponential function of Tak�acs (Tak�acs
et al., 1991) combined with a reactive 10-layer pattern (Flores-
Alsina et al., 2012). WWTP3 has the same configuration as the
Benchmark Simulation Model No. 2 (BSM2) (Gernaey et al., 2014).
The activated sludge section has the same characteristics as
WWTP1. The BSM2 plant further contains a primary clarifier, a
sludge thickener, an anaerobic digester, a storage tank and a dew-
atering unit. The anaerobic digestion process is modelled using the
Anaerobic Digestion Model No. 1 (ADM1) (Batstone et al., 2002).
Additional information about the plant design, operational condi-
tions and process models of the BSM2 platform is given in Gernaey
et al. (2014).

2.4. Interfacing ASM1, 2d and 3 with the aqueous phase chemistry
model

The default implementation of the three ASMmodels (ASM1, 2d
and 3) had to be adjusted in order to include the ion speciation/
pairing model. These are the main modifications:

� The ASM alkalinity state (SALK) is removed and inorganic carbon
(SIC) used instead. The SIC is modelled as a source-sink com-
pound to close the mass balances (inorganic carbon pool).

Table 1
Stoichiometric matrix of the carbonate-component system (Sj) and the considered species (Si).

I/j Formula SCO�z
3

SAlþ3 SCaþ2 SFeþ2 SMgþ2 SNaþ log Ki DH0

SCO�z
3

CO�2
3 1 0 0

SAlþ3 Alþ3 1 0 0
SCaþ2 Caþ2 1 0 0
SFeþ2 Feþ2 1 0 0
SMgþ2 Mgþ2 1 0 0
SNaþ Naþ 1 0 0
SAlzðOHÞzCOþz

3
Al2 ðOHÞ2COþ2

3 1 2 4.31 0
SCaCO3ðaqÞ CaCO3 (aq) 1 1 3.22 16
SCaHCOþ

3
CaHCOþ

3 1 1 11.434 0
SFeHCOþ

3
FeHCOþ

3 1 1 11.429 0
SHzCO

�
3

H2CO
�
3 1 16.681 �32

SHCO�
3

HCO�
3 1 10.329 �14.6

SMgzCO
þz
3

Mg2CO
þ2
3 1 2 3.59 0

SMgCO3ðaqÞ MgCO3 (aq) 1 1 2.92 10
SMgHCOþ

3
MgHCOþ

3 1 1 11.34 �9.6
SNaCO�

3
NaCO�

3 1 1 1.27 �20.35
SNaHCO3ðaqÞ NaHCO3 (aq) 1 1 10.029 �28.33
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Hence, the C, N, P, O and H content of all state variables in all
models is assumed known in order to calculate the mass of each
element per mass of COD. Composition for the different ASMs is
taken from Reichert et al. (2001).

� Phosphorus (P) is introduced in the same way in ASM1 and 3
(non-reactive).

� Carbon dioxide stripping needs to be included. Specific CO2

volumetric mass transfer (KLaCO2
) is calculated from the oxygen

volumetric mass transfer (KLa) multiplied by the square root of
the ratio betweenO2 and CO2 diffusivities. KH (Henry coefficient)
is corrected for temperature via the van't Hoff equation to
correctly estimate the saturation concentration (S*CO2) (Wett and
Rauch, 2003).

� The role of SK and SMg should be explicitly described and sub-
jected to process dynamics when modelling formation/release
of poly-phosphates (XPP) in the ASM2d. For stoichiometric
considerations, poly-phosphates are assumed to have the
composition (K0.33Mg0.33PO3)n (Henze et al., 2000).

� Chemical precipitation using metal hydroxides (XMeOH) and
metal phosphates (XMeP) is omitted since 1) kinetic expressions
are alkalinity dependant (and this has been removed) and 2)
those processes are not present in ASM1. Precipitation can be
included by the compatible generalised kinetic precipitation
model described in (Kazadi Mbamba et al., 2015a; b).

Once the three ASMmodels are adjusted, the outputs of the ASM
models at each integration step are used as inputs for the aqueous-
phase module to estimate pH from inorganic carbon (SIC), inorganic
nitrogen (SIN), inorganic phosphorus (SIP), acetate (Sac), potassium
(SK), magnesium (SMg) and nitrate (SNO3

). Additional cations (Scat)
and anions (San) are also included as tracked soluble/non-reactive
states. Therefore, Scat is defined as: Aluminium (SAl), calcium (SCa),
iron (II) (SFe2.), iron (III) (SFe3) and sodium (SNa). San is represented
by: butyrate (Sbu), chloride (SCl), nitrite (SNO2

), propionate (Spro),
sulfate (SSO4

), bisulfide (SHS) and valerate (Sva). These ions will have
future use for describing precipitation, other model formulations
(ADM1), additional biochemical model extensions (sulphate
reducing bacteria, iron reducing bacteria) or simply to adjust pH/
ionic strength.

2.5. Interfacing ADM1 with the aqueous phase chemistry model

Similarly to ASM1, 2d and 3, the ADM1 is slightly modified to
allow seamless interfacing. The original pH solver proposed by
Rosen et al. (2006) is substituted by the approach presented in this
paper. Since the ADM1 only considers organics (as COD), C, and N, P
is also included using a source-sink approach similar to ASM1 and
ASM3 (non-reactive). C, N, P, O and H fractions are taken fromHuete
et al., 2006 and De Gracia et al. (2006). The ADM state variables
used for pH calculation are inorganic carbon (SIC), inorganic nitro-
gen (SIN), inorganic phosphorus (SIP), acetate (Sac), propionate (Spro),
valerate (Sva) and butyrate (Sbu). Finally the original ADM1 pools of
undefined cations (Scat) and anions (San) are substituted for specific
compounds (see above). In this particular study, Scat and San are also
considered to be non-reactive. However, current research is
ongoing to explicitly consider these elements by including biolog-
ical P, S and Fe interactions as well as multiple mineral precipitation
(MMP). This will be presented in a separate manuscript in the case
of the ADM1 (Flores-Alsina et al., 2015).

3. Results

3.1. pH predictions in the influent wastewater

The pH predictions of the proposed aqueous phase chemistry
model for the influent wastewater composition are illustrated in
Fig. 2 (¼influent cationic loads are identical for ASM1, 2d and 3 and
can be found in Supplemental information section 3). Specifically,
Fig. 2a shows pH dynamic values for a time span of one week using
the BSM1 influent file (Copp, 2002). Simulation results in Fig. 2a
(weekly) show that pH has a clear daily variation and follows the
same profile as inorganic nitrogen (SIN), inorganic phosphorus (SIP)
and acetate (Sac) in the influent. These (ionic) profiles are defined
according to the principles described in Gernaey et al. (2011).
However, only a households (HH) contribution is assumed for
inorganic carbon (SIC), potassium (SK), magnesium (SMg), calcium
(SCa), sodium (SNa), chloride (SCl) and sulfate (SSO4

) loads.
The pH profile represents a general pollutant behaviour, namely

one morning peak, one evening peak, and late night and mid-day

Fig. 1. Flow diagram of the wastewater treatment plants under study.
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minima. The morning and the evening peaks represent the resi-
dents going to or returning from work. The late night minimum
corresponds to the sleeping hours with limited water consumption
(Butler et al., 1995; Flores-Alsina et al., 2014; Martin and Vanrol-
leghem, 2014). The presented pattern corresponds to the pH
experimental observations by Sharma et al. (2013) and Alferes
2014a, b & c.

With respect to the ionic speciation/pairing (see Fig. 3), only
2.35% of the available inorganic carbon (SIC) is complexed with
cations, such as Ca (SCaCO3ðaqÞ, SCaHCOþ

3
), Mg (SMgCO3ðaqÞ, SMgHCOþ

3
) and

Na (SNaCO33� ; SNaHCO3ðaqÞ). The dominant species (and consequently
determining pH) are SHCO�

3
and SH2CO3� with 70.61% and 27.01%,

respectively. SCO�2
3

is negligible. The same holds true for inorganic
nitrogen (SIN), where less than 1% is paired in the form of ammo-
nium sulfate (SNH4SO

þ
4
) or with metallic cations (SCaðNH3Þþ2

2
þ

SCaNHþ2
3

þ SMgðNH3Þþ2
2
). It is important to highlight that (SNO�

3
) is not

present in the influent (see white cells in Fig. 3). Inorganic phos-
phorus (SIP) is mostly observed as SHPO�2

4
and SH2PO

�
4

(25.47% and
51.04%, respectively), with the remainder being distributed
amongst Ca (SCaHPO4 ðaqÞ SCaPO�

4
), Mg (SMgHPO4 ðaqÞ, SMgPO�

4
) and

marginally with Na and K (SNa2HPO4 ðaqÞ , SNa2PO�
4 , SK2HPO4 ðaqÞ , SK2PO

�
4
,

amongst other compounds). A very small fraction remains as free
phosphate ðSPO�3

4
Þ. 74.51% of the sulfate is in the free-form ðSSO�2

4
Þ

with the remainder 25.49% is soluble pairs with (in descending
order of prominence) Ca (SCaSO4 ðaqÞÞ, Mg (SMgSO4 ðaqÞ), Na/K
(SNaSO�

4
; SKSO�

4
) and ammonium (SNH4SO

þ
4
). Organic acids like acetate

are mostly found in a protonated/deprotonated (SH�ac/Sac� ) form
(95%), with the minor remainder being paired with calcium
(SCa�acþ ), magnesium (SMg�acþ ) and potassium (SK�ac).

Fig. 2b (yearly data) shows the effects of influent wastewater
seasonal temperature on the aqueous-phase chemistry (Gernaey
et al., 2014). Simulation results show a slight increase of pH

a)  b) 
t (days)
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Fig. 2. Influent wastewater pH predictions using two different influent profiles: 1) a 7 days BSM1 influent file (short term) and 2) a 365 days BSM1 LT influent file (long term). An
exponential smoothing filter (time constant ¼ 3 day) is used in (b) to improve visualization of the data (inwhite). Influent wastewater composition is identical in the three evaluated
cases (ASM1, ASM2d and ASM3).

Fig. 3. Distribution of the different C, N, P, S and acetate related species/ion pairs in the different sections of WWTP2.
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during summer time. This is mainly due to a lower concentration of
free calcium (SCaþ2 ) and magnesium (SMgþ2 ) at higher temperatures
and the increase of their paired forms with carbonate (SCaCO3ðaqÞ,
SCaHCOþ

3
; SMgCO3ðaqÞ, SMgHCOþ

3
) or sulfate (SCaSO4 ðaqÞ; SMgSO4 ðaqÞ). As a

result, there is a reduction in cationic charge which then requires a
higher concentration of free protons (SHþ ) to uphold the charge
balance, and overall this effect depresses pH.

The reader should be aware that some of the assumptions
behind the constructed cationic profiles are quite simple (they are
assumed to be constant). We are well aware that the potassium
profile follows a similar profile as SIN (it has basically human
origin). On the other hand, we also know that in cold areas, there
are sudden increases of sodium (SNa)/Calcium (SCa) and chloride
(SCl) when salt is added as (chemical) de-icing method on roads.
The latter affects conductivity, which otherwise is quite constant.
Nevertheless, we did not want to focus the study on such effects
(there is enoughmaterial/discussion tomake a separate study). The
one thing that should be noted is that the pH module presented in
this paper would do exactly the same job. In other words, with
more sophisticated ion profiles, the calculation method will be the
same, and the resulting pH profile will be different.

3.2. pH predictions in WWTP1 & 2

The results of implementing the aqueous phase chemistry
model in ASM1 and ASM3 using WWTP1 are depicted in Fig. 4. In
the anoxic zone (ANOX1 and 2) biological oxidation of organic
substrates (Sac) using nitrate (SNO3

) as electron acceptor takes place.
As a result SNO3

is converted to nitrogen gas (SN2
), removing an

anion (i.e., strong acid), and thereby increasing pH. In the aerobic
zone (AER1, 2 and 3) the organic acids (Sac) and ammonium (SIN) are
oxidized to inorganic carbon (SIC) and NO3, respectively, both of
which cause a net pH decrease (production of a weaker acid SIC
from the acid Sac and acid SNO3

from the base SIN). Nevertheless, the
aeration in AER1, AER2 and AER3 promotes stripping of carbon
dioxide (GasCO2) which consequently causes a rise of pH. Note that
aeration in AER3 is less intense compared to AER1 and 2, therefore
the pH rise in that reactor is also lower. The effect of including an
additional anaerobic section is also depicted in Fig. 4. Under these
conditions, the uptake of organic acids (Sac) produces poly-
hydroxy-alkanoates (XPHA). Concurrent with Sac reduction, there
is a release of inorganic phosphorus (SIP) as well as free
potassium (SK) and magnesium (SMg) ions, which results from the

decay of poly-phosphates (XPP). As a consequence, there is a
decrease of pH in ANAER2. A similar pattern as described for
WWTP1 also holds for the anoxic and aerobic zones in WWTP2
(further information can be found in Supplemental information
section 3). Note that the authors have defined a relatively high
influent inorganic carbon (SIC) to see the effects of stripping
through the different activated sludge units. A lower SIC would
reduce these differences. In all cases (WWTP1& 2) and for the three
models (ASM1, 2d and 3) the oxidation of Sac and SIN (with no
stripping), slightly decreases pH at the top of the clarifier (OVER). At
the bottom of the clarifier (UNDER), in the systems without bio-
logical P removal, the extra denitrification in the reactive settler
model increases pH as described above for anoxic conditions. On
the other hand, when there is bio-P removal, and consequently P
release, pH is predicted to decrease. Simulation results correspond
well with the experimental observations of Serralta et al. (2004).

Fig. 3 shows that there are no large variations in the species
distribution of WWTP2. It is only at the end of the aerobic section
(AER3) that the pH increase (noted above) causes important
changes in the ionic speciation of carbonate (SIC) and phosphate
(SIP). Specifically, most of the inorganic carbon (92.51%) is in SHCO�

3

form (SH2CO
*
3
is stripped) near neutral pH, while the quantity of

phosphate paired with metallic ions (SCaHPO4 ðaqÞ SCaPO�
4
,

SMgHPO4 ðaqÞ, SMgPO�
4
, SNa2HPO4 ðaqÞ, SNa2PO�

4
, SK2HPO4 ðaqÞ, SK2PO

�
4 , …

)
changes from 22.50% in the influent to 40.09% in AER3 Nitrate
(SNO�

3
) is present in the different sections of the bioreactors, but 99%

is in the free form and less than 1% is paired with metallic cations.
No substantial differences can be observed in the nitrogen system
(SIN), sulfate system (SSO4

Þ and the distribution of organic acids
(SH�ac=Sac� ).

3.3. pH predictions in WWTP3

The last case study shows the same model framework imple-
mented in the BSM2 version (Gernaey et al., 2014) of the ADM1
(Batstone et al., 2002). Influent characteristics in the water line are
defined in Gernaey et al. (2011). The interfaces proposed by Nopens
et al. (2009) are used to convert ASM1 into ADM1 state variables.
Fig. 5 shows a dynamic pH profile within the anaerobic digester
using a 365 day influent file. Simulation results show that pH
variation has been dramatically attenuated compared to the
influent file of the water line (Fig. 2). This is mainly due to the
smoothing effect that the different units of the flow diagram have
on the dynamic profile (see Section 2.3). Another important point is
that no seasonal variation due to temperature can be observed.

Fig. 4. pH predictions in the different units for WWTP1 and WWTP2 using ASM1, 2d
and 3. In ASM1 and 3 an approximate 40% of readily biodegradable substrate (SS) is
assumed to be acetate Sac.

Fig. 5. pH predictions within the AD using the 365 days BSM2 influent data (after the
water line).
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Indeed, in this system, temperature is regulated at 35 �C and as a
consequence there is no variation in the equilibrium constant (Eq.
(3)). Additional information can be found in Supplemental
information section 3.

The study further evaluates the behaviour of WWTP3 when
increasing the cationic load. The objective of this additional exer-
cise is to show the impact that monovalent/divalent ion pairing can
have on the predicted overall process performance. Thus, an
additional waste stream with a constant flow rate of 5 m3.day�1 is
included. The cationic influent concentrations range from 0 to
2.5 mol L�1, which leads to five additional scenarios to be evaluated
(SC1, SC2, SC3, SC4 and SC5). The cationic loads are (equally)
distributed either into sodium (Na) and potassium (K) (mono-
valent) or calcium (Ca) and magnesium (Mg) (divalent). A series of
simulations are re-run to see the overall effect on 1) species dis-
tribution, and 2) biogas production.

Fig. 6 illustrates the variation in the species distribution for the
default case (D1) and for the five different scenarios. From the
generated results, the reader may notice that the highest differ-
ences can be observed within the carbon (SIC) and phosphorus (SIP)
systems. Fig. 6 shows substantial changes in SHCO�

3
depending on

whether monovalent (M) (4.42%) or divalent (D) (13.58%) cations
are added for the different scenarios (SC1, …, SC5) (¼ different ion
pairs). This is mainly due to the stronger affinity of calcium and
magnesium cations for carbonate (SCaCO3ðaqÞ, SCaHCOþ

3
, SMgCO3ðaqÞ,

SMgHCOþ
3
) compared to sodium (SNaCO�

3
; SNaHCO3ðaqÞ) and potassium.

The effect of ion pairing with inorganic carbon compounds also has
important consequences for the different digestion products.
Another important effect can be observed in the phosphorus

system (SIP). Again, the preferential binding of Ca and Mg
(SCaHPO4ðaqÞ, SCaPO�

4
, SMgHPO4ðaqÞ, SMgPO�

4 , …) with phosphorus anions
compared to Na and K (SNa2HPO4 ðaqÞ, SNa2PO�

4
, SK2HPO4ðaqÞ, SK2PO

�
4 , …)

modifies the whole system's weak acidebase chemistry. Important
differences can be observed between quantities of available (free)
phosphate when monovalent or divalent cations are included with
respect to the initial conditions. Hence, in the default situation
100% of P is distributed between SHPO�2

4
and SH2PO

�
4
acting as a pH

buffer. This ratio is changed dramatically depending on whether
monovalent (up to 80.82%) or divalent (up to 30.18%) cations are
added.

Another important aspect that the model is considering is
illustrated in Fig. 7. Results show a substantial reduction of GasCO2
stripping at high divalent cationic loads (S5_D) compared to a
similar scenario but with monovalent cationic loads (S5_M). This is
attributed to the effect of ion pairing (Na/K versus Ca/Mg) and the
resulting modifications of the SHCO�

3
/SH2CO

*
3
ratio. Methane pro-

duction (GasCH4) is not affected.
It is important to highlight that a plant wide context exposes

limitations in the base ASM and ADM1 implementations (Batstone
et al., 2002). Specifically, sulphur and phosphorous were not
included in the ADM1. Recent investigation revealed the important
role that phosphorus accumulating organisms (PAO) might have on
the anaerobic digester (Ikumi et al., 2014), causing dynamic release
of phosphate and metals, which as we have shown is a highly
important chemical in the system. It is also well known that sulfate
can potentially be reduced to sulfide (SH2S) under anaerobic con-
ditions, and sulfide is extremely important as a pairing, buffer, and
gas-active compound (Batstone et al., 2012). This extends to

Fig. 6. Distribution of the different C, N, P, S and VFA related species/ion pairs for the different scenarios evaluated for WWTP3.
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biology, since sulfate reducers outcompete methanogens for
hydrogen (SH2

). Second of all, there will be a decrease of aceticlastic
and hydrogenotrophic methanogensis due to SH2S inhibition
(Fedorovich et al., 2003; Barrera et al., 2014; Batstone, 2006).
Finally, it must be taken into account that precipitation processes
are not included (Musvoto et al., 2000; van Rensburg et al., 2003;
Barat et al., 2011; Kazadi Mbamba et al., 2015a; b). Excluding the
precipitation process while including the calcium (SCaþ2 ) ions as
cations causes: (1) the model to generally over-predict pH because
of ion precipitation; (2) the model to over-predict carbon dioxide
gas production and the concentrations of inorganic carbon in
aqueous solutions, since the latter is complexed during precipita-
tion; and, (3) faster physico-chemical dynamics in the model in
general, since the system is dynamically buffered by precipitates
(e.g., CaCO3, CaPO4), with slow precipitation kinetics (Batstone
et al., 2002). Nevertheless, the examples presented in this study,
even though incomplete, are illustrative and useful to demonstrate
the effect of ion pairing and consequently the capabilities of the
proposed approach for implementing the aqueous phase chemistry
module to describe these phenomena.

4. Discussion

4.1. General applicability of the proposed approach

The study presented in this manuscript demonstrates the gen-
eral applicability of the aqueous phase chemistry module by
providing guidelines on how to implement the presented approach
into some of the most widespread ASM/ADM process models
following a set of simple rules (Section 2.4 and 2.5). Nevertheless, it
is important to highlight that the pH/speciation model described in
this paper could also be implemented in combination with other
models, such as the Bio-P module of the ASM3 (Rieger et al., 2001),
the Technical University of Delft (TUD) extension of ASM2d (Meijer,
2004), the Barker and Dold model (Barker and Dold, 1997) and the
UCTPHO model (Hu et al., 2007). In addition, predictions of
nitrification-denitrification models (Hellinga et al., 1999; Ganigue
et al., 2010) could be improved by the consideration of activity
corrections (Batstone et al., 2012). For anaerobic digestion, the
model is not just limited to ADM1. The weak acidebase model
could also be linked to models presented by Siegrist et al. (2002)
and S€otemann et al., 2006. Last but not the least, the model could
also be included in sewer models (Sharma et al., 2013; Gernaey
et al., 2011; Saagi et al., 2015) which already address the relevant

sulphur and iron transformations. Since it is broadly independent
of the biological processes, it is applicable to any process where
active compounds are explicitly calculated.

4.2. pH dependency in ASM/ADM models

Many (bio)chemical processes are affected by pH. Nevertheless,
it is only in the anaerobic digestion model that pH dependency
equations have been included thus far (Batstone et al., 2002; Rosen
et al., 2006). Additional equations describing how pH affects the
bio-P processes could be added (Serralta et al., 2004). Another
possibility is to use the speciation model to estimate free ammonia
(SNH3

) and free nitrous acid (SHNO2
). These two species are abso-

lutely necessary to correctly describe high strength nitritation/
nitratation processes separately with ammonia-oxidising bacteria
(XAOB) and nitrite-oxidising bacteria (XNOB). The latter has a crucial
effect when one aims at describing and predicting nitrous oxide
emissions correctly (Hiatt and Grady, 2008; Ni et al., 2014; Snip
et al., 2014; Lindblom et al., 2014).

4.3. Precipitation model

Themost immediate application of the module presented in this
paper is the link with a precipitation framework. Numerous studies
have stressed the need to correctly characterize ionic behaviour in
order to correctly describe precipitation (Musvoto et al., 2000; van
Rensburg et al., 2003; Barat et al., 2011; Hauduc et al., 2015; Kazadi
Mbamba et al., 2015a; b). This is mainly due to the fact that many
precipitation kinetic expressions are based on an estimated satu-
ration index (SI). SI represents the logarithm of the ratio between
the product of the different activities (aj) and the solubility product
constant (Ksp). The proposed aqueous-phase chemistry module
provides all the necessary inputs to continuously track ionic
strength and SI values for various minerals.

4.4. Model verification and experimental validation

The implementation of this general module has been verified
(ring-tested) using the widely used software package MINTEQ.
MINTEQ is a freeware chemical equilibrium model for the calcu-
lation of metal speciation, solubility equilibrium, sorption and
other relevant chemistry in natural waters. pH values, ionic
strength calculation and the composition of the selected com-
pounds from the aqueous-phase chemistry module have been
compared with MINTEQ outputs for three different cases. In all
cases, differences between the proposed approach and MINTEQ are
observed to be lower than 1% and are mainly due to numerical
uncertainty when working with low absolute concentrations (see
Supplemental information section 3). In addition, the proposed
aqueous-phase chemistry module has been experimentally vali-
dated in two different studies (Kazadi Mbamba et al., 2015a; b). In
these studies, the approach presented was linked to a general
precipitation model and was used to predict pH variation and
cationic/anionic behaviour for different types of experiments
(titration, aeration) and samples (synthetic, anaerobic digestion
sludge). Simulations showed that the aqueous-phase chemistry
module is successfully able to reproduce those experimental results
(Kazadi Mbamba et al., 2015a; b)

4.5. Solving routines and numerical issues

The present study proposes a major advance in handling com-
plex numerical issues in wastewater treatment models. Indeed, for
the first time in the wastewater field, a solver routine has been
developed and implemented that is capable of handling

Fig. 7. Effect of (monovalent/divalent) ion pairing on the anaerobic digestion products
for different cationic loads.

X. Flores-Alsina et al. / Water Research 85 (2015) 255e265 263

121



combinations of ODEs and DAEs with multiple interdependencies.
In the original approach developed by Rosen et al. (2006), the
algebraic states were solved sequentially, which did not work with
interdependencies, as only the last algebraic equation to be solved
would end up converging. The method developed in this study is
able to evaluate the full Jacobian and use that to simultaneously
make all equations converge (Section 2.2). The latter involves the
use of symbolic information in order to calculate a matrix of partial
derivatives, which substantially increases the complexity of the
whole implementation. However, the solution is more robust and
yields improved performance compared to the sequential approach
or an approach based on a numerical Jacobian. In addition, the
method is reinforced with the Simulated Annealing algorithm to
increase the robustness of the solver and making the system not so
dependant of the initial conditions. Indeed, the SA is used when the
solution of the gradient (Eq (5)) is not a number or the calculated
algebraic is negative. As a result, the implementation can be easily
simulated and combined with ASM/ADM while ensuring conver-
gence and without significantly reducing simulation speed.

5. Conclusions

The key outcomes can be summarized as follows:

1) The presented approach is a versatile/general module that can
be easily added to different ASM/ADM models.

2) pH and ionic speciation/pairing are reliably predicted under
anaerobic, anoxic and aerobic conditions in both ASM and ADM
models.

3) The computing routine developed in this study (Newton Rap-
shon/Simulated Annealing) allows the simultaneous simulation
of ODEs and DAEs with multiple algebraic inter-dependencies
using different types of solvers (stiff/non stiff).

4) Wastewater modelling studies can be complemented with a
rigorous description (speciation) of the inorganic species. Thus,
it is possible to visualize the changes in the inorganic species
when anaerobic, anoxic or aerobic conditions are modified.

5) The presented approach is a starting point upon which addi-
tional models, such as multiple mineral precipitation, can be
developed.

6. Software availability

The MATLAB/SIMULINK code containing the implementation of
the physicoechemical modelling framework in ASM1, 2d,3 and
ADM1 implemented in the WWTP1, 2 & 3 scenarios presented in
this manuscript is available upon request. Using this code, inter-
ested readers will be able to reproduce the results summarized in
this study. Please contact Prof. Ulf Jeppsson (ulf.jeppsson@iea.lth.
se) at Lund University (Sweden) or Prof. Damien Batstone
(damienb@awmc.uq.edu.au) at The University of Queensland
(Australia).
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Table S1. List of considered species and their thermodynamic properties (I) 

Symbol Formula log Ki ΔH
0 

𝑆Al−(ac)2
+  Al-(Acetate)2

+
 4.6 41 

𝑆Al(OH)2
+ Al(OH)2

+
 -10.294 122.5 

𝑆Al(OH)3(aq) Al(OH)3 (aq) -16.691 176.3 

𝑆Al(OH)4
− Al(OH)4

-
 -23 183 

𝑆Al(SO4)2
−  Al(SO4)2

-
 5.58 11.9 

𝑆Al2(OH)2
+4  Al2(OH)2

+4
 -7.694 74.62 

𝑆Al2(OH)2−ac+3  Al2(OH)2-Acetate
+3

 -2.414 0 

𝑆
Al2(OH)2CO3

+2 Al2(OH)2CO3
+2

 4.31 0 

𝑆Al2PO4+3 Al2PO4
+3

 18.98 0 

𝑆
Al3(OH)4

+5  Al3(OH)4
+5

 -13.888 140.24 

𝑆Al−ac+2 Al-Acetate
+2

 2.75 16 

𝑆Al−bu+2  Al-Butyrate
+2

 2.19 0 

𝑆AlCl+2  AlCl
+2

 -0.39 0 

𝑆AlHPO4+  AlHPO4
+
 20.01 0 

𝑆AlOH+2  AlOH
+2

 -4.997 47.81 

𝑆AlOH−ac+ AlOH-Acetate
+
 -0.147 0 

𝑆Al−pro+2  Al-Propionate
+2

 2.3 12 

𝑆AlSO4+ AlSO4
+
 3.84 9 

𝑆
Ca(NH3)2

+2  Ca(NH3)2
+2

 -18.59 0 

𝑆Ca(NO3)2 Ca(NO3)2 -4.5 0 

𝑆Ca−ac+ Ca-Acetate
+
 1.18 4 

𝑆Ca−bu+  Ca-Butyrate
+
 0.94 33.472 

𝑆CaCl+ CaCl
+
 0.4 4 

𝑆CaCO3(aq) CaCO3 (aq) 3.22 16 

𝑆CaH2PO4+ CaH2PO4
+
 20.923 -6 

𝑆CaHCO3+ CaHCO3
+
 11.434 0 

𝑆CaHPO4(aq) CaHPO4 (aq) 15.035 -3 

𝑆CaNH3+2  CaNH3
+2

 -9.04 0 

𝑆CaNO3+  CaNO3
+
 0.5 -5.4 

𝑆CaOH+  CaOH
+
 -12.697 64.11 

𝑆CaPO4− CaPO4
-
 6.46 129.704 

𝑆Ca−pro Ca-Propionate
+
 0.93 33.472 

𝑆CaSO4(aq) CaSO4 (aq) 2.36 7.1 

𝑆Ca−va+  Ca-Valerate
+
 0.3 0 

𝑆Fe−(ac)2
+  Fe-(Acetate)2

+
 7.57 0 

𝑆Fe−(ac)3(aq) Fe-(Acetate)3
 
(aq) 95.867 0 

𝑆
Fe(NH3)2

+2  Fe(NH3)2
+2

 -16.24 89 

𝑆
Fe(NH3)3

+2  Fe(NH3)3
+2

 -25.05 133 

𝑆
Fe(NH3)4

+2  Fe(NH3)4
+2

 -34.23 177 

𝑆Fe(NO2)+2  Fe(NO2)
2+

 4.72 0 

𝑆Fe(NO2)3(aq) Fe(NO2)3 (aq) 6.78 0 

𝑆Fe(OH)2(aq) Fe(OH)2 (aq) -20.494 119.62 

𝑆Fe(OH)2+ Fe(OH)2
+
 -5.75 37.7 

𝑆Fe(OH)3− Fe(OH)3
-
 -30.991 126.43 

𝑆Fe(OH)3(aq) Fe(OH)3 (aq) -15 75.3 

𝑆Fe(OH)4− Fe(OH)4
-
 -22.7 154.8 

𝑆Fe(SO4)2
− Fe(SO4)2

-
 5.38 19.2 

𝑆Fe2(OH)2
+4 Fe2(OH)2

+4
 -2.894 56.42 

𝑆
Fe3(OH)4

+5 Fe3(OH)4
+5

 -6.288 65.24 
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Table S1. List of considered species and their thermodynamic properties (II) 

Symbol Formula log Ki ΔH
0 

𝑆Fe−ac+ Fe-Acetate
+
 1.4 0 

𝑆Fe−ac+2  Fe-Acetate
+2

 4.24 25 

𝑆Fe−bu+2  Fe-Butyrate
+2

 3.41 11 

𝑆FeCl+ FeCl
+
 -0.2 0 

𝑆FeCl+2  FeCl
+2

 1.48 23 

𝑆FeH2PO4+ FeH2PO4
+
 22.273 0 

𝑆FeH2PO4+2 FeH2PO4
+2

 23.85 0 

𝑆FeHCO3+  FeHCO3
+
 11.429 0 

𝑆FeHPO4(aq) FeHPO4 (aq) 15.975 0 

𝑆FeHPO4+ FeHPO4
+
 22.285 -305.432 

𝑆FeHS+  FeHS
+
 5.62 0 

𝑆FeNH3+2 FeNH3
+2

 -7.84 44.1 

𝑆FeNO2+2  FeNO2
+2

 3.2 0 

𝑆FeOH+  FeOH
+
 -9.397 55.81 

𝑆FeOH+2  FeOH
+2

 -2.02 25.1 

𝑆Fe−pro+2  Fe-Propionate
+2

 3.71 21 

𝑆FeSO4(aq) FeSO4 (aq) 2.39 8 

𝑆FeSO4+ FeSO4
+
 4.25 25 

𝑆Fe−va+2 Fe-Valerate
+2

 3.51 13 

𝑆H2CO3∗(aq) H2CO3* (aq) 16.681 -32 

𝑆H2PO4− H2PO4
-
 19.573 -18 

𝑆H2S(aq) H2S (aq) 7.02 -22 

𝑆H3PO4(aq) H3PO4 21.721 -10.5 

𝑆H−ac(aq) H-Acetate (aq) 4.757 0.41 

𝑆H−bu(aq) H-Butyrate (aq) 4.818 2.8 

𝑆HCO3− HCO3
-
 10.329 -14.6 

𝑆HNO2(aq) HNO2 (aq) 3.15 0 

𝑆HPO4−2  HPO4
-2

 12.375 -15 

𝑆H−pro(aq) H-Propionate (aq) 4.874 0.75 

𝑆HSO4− HSO4
-
 1.99 22 

𝑆H−va(aq) H-Valerate (aq) 4.843 2.8 

𝑆K2HPO4(aq) K2HPO4 (aq) 13.5 0 

𝑆K2PO4−  K2PO4
-
 2.26 0 

𝑆K−ac(aq) K-Acetate (aq) -0.27 4 

𝑆KCl(aq) KCl (aq) -0.3 -4 

𝑆KH2PO4(aq) KH2PO4 (aq) 19.873 0 

𝑆KHPO4−  KHPO4
-
 13.255 0 

𝑆KNO3(aq) KNO3 (aq) -0.19 -12 

𝑆KOH(aq) KOH (aq) -13.757 55.81 

𝑆KPO4−2  KPO4
-2

 1.43 15 

𝑆KSO4− KSO4
-
 0.85 4.1 

𝑆
Mg(NH3)2

+2  Mg(NH3)2
+2

 -18.29 99 

𝑆Mg2CO3+2  Mg2CO3
+2

 3.59 0 

𝑆Mg−ac+ Mg-Acetate
+
 1.26 0 

𝑆Mg−bu+  Mg-Butyrate
+
 0.96 0 

𝑆MgCl+ MgCl
+
 0.6 4 

𝑆MgCO3(aq) MgCO3 (aq) 2.92 10 

𝑆MgHCO3+ MgHCO3
+
 11.34 -9.6 

𝑆MgHPO4(aq) MgHPO4 (aq) 0.97 42.677 
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Table S1. List of considered species and their thermodynamic properties (III) 

Symbol Formula log Ki ΔH
0 

𝑆MgOH+  MgOH
+
 -11.417 67.81 

𝑆MgPO4−  MgPO4
-
 4.654 129.704 

𝑆Mg−pro+  Mg-Propionate
+
 0.97 42.677 

𝑆MgSO4(aq) MgSO4 (aq) 2.26 5.8 

𝑆Na2HPO4(aq) Na2HPO4 (aq) 13.32 0 

𝑆Na2PO4− Na2PO4
-
 2.59 0 

𝑆Na−ac(aq) Na-Acetate (aq) -0.12 8 

𝑆NaCl(aq) NaCl (aq) -0.3 -8 

𝑆NaCO3− NaCO3
-
 1.27 -20.35 

𝑆NaH2PO4(aq) NaH2PO4 (aq) 19.873 0 

𝑆NaHCO3(aq) NaHCO3 (aq) 10.029 -283.301 

𝑆NaHPO4− NaHPO4
-
 13.445 0 

𝑆NaNO3(aq) NaNO3 (aq) -0.55 0 

𝑆NaOH(aq) NaOH (aq) -13.897 59.81 

𝑆Na2PO4−2 Na2PO4
-2

 1.43 8 

𝑆NaSO4− NaSO4
-
 0.74 1 

𝑆NH3(aq) NH3 (aq) -9.244 52 

𝑆NH4SO4− NH4SO4
-
 1.03 0 

𝑆OH−  OH
-
 -13.997 55.81 

𝑆S−2 S
-2

 -17.4 49.4 
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Table S3-1. ASM Influent conditions and model verification  

Symbol (totals)  Units Symbol 
(component) 

This study Minteq  

𝑺𝐚𝐜   27.8 g COD. m
-3

 𝑆ac− 0.0004 0.0004 mol.L
-1

 

𝑺𝐀𝐥  g Al. m
-3

 𝑆Al+3    mol.L
-1 

𝑺𝐛𝐮  g COD. m
-3

 𝑆bu−    mol.L
-1 

𝑺𝐂𝐚 120.0 g Ca. m
-3

 𝑆Ca+2  0.0027 0.0027 mol.L
-1 

𝑺𝐈𝐂 150.0 g C. m
-3

 𝑆CO3−2  3.38E-06 2.97E-06 mol.L
-1 

𝑺𝐂𝐥 225.0 g Cl. m
-3

 𝑆Cl− 0.0063 0.0063 mol.L
-1 

𝑺𝐅𝐞𝟐  g Fe. m
-3

 𝑆Fe+2    mol.L
-1 

𝑺𝐅𝐞𝟑  g Fe. m
-3

 𝑆Fe+3    mol.L
-1 

𝑺𝐇𝐒  g COD. m
-3

 𝑆HS−   mol.L
-1 

𝑺𝐊 60.0 g K. m
-3

 𝑆K+ 0.0015 0.0015 mol.L
-1 

𝑺𝐌𝐠 60.0 g Mg. m
-3

 𝑆Mg+2  0.0022 0.0022 mol.L
-1 

𝑺𝐈𝐍 31.5 g N. m
-3

 𝑆NH4+  0.0022 0.0022 mol.L
-1 

𝑺𝐍𝐎𝟐  g N. m
-3

 𝑆NO2−   mol.L
-1 

𝑺𝐍𝐎𝟑  g N. m
-3

 𝑆NO3−   mol.L
-1 

𝑺𝐍𝐚 80.0 g Na. m
-3

 𝑆Na+    mol.L
-1 

𝑺𝐈𝐏 9.0 g P. m
-3

 𝑆PO4−3 3.86E-10 3.25E-10 mol.L
-1 

𝑺𝐩𝐫𝐨  g COD. m
-3

 𝑆pro−   mol.L
-1 

𝑺𝐒𝐎𝟒 30.0 g S. m
-3

 𝑆SO4−2 0.0007 0.0007 mol.L
-1 

𝑺𝐯𝐚  g COD. m
-3

 𝑆va−   mol.L
-1 

   𝑺𝐇+ 1.77E-07 1.93e-07 mol.L
-1 

   𝐩𝐇 6.69 6.65  

   𝑰 0.0230 0.0230 mol.L
-1

 

   𝜸 0.87 0.87  

 

Table S3-2. AER3 effluent conditions (ASM2d) and model verification  

Symbol (totals)  Units Symbol 
(component) 

This study Minteq  

𝑺𝐚𝐜   0,0055 g COD. m
-3

 𝑆ac− 8.17E-08 8.16E-08 mol.L
-1

 

𝑺𝐀𝐥  g Al. m
-3

 𝑆Al+3    mol.L
-1 

𝑺𝐛𝐮  g COD. m
-3

 𝑆bu−    mol.L
-1 

𝑺𝐂𝐚 120.0 g Ca. m
-3

 𝑆Ca+2  0.0027 0.0027 mol.L
-1 

𝑺𝐈𝐂  g C. m
-3

 𝑆CO3−2  2.84E-05 2.14e-5 mol.L
-1 

𝑺𝐂𝐥 225.0 g Cl. m
-3

 𝑆Cl− 0.0063 0.0063 mol.L
-1 

𝑺𝐅𝐞𝟐  g Fe. m
-3

 𝑆Fe+2    mol.L
-1 

𝑺𝐅𝐞𝟑  g Fe. m
-3

 𝑆Fe+3    mol.L
-1 

𝑺𝐇𝐒  g COD. m
-3

 𝑆HS−   mol.L
-1 

𝑺𝐊 56,1 g K. m
-3

 𝑆K+ 0.0014 0.0014 mol.L
-1 

𝑺𝐌𝐠 57,6 g Mg. m
-3

 𝑆Mg+2  0.0022 0.0022 mol.L
-1 

𝑺𝐈𝐍 1,1 g N. m
-3

 𝑆NH4+  7.63E-05 7.65E-05 mol.L
-1 

𝑺𝐍𝐎𝟐  g N. m
-3

 𝑆NO2−   mol.L
-1 

𝑺𝐍𝐎𝟑 7,4 g N. m
-3

 𝑆NO3− 0.005 0.005 mol.L
-1 

𝑺𝐍𝐚 80.0 g Na. m
-3

 𝑆Na+    mol.L
-1 

𝑺𝐈𝐏 0.0061 g P. m
-3

 𝑆PO4−3 5.04E-11 3.75E-11 mol.L
-1 

𝑺𝐩𝐫𝐨  g COD. m
-3

 𝑆pro−   mol.L
-1 

𝑺𝐒𝐎𝟒 30.0 g S. m
-3

 𝑆SO4−2 0.0007 0.0007 mol.L
-1 

𝑺𝐯𝐚  g COD. m
-3

 𝑆va−   mol.L
-1 

   𝑺𝐇+ 1.55E-08 1.95E-08 mol.L
-1 

   𝐩𝐇 7.81 7.76  

   𝑰 0.0205 0.0205 mol.L
-1

 

   𝜸 0.87 0.87  
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Table S3-3. AD effluent conditions (ADM1) and model verification  

Symbol (total)  Units Symbol 
(component) 

This study Minteq  

𝑺𝐚𝐜   0.0662 kg COD. m
-3

 𝑆ac− 0.0010 0.0010 mol.L
-1

 

𝑺𝐀𝐥  kmol Al. m
-3

 𝑆Al+3    mol.L
-1 

𝑺𝐛𝐮 0.0138 kg COD. m
-3

 𝑆bu−  0.0001 0.0001 mol.L
-1 

𝑺𝐂𝐚 0.0048 kmol Ca. m
-3

 𝑆Ca+2  0.0025 0.0026 mol.L
-1 

𝑺𝐈𝐂 0.0913 kmol C. m
-3

 𝑆CO3−2  1,45E-04 1.62E-04 mol.L
-1 

𝑺𝐂𝐥 0.0096 kmol Cl. m
-3

 𝑆Cl− 0.0095 0.0095 mol.L
-1 

𝑺𝐅𝐞𝟐  kmol Fe. m
-3

 𝑆Fe+2    mol.L
-1 

𝑺𝐅𝐞𝟑  kmol Fe. m
-3

 𝑆Fe+3    mol.L
-1 

𝑺𝐇𝐒  kg COD. m
-3

 𝑆HS−   mol.L
-1 

𝑺𝐊 0.0025 kmol K. m
-3

 𝑆K+ 0.0024 0.0024 mol.L
-1 

𝑺𝐌𝐠 0.0049 kmol Mg. m
-3

 𝑆Mg+2  0.0026 0.0027 mol.L
-1 

𝑺𝐈𝐍 0.0934 kmol N. m
-3

 𝑆NH4+  0.0903 0.0908 mol.L
-1 

𝑺𝐍𝐎𝟐  kmol N. m
-3

 𝑆NO2−   mol.L
-1 

𝑺𝐍𝐎𝟑  kmol N. m
-3

 𝑆NO3−   mol.L
-1 

𝑺𝐍𝐚 0.0051 kmol Na. m
-3

 𝑆Na+  0.0047 0.0048 mol.L
-1 

𝑺𝐈𝐏 0.0065 kmol P. m
-3

 𝑆PO4−3 8.56E-08 1.04E-07 mol.L
-1 

𝑺𝐩𝐫𝐨 0.0173 kg COD. m
-3

 𝑆pro− 0.0002 0.0002 mol.L
-1 

𝑺𝐒𝐎𝟒 0.0061 kmol S. m
-3

 𝑆SO4−2 0.0040 0.0041 mol.L
-1 

𝑺𝐯𝐚 0.0121 kg COD. m
-3

 𝑆va− 6.56E-05 5.81E-05 mol.L
-1 

   𝑺𝐇+ 8.04E-08 8.02E-08 mol.L
-1 

   𝐩𝐇 6.97 6.97  

   𝑰 0.122 0.123 mol.L
-1

 

   𝜸 0.76 0.76  
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This research presents the modeling of the anaerobic digestion of cane-molasses vinasse,

hereby extending the Anaerobic Digestion Model No. 1 with sulfate reduction for a very

high strength and sulfate rich wastewater. Based on a sensitivity analysis, four parameters

of the original ADM1 and all sulfate reduction parameters were calibrated. Although some

deviations were observed between model predictions and experimental values, it was

shown that sulfates, total aqueous sulfide, free sulfides, methane, carbon dioxide and

sulfide in the gas phase, gas flow, propionic and acetic acids, chemical oxygen demand

(COD), and pH were accurately predicted during model validation. The model showed high

(±10%) to medium (10%e30%) accuracy predictions with a mean absolute relative error

ranging from 1% to 26%, and was able to predict failure of methanogenesis and sulfido-

genesis when the sulfate loading rate increased. Therefore, the kinetic parameters and the
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Sulfate reduction

Vinasse

model structure proposed in this work can be considered as valid for the sulfate reduction

process in the anaerobic digestion of cane-molasses vinasse when sulfate and organic

loading rates range from 0.36 to 1.57 kg SO4
2� m�3 d�1 and from 7.66 to 12 kg COD m�3 d�1,

respectively.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Many industrial processes, especially in food and fermenta-

tion industries, generate wastewaters with high levels of

chemical oxygen demand (COD) and sulfate (Zub et al., 2008).

Vinasse obtained from ethanol distillation in the sugar cane

industry (cane-molasses vinasse) is a typical example of very

high strength and sulfate rich liquid substrate (Barrera et al.,

2013). Hence, the anaerobic digestion of vinasse promotes

the activity of sulfate reducing bacteria (SRB) producing sul-

fide. The latter is distributed among aqueous sulfide (H2S free,

HS� and S2�), hydrogen sulfide in the biogas and insoluble

metallic sulfides.

Modeling has proven to be an important tool for under-

standing, design and control of the sulfate reduction process

(Batstone, 2006).A simple approach tomodel sulfate reduction is

by considering the oxidation (by SRB) of the available hydrogen

only (Batstone, 2006). However, in systems with high sulfate

concentrations volatile fatty acids (butyric, propionic and acetic)

have, tobe includedaselectrondonors in thesulfatedegradation

reactions in addition to hydrogen (Batstone, 2006). Barrera et al.

(2014) provided a characterization of the sulfate reduction pro-

cess in theanaerobicdigestionofaveryhighstrengthandsulfate

rich vinasse. The authors demonstrated that propionate sulfate

reducing bacteria considerably contribute to propionic acid

degradation at SO4
2�/COD ratios �0.10 as a result of hydrogen

limitation. This suggests that reactions involving volatile fatty

acids need to be included to properly model sulfate reduction in

the anaerobic digestion of such vinasses. The Anaerobic Diges-

tion Model No. 1 (ADM1), developed by the IWA Task Group for

MathematicalModeling of Anaerobic Digestion Processes, is one

of the most sophisticated and complex anaerobic digestion

models, involving 19 biochemical processes and two types of

Nomenclature

Ci Carbon content of the component

i kmol C kg COD�1

eff_COD Effluent COD concentration kg COD m�3

I1e4 Inhibition functions e

Ih2s,j Sulfide inhibition function for process j e

IpH,j pH inhibition function for process j e

KA/B,i Acid-base kinetic parameter for component

i m3 kmol�1 d�1

Ka,i Acid-base equilibrium coefficient for component

i kmol m�3

kdec,j First order decay rate for process j d�1

KH,i Henri's law coefficient for component

i kmol m�3 bar�1

KI,h2s,j 50% inhibitory concentration of free H2S on the

process j kmol m�3

kLa Gaseliquid transfer coefficient d�1

km,j Monod maximum specific uptake rate for process

j kg COD_Si kg COD_Xi
�1 d�1

KS,j Half saturation coefficient of component i on

process j (for SO4
2� units are in kmol m�3)

kg COD m�3

Ni Nitrogen content of the component

i kmol N kg COD�1

Pgas,i Pressure of gas component i bar

Qgas Gas flow rate m3 d�1

Si Concentration of the soluble components i (for

hydrogen ions, sulfates, sulfides and its ionized

forms units are in kmol m�3) kg COD_Si m
�3

Sgas,i Gas phase concentration of the component i (for

H2S units are in kmol m�3) Fraction

TCOD Total COD concentration kg COD m�3

ta,df t-values obtained from the Student-t distribution

�
Xi Concentration of the particulate component

i kg COD m�3

Yi Yield of biomass on substrate

kg COD_Xi kg COD_Si
�1

Greek letter

Ґn,m Sensitivity value of the nth process variable (y)

with respect to the mth model parameter (q) e

ni,j Biochemical rate (or liquid phase yield) coefficient

for component i on process j e

rj Kinetic rate of process j (for acid-base and

gaseliquid equations units are in kmol m�3 d�1)

kg COD_Si m
�3 d�1

d Perturbation factor Fraction

s Standard deviations Vary with q

a Significance level %

Subscript

bac Pertaining to bacteria e

dec Pertaining to decay processes e

df Degree of freedom

free Undissociated form of the species e

gas Pertaining to the gas phase e

i Pertaining to soluble or particulate component e

j Pertaining to processes e

I Pertaining to the inert fraction e
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physiochemical processes (Batstone et al., 2002). The simple

approach of Batstone (2006) to model sulfate reduction as an

extension of ADM1 has been used to model the anaerobic

digestion of vinasse under dynamic conditionswithout success,

exhibiting under prediction ofH2S andover prediction of volatile

fatty acids (Hinken et al., 2013). In order to extend ADM1,

Fedorovich et al. (2003) included the sulfate reduction process

starting from previously reported work (Kalyuzhnyi et al., 1998;

Kalyuzhnyi and Fedorovich, 1998; Knobel and Lewis, 2002;

Ristow et al., 2002). The approach of Fedorovich et al. (2003) can

be considered as complex because of the inclusion of valerate/

butyrate, propionate, acetate and hydrogen in the sulfate

degradation reactions (Batstone, 2006). This model (Fedorovich

et al., 2003) was calibrated for organic deficient (SO4
2�/COD

ratios � 1.5) synthetic wastewaters (Omil et al., 1996, 1997),

hereby focusing on volatile fatty acids, sulfates andmethane gas

phase concentrations. Furthermore, the agreement between

model and experimental values for the concentrations of total

aqueous sulfide (Sh2s), free sulfides (Sh2s,free) and gas phase sul-

fides (Sgas,h2s) was not reported. Likely because of these limita-

tions, the extension of Fedorovich et al. (2003) is not commonly

used (Lauwers et al., 2013).

Consequently, an extension of ADM1 with sulfate reduc-

tion to model the anaerobic digestion of a very high strength

and sulfate rich vinasse may overcome the current limitation

ofmodels by (1) describing the sulfate reduction process in the

anaerobic digestion of vinasse, (2) predicting the sulfur com-

pounds in both the gas and liquid phases, (3) increasing

applicability of ADM1 to specific industrial wastewaters

(vinasse), and (4) simplifying the existing approach to reduce

complexity and to support further implementations.

Therefore, the work presented here attempts to model the

anaerobic digestion of real cane-molasses vinasse by

extending ADM1 with sulfate reduction for a very high

strength and sulfate-rich complex wastewater, including

volatile fatty acids (propionic and acetic acids) in the sulfate

degradation reactions, hereby including an accurate predic-

tion of Sh2s, Sh2s,free and Sgas,h2s.

2. Materials and methods

2.1. Experimental data

Experimental observations from a characterization study of

the sulfate reduction process in the anaerobic digestion of a

very high strength and sulfate-rich vinasse (Barrera et al.,

2014) were used for model calibration and validation. During

these experiments a 3.5 L UASB reactor was operated under

dynamic conditions for a period of 75 days (following a 55 day

start-up period). The experimental set-up, analytical methods

and operating conditions are described in detail in Barrera

et al. (2014). They can be briefly described as follows, where

the E-codes indicate successive experiments conducted under

different operating conditions:

� E�1 to E�3: the concentration of influent COD and SO4
2�

was gradually increasedwhile keeping the SO4
2�/COD ratio

at 0.05.

� E�3 to E�4: the influent SO4
2� was increased whereas the

influent COD concentration was decreased to increase the

SO4
2�/COD ratio to 0.1.

� E�4 to E�6: the concentration of influent COD and SO4
2�

was increased while keeping the SO4
2�/COD ratio at 0.1.

� E�7: the concentration of influent COD and SO4
2� was

reduced to control toxicity, keeping the SO4
2�/COD ratio at

0.1.

� E�8 and E�9: the influent SO4
2� was increased while

keeping a constant influent COD concentration to increase

the SO4
2�/COD ratio to 0.15 and 0.20, respectively.

Operating conditions were grouped in data set D1 (oper-

ating conditions E�1, E�2, E�3 and E�4 in Barrera et al. (2014))

for calibration and direct validation, and data set D2 (oper-

ating conditions E�5, E�6, E�7, E�8 and E�9 in Barrera et al.

(2014)) for cross validation.

2.2. Model description and implementation

The original ADM1 is described in a scientific and technical

report prepared by an IWA Task Group (Batstone et al., 2002).

This model takes into account seven bacterial groups. The

biological degradation processes are described using Monod

kinetics, while the extracellular processes (disintegration and

hydrolysis) and the biomass decay are described using first-

order kinetics.

The ADM1 extension with sulfate reduction for high

strength and sulfate rich wastewater was implemented in

MatLab/Simulink 2008b following the original ADM1 (Batstone

et al., 2002) and the approaches discussed by Barrera et al.

(2013). The model was implemented as a set of ordinary dif-

ferential equations using the ODE 15s as numerical solver.

Based on experimental observations previously discussed

in Barrera et al. (2014), butyric acid was neglected as organic

matter for SRB in themodel structure (�5% of the total volatile

fatty acids concentration), whereas propionic (considered

incompletely oxidized by propionate SRB) and acetic acids, as

well as hydrogen, were considered as the electron donors for

the sulfate reduction processes following the biochemical

degradation reactions (1), (2) and (3) below:

C2H5COOHþ0:75H2SO4/CH3COOHþCO2þH2Oþ0:75H2S (1)

CH3COOHþH2SO4/2CO2 þ 2H2OþH2S (2)

4H2 þH2SO4/H2Sþ 4H2O (3)

Consequently, three SRB groups were considered to be

active inside the reactor; i.e. propionate sulfate reducing

bacteria (pSRB), acetate sulfate reducing bacteria (aSRB) and

hydrogenotrophic sulfate reducing bacteria (hSRB). A dual

termMonod type kinetics was used to describe the uptake rate

of these substrates (Fedorovich et al., 2003). The biochemical

rate coefficients (ni,j) and kinetic rate equation (rj) for soluble

and particulate components are listed in Table 1. Similar to

decay of other microbial species, first order kinetics was used

to describe the decay of SRB. Additionally, rate coefficients

and kinetic rate equations for acid-base reactions for sulfides

and sulfates (in the form recommended by Rosen and
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Jeppsson (2006)) were considered (Table 2). Un-dissociated

sulfuric acid (H2SO4) and sulfide ions (S2�) were considered

negligible andwere not included in the acid-base reactions. As

sulfuric acid is a strong acid (pKa < �2), it can be considered

completely dissociated, whereas sulfide ions S2� exist in small

amounts (pKa z 14) in the liquid phase of anaerobic reactors

in which a pH between 6.5 and 8 is required. The dissociation

Eqs (4) and (5) were included in the model.

HSO�
4%Hþ þ SO4

2� pKa ¼ 1:99 (4)

H2S %Hþ þHS� pKa ¼ 7:01 (5)

To model the stripping of H2S, the liquid phase yield coef-

ficient (ni,j) and the rate equations (rj) for liquidegas transfer

process were also included (Table 3). Nomenclature in Tables

1e3 was adopted from ADM1 (Batstone et al., 2002).

Despite the fact that Sh2s has been found to inhibit anaer-

obic digestion (Visser et al., 1996), Sh2s,free was assumed to be

inhibitory for modeling purposes (Kalyuzhnyi et al., 1998;

Kalyuzhnyi and Fedorovich, 1998; Knobel and Lewis, 2002;

Ristow et al., 2002). A non-competitive inhibition function

for sulfides (Ih2s,j) was considered in all cases (Knobel and

Lewis, 2002). The inhibition terms I1 and I2 were adopted

from the original ADM1 for the uptake of sugars, amino acids

and long chain fatty acids (processes not shown in Table 1).

However, the inhibition term for valerate, butyrate and pro-

pionate degraders (I2 in Batstone et al. (2002)) as well as the

inhibition term for acetotrophic methanogens (I3 in Batstone

et al. (2002)) and the inhibition term for hydrogenotrophic

methanogens (I1 in Batstone et al. (2002)) was multiplied by

Ih2s,j in order to include the free sulfide inhibition in thismodel

extension. The inhibition term I4 was added to account for pH

inhibition (IpH,j) and Ih2s,j of pSRB, aSRB and hSRB (see

inhibition terms in Table 1). All pH inhibitions were based on

the Hill function as suggested in Rosen and Jeppsson (2006).

2.3. Model inputs and initial conditions

The influent characterization of cane-molasses vinasse is

shown in Table 4. Sugar, protein and lipid contents were

experimentally determined in the filtered and unfiltered

vinasse and used to calculate the soluble sugars (Ssu) and

particulate carbohydrates (Xch), the soluble amino acids (Saa)

and particulate proteins (Xpr) as well as the long chain fatty

acids (Sfa) and particulate lipids (Xli), respectively. The total

cation concentration was determined as the sum of Naþ, Kþ,
Ca2þ, Mg2þ, Mn2þ, and Zn2þ species concentrations whereas

NO2
�, NO3

�, PO4
3�, and Cl� concentrations were used to

determine the total anion concentration of vinasse.

The difference between the soluble COD (SCOD) and the

total COD of Ssu, Saa, Sfa and Sac was assumed to be the soluble

inert concentration of vinasse (SI). Similarly, the difference

between the COD concentration of the particulate matter

(XCOD) and the total COD of Xch, Xpr and Xli was assumed to be

the particulate inert concentration of vinasse (XI) (See Table 4).

The concentrations of these known input variables (Ssu, Saa,

Sfa, Sac, SI, Xch, Xpr, Xli, and XI) under specific operating con-

ditions (E�1 to E�9) were calculated from the total COD

(TCOD) of the diluted vinasse at these operating conditions

and the compositions of raw vinasse as given in Table 4. This

is illustrated for sugars in Eq. (6).

ADM1 requires a large number of input variables. Reason-

able assumptions were made for the concentration of the

unknown input variables Sh2, Sch4, Xsu, Xaa, Xfa, Xc4, Xpro, Xac,

Xh2, XpSRB, XaSRB and XhSRB. Their default concentrations in

ADM1 were set for the operating condition E�1, whereas

concentrations for the cases E�2 to E�9 were calculated

similar to Eq. (6).

The initial conditions for the dynamic simulation were

estimated as recommended by Rieger et al. (2012). Steady state

simulations were run and the values of the state variables at

the end of this simulation period were used as initial condi-

tions for the dynamic simulation. Since this procedure as-

sumes that the reactor is operated in a typical way for an

extended period prior to the dynamic simulation (similar to

the experiments used for calibration and validation), this was

Table 3 e Liquid phase yield coefficient (ni,j) and rate
equations (rj) for the liquidegas transfer process added to
ADM1 to model the sulfate reduction process in the
anaerobic digestion of cane-molasses vinasse.

Component i / 9a Rate (rj, kmol m�3 d�1)

j Process Y Sh2s,free

T9a H2S Transfer �1 kLa$ðSh2s;free � KH;h2s$Pgas;h2sÞ

Table 2 e Rate coefficients (ni,j) and kinetic rate equation (rj) for acid-base reactions in the differential equation
implementation added to ADM1 to model the sulfate reduction process in the anaerobic digestion of cane-molasses
vinasse.

Component i / 8a.1 8a.2 9a.1 9a.2 Rate (rj , kmol m�3 d�1)

j Process Y Shso4� Sso42� Sh2s,free Shs�

A12 Sulfide acidebase 1 �1 KA=B;h2s$ðShs�$ðSHþ þ Ka;h2sÞ � Ka;h2s$Sh2s;totalÞ
A13 Sulfate acidebase 1 �1 KA=B;so4$ðSso4;total$SHþ � ðKa;so4 þ SHþÞÞ

Ssu operating conditionsðE�1 to E�9Þ ¼ TCOD_diluted_vinasse_operating conditionsðE� 1 to E� 9Þ
TCOD_raw_vinasse_Table 4

$Ssu_raw vinasse_Table 4 (6)
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considered sufficient to establish the initial conditions for this

work (Rieger et al., 2012).

2.4. Sensitivity analysis

Despite the fact that all parameters affect the model output,

the output sensitivity differs from one parameter to another.

Sensitivity analysis has been widely applied to reduce model

complexity, to determine the significance of model parame-

ters and to identify dominant parameters (Dereli et al., 2010;

Silva et al., 2009; Tartakovsky et al., 2008).

The local relative sensitivity analysis method (Dochain

and Vanrolleghem, 2001) is employed here in order to

calculate sensitivity functions for the dynamic simulations.

Fig. 1 e Most sensitive model parameters arranged in descending order, for the process variables Spro, Sac, pH, Qgas, Sgas,ch4,

Sgas,co2, Sso4, Sh2s, and Sgas,h2s.

Table 4 e Model based influent characterization of cane-molasses vinasse.

Components Names Units Values

Solubles

Ssu Sugar concentration kg COD m�3 33.73

Saa Amino acid concentration kg COD m�3 5.82

Sfa LCFA concentration kg COD m�3 0.09

Sac Acetic acid concentration kg COD m�3 1.36

SSI Inert concentration kg COD m�3 16.97

SCOD Soluble COD concentration kg COD m�3 57.97

Particulates

Xch Carbohydrate concentration kg COD m�3 6.91

Xpr Protein concentration kg COD m�3 0.09

Xli Lipid concentration kg COD m�3 0.14

XI Inert concentration kg COD m�3 0.00

Xc Composite concentration kg COD m�3 0.00

XCOD Particulate COD concentration kg COD m�3 7.15

TCOD Total COD kg COD m�3 65.12

Total cation Total cation concentration kmol m�3 0.315

Total anion Total anion concentration kmol m�3 0.073
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The numerical calculation of sensitivity functions uses the

finite difference approximation (Dochain and

Vanrolleghem, 2001). The sensitivities are quantified in

terms of the variation of measurable process variables

under the perturbation of model parameters in their

neighborhood domain (Eq. (7)). The value of the perturba-

tion factor d was chosen such that the differences between

the resulting sensitivity values of different parameters can

be detected.

Ґn;mðtÞ ¼ vyn

�
t
��

yn

�
t
�

vqm=qm
¼

�
ynðt; qm þ d$qmÞ � yn

�
t; qm

��
=ynðt; qmÞ

d $qm=qm

(7)

where Ґn,m is the dimensionless sensitivity value of the nth

process variable with respect to themthmodel parameter; yn

(n ¼ 1,… 9) denotes the nth process variable (i.e. Spro, Sac, pH,

Qgas (gas flow), Sgas,ch4, Sgas,co2, Sso4, Sh2s, and Sgas,h2s); qm is

the mth model parameter, m ¼ 1, … 40 (see parameters in

Appendix A); and qmþd$qm is the perturbated parameter

value. The sensitivity values for each process variable to

each model parameter for data set D1 (days 0e36) and data

set D2 (days 37e75), were computed as
P

Ґn;mðtÞ (expressed as

% in respect to the total
PP

Ґn;mðtÞ) and arranged in

descending order.

2.5. Model calibration, parameter uncertainties and
validation procedure

Calibration of the more sensitive model parameters is

now required. Model calibration was performed on an

expert ebasis by a trial and error approach, driven by

knowledge from the sensitivity analysis and using the

parameter ranges reported in the literature as constraints.

The iterative procedure reported by Dereli et al. (2010) was

applied.

In order to provide information about the uncertainty of

the calibrated parameters, confidence intervals (CI) for the

resulting set of parameters were calculated based on the

Fisher information matrix (FIM) (Eq. (8)) (Dochain and

Vanrolleghem, 2001).

FIM ¼
Xt

i¼1

�
vyn

vqm
ðtÞ

�TX�1

$

�
vyn

vqm
ðtÞ

�
(8)

where, vyn/vqm(t) are the absolute sensitivity values and
P�1

is calculated as the inverse of the covariance matrix of the

measurement error (Dochain and Vanrolleghem, 2001). Sub-

sequently, the covariance matrix (COV) can be approximated

by the inverse of the FIM matrix (COV ¼ FIM�1) and the stan-

dard deviations (s) for the parameters (qm) can be obtained by

using Eq. (9) (Dochain and Vanrolleghem, 2001).

s
�
qm

�
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
COVm;m

p
(9)

Confidence intervals for the parameters (Eq. (10)) were

calculated for a confidence level of 95% (a ¼ 0.05) and the t-

value was obtained from the Student-t distribution.

qm±ta;df $s
�
qm

�
(10)

Once a set of estimated parameters has been obtained, it

is necessary to question the predictive quality of the

resulting model through validation (Donoso-Bravo et al.,

2011). Direct and cross validation are usually considered

as steps of the model validation procedure (Donoso-Bravo

et al., 2011). Therefore, the data was divided into two sub-

sets as recommended by Donoso-Bravo et al. (2011): (1) data

used during model calibration (data set D1) for direct vali-

dation, and (2) unseen data (data set D2) for cross validation.

The accuracy of the predictions for direct and cross vali-

dation were determined by using the mean absolute relative

error and they were classified as high (±10%) or medium

(10%e30%) accurate quantitative prediction (Batstone and

Keller, 2003).

3. Results and discussion

3.1. Sensitivity analysis

Steady state simulations using the ADM1 benchmark param-

eter values (Rosen and Jeppsson, 2006) and values given by

Fedorovich et al. (2003) for sulfate reduction showed discrep-

ancies greater than 50% between the experimental results and

the model predictions.

To further improve the dynamic predictions, a sensitivity

analysis was performed under dynamic conditions in order

to determine the most important parameters to be used in

the dynamic calibration. The resulting local sensitivity

values (
P

Ґn;m=
PP

Ґn;m; expressed as %) for each process

variable (Spro, Sac, pH, Qgas, Sgas,ch4, Sgas,co2, Sso4, Sh2s, and

Sgas,h2s) are shown in Fig. 1. The perturbation factor d was

set as 1% for all the calculations as in Tartakovsky et al.

(2008). It is noteworthy that negative values indicated a

decrease of the process variable when the parameter was

perturbed.

Fig. 1 allows the identification of the most sensitive

model parameters for each process variable. For example,

the process variable Spro is highly sensitive to parameters

km,hSRB, KS,hSRB and Ysu (see nomenclature of the parame-

ters in Appendix A), whereas Sac is highly sensitive to km,ac

and Yac. The fact that some model parameters affected

several process variables at the same time (e.g. the model

parameter Ysu affected the process variables Spro, pH,

Sgas,ch4 and Sgas,co2) was also useful for model calibration.

Additionally, it was observed from the sensitivity analysis

that the effect of the model parameters from days 0 to 36

(data set D1) varied in comparison to those from days 37 to

75 (data set D2) (Fig. 1). In that sense, an increased sensi-

tivity towards km,hSRB on Spro was observed near the end of

the experiments (data set D2) because of the increase of

influent sulfates (see experimental conditions in Barrera

et al. (2014)), which made the sulfate reduction process

predominant leading to a higher sensitivity (with respect to

data set D1).

Therefore, the sensitivity analysis enabled ranking the

effect of the model parameters on each process variable,

which yields information useful for model calibration.
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3.2. Model calibration

Themodel was calibrated using 36 days of dynamic data (data

set D1). During these days, the organic loading rate (OLR) of

the upflow anaerobic sludge bed (UASB) reactor was gradually

increased from 7.66 to 12.00 kg CODm�3 d�1 and later reduced

to 7.9 kg COD m�3 d�1. At the same time, the sulfate loading

rate (SLR) was increased from 0.36 to 0.76 kg SO4
2� m�3 d�1 at a

constant hydraulic retention time of 4.86 days, resulting in an

increase of the SO4
2�/COD ratio from 0.05 to 0.10 (Barrera

et al., 2014).

Initial values of the model state variables were taken from

steady state simulations at the operating conditions of E�1

and the dynamic input variables were calculated from the

influent characterization of cane-molasses vinasse (Table 4),

as illustrated in Eq. (6).

An iterative method (Dereli et al., 2010) was applied for the

calibration of the most sensitive parameters by fitting the

model to the experimental results for the process variables

Sso4, Sh2s, Sh2s,free, Sgas,h2s, Qgas, Sgas,ch4, Sgas,co2, Spro, Sac, eff_-

COD (effluent COD) and pH. Although a larger number of

ADM1 parameters were sensitive to the process variables

(Fig. 1), only km,pro, km,ac, km,h2, and Yh2 were used for cali-

bration, as the sensitivity analysis revealed them to be among

the most sensitive model parameters (Fig. 1). In this way, the

number of calibrated ADM1 parameters was kept to a strict

minimum. In addition, all sulfate reduction parameters (70%

among the most sensitive parameters of Fig. 1) were cali-

brated. The estimated parameter values providing the best fit

(based on the mean absolute relative error) between model

predictions and experimental results are reported in column 7

(Calibration this work) of Appendix A. All other parameters

were adopted from Rosen and Jeppsson (2006).

During calibration, the values obtained for km,pro, km,ac, and

km,h2 were in agreement with values used to calibrate the

anaerobic digestion of cane-molasses (Romli et al., 1995)

(Column 5, Appendix A). The fact that parameter values used

for calibration in Romli et al. (1995) were used for calibration in

this work, was likely because of the similar characteristics of

both substrates (cane-molasses and cane-molasses vinasse,

respectively), which favored the uptake rate of propionate,

acetate and hydrogen leading to required modification (in

respect to ADM1 parameter values) of km,pro, km,ac, and km,h2

during the calibration in this work (Appendix A).

Concerning the calibration of the sulfate reduction pa-

rameters, the yield coefficients, the Monod maximum spe-

cific uptake rates and the half saturation coefficients were

found in the range of values found in the literature (Barrera

et al., 2013). However, the 50% inhibitory concentrations of

free H2S (Appendix A) were lower than the values used to

calibrate the sulfate reduction processes (Barrera et al., 2013),

but similar to experimental values reported as inhibitory

(150 mg S L�1 (0.0047 kmol m�3)) for methanogens and SRB

(except for propionate degraders, which is 70 mg S L�1

(0.0022 kmol m�3)) (Rinzema and Lettinga, 1988). These

values agreed well with the experimental observations used

for calibration in this work (Barrera et al., 2014) and therefore

they can be considered a better approximation for the real

phenomena.

In contrast, fitting of KS,so4,pSRB, KS,so4,aSRB, and KS,so4,hSRB

was required to predict Sso4 as these parameters solely impact

this process variable (results not shown). Values up to 10

times higher than those from the literature (Barrera et al.,

2013) were retrieved for KS,so4,pSRB, KS,so4,aSRB, and KS,so4,hSRB.

This observation was attributed to the use (by previous mod-

elers) of experimental observations based on organic deficient

substrates (SO4
2�/COD ratios � 1.5) (Alphenaar et al., 1993;

Omil et al., 1996, 1997) to fit models (Fedorovich et al., 2003;

Kalyuzhnyi et al., 1998), by increasing the maximum specific

uptake rate and decreasing the half saturation coefficient of

SRB. The half saturation coefficient for hSRB (KS,hSRB) agreed

well with values reported (Batstone et al., 2006) andwas 86% of

the half saturation coefficient of hydrogenotrophic meth-

anogenic archea (hMA), showing that hSRB can outcompete

hMA for hydrogen (Omil et al., 1997; Rinzema and Lettinga,

1988).

3.3. Parameter uncertainty estimation

The confidence intervals (CI) for the calibrated parameters are

shown in Appendix A. They were found to be below 20% in all

caseswhich yields a satisfactory confidence in the determined

set of parameters (confidence level 95%). The correlation be-

tween the calibrated parameters was also calculated based on

the covariance matrix (COV), rendering the following results:

� Strong correlation (�0.7) between the parameter pairs

[km,aSRB, YaSRB]; [km,pro, KI,h2s,pro]; and [km,ac, KI,h2s,ac].

� Moderate correlation (0.4e0.7) between the parameter

pairs [Yh2, YhSRB]; [km,pSRB, YpSRB]; [km,hSRB, KS,hSRB];

[KS,so4,aSRB, KS,so4,hSRB]; [KS,so4,hSRB, KI,h2s,h2]; [KS,so4,pSRB,

KI,h2s,aSRB]; [KS,so4,pSRB, KI,h2s,hSRB]; and [km,hSRB, KI,h2s,hSRB].

3.4. Direct validation

The deviation between model predictions and experimental

observations was used for direct validation. The results are

shown in Fig. 2. It can be seen that the process variables

(except for Spro) were predicted quite well after the model

calibration (Fig. 2AeH), exhibiting a mean absolute relative

error below 10% (1%e9.7%), which is considered as a high

accuracy quantitative prediction (Batstone and Keller, 2003).

However, deviations between model predictions and

experimental values for Spro (Fig. 2G) led to a mean absolute

relative error higher than 30%, which can be considered as a

qualitative prediction that can demonstrate the overall

qualitative response of the system (Batstone and Keller,

2003).

The increase of the OLR and the influent COD concentra-

tion in a UASB reactor fed with vinasse caused an increase of

the propionic acid concentration (Harada et al., 1996). How-

ever, in the experimental values used for calibration in this

work, Spro remained constant (see experimental values in

Fig. 2G) when the OLR was increased on day 8 (Barrera et al.,

2014). This was likely because sludge in the UASB reactor

assimilated the increase of the OLR by degrading the excess

propionate. Despite the fact that the model could not predict
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this observation (Fig. 2G), the over prediction observed for Spro
during days 8e15 when the OLR increased was in agreement

with the phenomenon described by Harada et al. (1996).

Moreover, the under prediction of Spro during days 23e25 can

be attributed to the slight under prediction of Sh2s,free (con-

stant at the concentration of 0.0018 kmol m�3) that reduces

the inhibitory effect of sulfide on propionate degrading bac-

teria during the simulation (Fig. 2C).

Additionally, the over prediction of Sh2s during days 21e27

(Fig. 2B) can be attributed to hydrogen sulfide loss during the

experiments used for calibration as the sulfur recovery in the

reactor outlet streams decreases from 100% to 90% (Barrera

et al., 2014).

3.5. Cross validation

A cross validation study was performed to assess the quality

and applicability of the calibrated model. The model outputs

were compared with data set D2 (days 37e75) under the

operating conditions E�5, E�6, E�7, E�8 and E�9 (Barrera

et al., 2014) without changing the previously optimized

parameter set. During these periods, the OLR and SLR of the

UASB reactor were in the range of 7.72e10.69 kg COD m�3 d�1

and 0.76e1.57 kg SO4
2� m�3 d�1, respectively (Barrera et al.,

2014). SO4
2�/COD ratios of 0.10, 0.15 and 0.20 were applied in

the periods covering the validation study unlike the periods

used for the calibration study.

Fig. 2 e Comparison between experimental values and model predictions after the model calibration: (A) Sso4, (B) Sh2s, (C)

Sh2s,free, (D) Sgas,h2s, (E) Qgas, (F) Sgas,ch4 & Sgas,co2, (G) Spro & Sac, and (H) eff_COD & pH.
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Fig. 3 (B, C, F, G & H) presents the comparison of model pre-

dictions and experimental values for the process variables dur-

ing the validation study. As can be seen, Sh2s, Sh2s,free, Sgas,ch4,

Sgas,co2, Sac, and pHwere well predicted by themodel showing a

mean absolute relative error below 10% (1%e10%), which is

considered as a highly accurate quantitative prediction (±10%)

(Batstone and Keller, 2003). A medium accurate quantitative

prediction (10%e30%) was achieved for Spro, Sso4, Sgas,h2s, Qgas,

and eff_COD (Fig. 3 A, E, G & H), as the mean absolute relative

error ranged from 12% to 26% (Batstone and Keller, 2003).

The underestimation observed for Sso4 during days 51e62

and 73 to 75 (Fig. 3A), was in agreement with the lower

Sh2s,free predicted during these days (Fig. 3C), which reduced

the inhibitory effect of Sh2s,free on SRB during the simula-

tion. The excess consumption of sulfate was accumulated in

the gas phase since higher Sgas,h2s and Qgas were predicted

during these periods (Fig. 3D and E). This was likely due to

the assumption of a constant gaseliquid transfer coefficient

(200 d�1) for H2S even when the biogas production rate, and

consequently its stripping effect, decreased after day 60 in

the model predictions (Fig. 3E). The over and under pre-

dictions of Sh2s,free from days 40 to 45 and 48 to 55, respec-

tively (Fig. 3C), were attributed to slight deviations (±3.1%)

in the pH prediction (Fig. 3H).

During the validation period the model was also able to

predict the reactor failure (for methanogenesis and sulfi-

dogenesis) from days 70 to 75. Methanogenesis failure in

the model predictions was evidenced by a pH decrease due

to Sac increase, which led to a decrease of Qgas and Sgas,ch4

(Fig. 3E, F, G & H). At the same time, sulfidogenesis failure in

the model prediction was evidenced by the increase of Sso4

while Sh2s remained constant, showing that the increase in

Fig. 3 e Validation of model predictions with experimental values: (A) Sso4, (B) Sh2s, (C) Sh2s,free, (D) Sgas,h2s, (E) Qgas, (F) Sgas,ch4

& Sgas,co2, (G) Spro & Sac, and (H) eff_COD & pH.
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the SLR resulted in accumulation of sulfates in the effluent

rather than conversion to hydrogen sulfide (Fig. 3A and B).

In addition, the model predicted an Sh2s,free increase as a

result of a pH decrease showing a severe sulfide inhibition

during these days (Fig. 3C and H). A discussion on the effect

of the high sulfate concentrations on the methane pro-

duction rates as well as on the inhibition effects of H2S to

the anaerobic consortia (methanogens and sulfate reducing

bacteria) can be found in Barrera et al. (2014).

4. Conclusions

An extension of ADM1 with sulfate reduction was proposed,

calibrated and validated for the description of the anaerobic

digestion of cane-molasses vinasse (high strength and sulfate

rich wastewater). Based on the results of a sensitivity analysis,

only four parameters of the original ADM1 (km,pro, km,ac, km,h2

and Yh2) and all the sulfate reduction parameters were fitted

during calibration. Despite the fact that some deviations were

observedbetweenmodelpredictionsandexperimentalvalues, it

was shown that the process variables Sso4, Sh2s, Sh2s,free, Sgas,h2s,

Qgas, Sgas,ch4, Sgas,co2, Spro, Sac, eff_COD, and pH were predicted

reasonably well during model validation. The model showed

high (±10%) to medium (10%e30%) accurate quantitative pre-

dictions with a mean absolute relative error ranging from 1 to

26%. Moreover, the model was able to predict failure of meth-

anogenesis and sulfidogenesis when the sulfate loading rate

increased. Therefore, the kinetic parameters and the model

structure proposed in thiswork can be consideredas valuable to

describe the sulfate reductionprocess in theanaerobic digestion

ofcane-molassesvinasse,bypredicting thesulfurcompounds in

thegasandliquidphases, increasingtheapplicabilityofADM1to

specific industrial wastewaters (vinasse).
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Appendix A. Stoichiometric and kinetic
parameters selected for sensitivity analysis.
Values reported in literature and calibrated for
this work.

Parameter Names Units Benchmark
valuesa

Cane-
molassesb

Sulfate
reductionc

Calibration
this work

CI
(95%)

Ysu Yield of sugar degraders

(Xsu)

kg COD_Xsu kg COD_Ssu
�1 0.100 0.100

Yaa Yield of amino acids

degraders (Xaa)

kg COD_Xaa kg COD_Saa
�1 0.080 0.080

Yfa Yield of LCFA degraders

(Xfa)

kg COD_Xfa kg COD_Sfa
�1 0.060 0.060

Yc4 Yield of valerate and

butyrate degraders (Xc4)

kg COD_Xc4 kg COD_Sva & bu
�1 0.060 0.060

Ypro Yield of propionate

degraders (Xpro)

kg COD_Xpro kg COD_Spro
�1 0.040 0.040

Yac Yield of acetate degraders

(Xac)

kg COD_Xac kg COD_Sac
�1 0.050 0.050

Yh2 Yield of hydrogen degraders

(Xh2)

kg COD_Xh2 kg COD_Sh2
�1 0.060 0.070 ±0.0042

YpSRB Yield of pSRB (XpSRB) kg COD_XpSRB kg COD_Spro
�1 0.0329d 0.027e0.035 0.035 ±0.0040

YaSRB Yield of aSRB (XaSRB) kg COD_XaSRB kg COD_Sac
�1 0.0342d 0.033e0.041 0.041 ±0.0060

YhSRB Yield of hSRB (XhSRB) kg COD_XhSRB kg COD_Sh2
�1 0.0366d 0.037e0.077 0.051 ±0.0047

km,su Monod maximum specific

uptake rate of sugars by Xsu

kg COD_Ssu kg COD_Xsu
�1 d�1 30 30

km,fa Monod maximum specific

uptake rate of LCFA by Xfa

kg COD_Sfa kg COD_Xfa
�1 d�1 6 6

km,c4 Monod maximum specific

uptake rate of HVa&HBu by

Xc4

kg COD_Sva & bu kg

COD_Xc4
�1 d�1

20 20

km,pro Monod maximum specific

uptake rate of HPr by Xpro

kg COD_Spro kg COD_Xpro
�1 d�1 13 15 16 ±1.21

km,ac Monod maximum specific

uptake rate of HAc by Xac

kg COD_Sac kg COD_Xac
�1 d�1 8 9.4 12 ±0.73

km,h2 Monod maximum specific

uptake rate of H2 by Xh2

kg COD_Sh2 kg COD_Xh2
�1 d�1 35 43 43 ±4.26

km,pSRB Monod maximum specific

uptake rate of HPr by pSRB

kg COD_Spro kg COD_XpSRB
�1 d�1 12.6d 9.60e23.1 23 ±2.35
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e (continued )

Parameter Names Units Benchmark
valuesa

Cane-
molassesb

Sulfate
reductionc

Calibration
this work

CI
(95%)

km,aSRB Monod maximum specific

uptake rate of HAc by aSRB

kg COD_Sac kg COD_XaSRB
�1 d�1 7.1d 4.19e18.5 18.5 ±2.32

km,hSRB Monod maximum specific

uptake rate of H2 by hSRB

kg COD_Sh2 kg COD_XhSRB
�1 d�1 26.7d 26.7e64.9 63 ±7.81

kdec,Xac First order decay rate for Xac d�1 0.020 0.020

kdec,Xh2 First order decay rate for Xh2 d�1 0.020 0.020

KS,su Half saturation coefficient

for the uptake of sugars by

Xsu

kg COD_Ssu m�3 0.500 0.500

KS,aa Half saturation coefficient

for the uptake of amino

acids by Xaa

kg COD_Saa m�3 0.300 0.300

KS,c4 Half saturation coefficient

for the uptake of HVa & HBu

by Xc4

kg COD_Sva & bu m�3 0.200 0.200

KS,pro Half saturation coefficient

for the uptake of HPr by Xpro

kg COD_Spro m�3 0.100 0.100

KS,ac Half saturation coefficient

for the uptake of HAc by Xac

kg COD_Sac m
�3 0.150 0.150

KS,h2 Half saturation coefficient

for the uptake of H2 by Xh2

kg COD_Sh2 m
�3 7.0e-6 7.0e-6

KS,pSRB Half saturation coefficient

for the uptake of HPr by

pSRB

kg COD_Spro m�3 0.110d 0.015e0.295 0.110 ±0.010

KS,aSRB Half saturation coefficient

for the uptake of HAc by

aSRB

kg COD_Sac m
�3 0.220d 0.024e0.220 0.120 ±0.015

KS,hSRB Half saturation coefficient

for the uptake of H2 by hSRB

kg COD_Sh2 m
�3 0.000100d 4.0e-6e e 1.0e-4 6e-06 ±6.2e-7

KS,so4,pSRB Half saturation coefficient

for the uptake of SO4
2� by

pSRB

kmol m�3 0.000200d 7.7e-5 e 2.0e-4 0.00200 ±0.00039

KS,so4,aSRB Half saturation coefficient

for the uptake of SO4
2� by

aSRB

kmol m�3 0.000100d 1.0e-4 e 2.9e-4 0.00100 ±0.00023

KS,so4,hSRB Half saturation coefficient

for the uptake of SO4
2� by

hSRB

kmol m�3 0.000104d 9.0e-6 e 1.0e-4 0.00105 ±0.00017

KI,h2s,c4 50% inhibitory

concentration of free H2S

for Xc4

kmol m�3 0.00750d 0.0075d 0.00440 ±0.00065

KI,h2s,pro 50% inhibitory

concentration of free H2S

for Xpro

kmol m�3 0.00750d 0.0075d 0.00280 ±0.00048

KI,h2s,ac 50% inhibitory

concentration of free H2S

for Xac

kmol m�3 0.00720d 0.0072d 0.00440 ±0.00053

KI,h2s,h2 50% inhibitory

concentration of free H2S

for Xh2

kmol m�3 0.00630d 0.0063d 0.00440 ±0.00075

KI,h2s,pSRB 50% inhibitory

concentration of free H2S

for pSRB

kmol m�3 0.00813d 0.0058e0.0089 0.00480 ±0.00086

KI,h2s,aSRB 50% inhibitory

concentration of free H2S

for aSRB

kmol m�3 0.00780d 0.0051e0.018 0.00470 ±0.00028

KI,h2s,hSRB 50% inhibitory

concentration of free H2S

for hSRB

kmol m�3 0.00780d 0.0078e0.017 0.00470 ±0.00083

CI: confidence interval.
a Rosen and Jeppsson (2006).
b Romli et al. (1995).
c Barrera et al. (2013).
d Fedorovich et al. (2003).
e Batstone et al. (2006).
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a b s t r a c t

This paper proposes a series of extensions to functionally upgrade the IWA Anaerobic Digestion Model
No. 1 (ADM1) to allow for plant-wide phosphorus (P) simulation. The close interplay between the P,
sulfur (S) and iron (Fe) cycles requires a substantial (and unavoidable) increase in model complexity due
to the involved three-phase physico-chemical and biological transformations. The ADM1 version,
implemented in the plant-wide context provided by the Benchmark Simulation Model No. 2 (BSM2), is
used as the basic platform (A0). Three different model extensions (A1, A2, A3) are implemented, simulated
and evaluated. The first extension (A1) considers P transformations by accounting for the kinetic decay of
polyphosphates (XPP) and potential uptake of volatile fatty acids (VFA) to produce polyhydroxyalkanoates
(XPHA) by phosphorus accumulating organisms (XPAO). Two variant extensions (A2,1/A2,2) describe bio-
logical production of sulfides (SIS) by means of sulfate reducing bacteria (XSRB) utilising hydrogen only
(autolithotrophically) or hydrogen plus organic acids (heterorganotrophically) as electron sources,
respectively. These two approaches also consider a potential hydrogen sulfide (ZH2SÞ inhibition effect and
stripping to the gas phase (GH2S). The third extension (A3) accounts for chemical iron (III) (SFe3þ ) reduction
to iron (II) (SFe2þ ) using hydrogen (SH2

) and sulfides (SIS) as electron donors. A set of pre/post interfaces
between the Activated Sludge Model No. 2d (ASM2d) and ADM1 are furthermore proposed in order to
allow for plant-wide (model-based) analysis and study of the interactions between the water and sludge
lines. Simulation (A1 e A3) results show that the ratio between soluble/particulate P compounds strongly
depends on the pH and cationic load, which determines the capacity to form (or not) precipitation
products. Implementations A1 and A2,1/A2,2 lead to a reduction in the predicted methane/biogas pro-
duction (and potential energy recovery) compared to reference ADM1 predictions (A0). This reduction is
attributed to two factors: (1) loss of electron equivalents due to sulfate ðSSO4

Þ reduction by XSRB and
storage of XPHA by XPAO; and, (2) decrease of acetoclastic and hydrogenotrophic methanogenesis due to
ZH2S inhibition. Model A3 shows the potential for iron to remove free SIS (and consequently inhibition)
and instead promote iron sulfide (XFeS) precipitation. It also reduces the quantities of struvite (XMgNH4PO4

)
and calcium phosphate (XCa3ðPO4Þ2 ) that are formed due to its higher affinity for phosphate anions. This
study provides a detailed analysis of the different model assumptions, the effect that operational/design
conditions have on the model predictions and the practical implications of the proposed model exten-
sions in view of plant-wide modelling/development of resource recovery strategies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The International Water Association (IWA) Anaerobic Digestion
Model No. 1 (ADM1) (Batstone et al., 2002) describes activated
sludge stabilization processes and has been effectively applied (in
both industry and academia) to model a large number of
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wastewater treatment plants (WWTPs) (Donoso-Bravo et al., 2011).
The implementation of the ADM1 within the Benchmark Simula-
tion Model No. 2 (Gernaey et al., 2014) and the need to evaluate
plant-wide control strategies, in a relatively short period of time
enabled intensive research on computationally-efficient versions of
the model (Rosen et al., 2006). As a result, it is possible to simulate
the ADM1 with several verified/ring-tested implementations and it
is included in the standard model libraries in most software pack-
ages developed for simulation of WWTPs (MatLab, GPS-X, Mike-

WEST, Simba, FORTRAN) (Jeppsson et al., 2013). In spite of the
success of the ADM1, the model still omits important processes
taking place during anaerobic digestion (Batstone et al., 2015).
Indeed, the ADM1 only describes organic/inorganic carbon (C) and
nitrogen (N) transformations and does not take into account
phosphorus (P) transformations and its close linkwith the sulfur (S)
and iron (Fe) cycles. This is an important issue for existing model
application, and becomes a larger problem as wastewater treat-
ment plants are transformed to water resource recovery facilities

Nomenclature

A Alternative model formulation
AD Anaerobic digestion
ADM1 Anaerobic Digestion Model No. 1
AER Aerobic section
ANOX Anoxic section
ASM Activated Sludge Model
ASM2d Activated Sludge Model No. 2d
BSM2 Benchmark Simulation Model No. 2
CBIM Continuity-based interfacing method
CONVAD-AS Conversion ADM1 e ASM2d interface
CONVAS-AM Conversion ASM2d e ADM1 interface
Fe Iron
GCH4

Methane production rate (gas) (ADM1) (kg day�1)
GCO2

Carbon dioxide production rate (gas) (ADM1)
(kg day�1)

GH2
Hydrogen production rate (gas) (ADM1) (kg day�1)

GH2S Hydrogen sulfide production rate (gas) (ADM1)
(kg day�1)

IWA International Water Association
MMP Multiple mineral precipitates
P Phosphorus
PAO Phosphorus accumulating organisms
PRIM Primary clarifier
PROCESSAD-AS Process ADM1e ASM2d interface
PROCESSAS-AD Process ASM2d e ADM1 interface
Qintr Internal recycle flow (between AER and ANOX)

(m3 day�1)
S Sulfur
SEC2 Secondary clarifier
SI Saturation index
SRB Sulfate reducing bacteria
SA Total acetic acid (ASM2d) (g COD m�3)
Saa Amino acids (ADM1) (kg COD m�3)
Sac Total acetic acid (ADM1) (kg COD m�3)
San Anions (ADM1) (kmol m�3)
Sbu Total butyric acid (ADM1) (kg COD m�3)
SCa Calcium (ASM2d e ADM1) (g m�3) (kmol m�3)
Scat Soluble cations (ADM1) (kmol m�3)
SCl Chloride (ASM2d e ADM1) (g m�3) (kmol m�3)
SF Fermentable substrate (ASM2d) (g COD m�3)
Sfa Fatty acids (ADM1) (kg COD m�3)
SFe2þ Iron (II) (ASM2d e ADM1) (g m�3) (kmol m�3)
SFe3þ Iron (III) (ASM2d e ADM1) (g m�3) (kmol m�3)
SH2

Hydrogen (ADM1) (kg COD m�3)
SIS Inorganic total sulfides (ADM1) (kg COD m�3)
SIC Inorganic carbon (ADM1) (kmol m�3)
SIN Inorganic nitrogen (ADM1) (kmol m�3)
SIP Inorganic phosphorus (ADM1) (kmol m�3)
SK Potassium (ASM2d e ADM1) (g m�3) (kmol m�3)
SMg Magnesium (ASM2d e ADM1) (g m�3) (kmol m�3)

SNa Sodium (ASM2d e ADM1) (g m�3) (kmol m�3)
SNHX

Total ammonia nitrogen (ASM2d) (g m�3)
Spro Total propionic acid (ADM1) (kg COD m�3)
SPO4

Phosphate (ASM2d) (g m�3)
Ssu Sugars (ADM1) (kg COD m�3)
SS0 Elemental sulfur (ADM1) (kmol m�3)
SSO4

Sulfate (ASM2d e ADM1) (g m�3) (kmol m�3)
Sva Total valeric acid (ADM1) (kg COD m�3)
THK Thickener
VFA Volatile fatty acids
WRRF Water resource recovery facility
WWTP Wastewater treatment plant
XA Autotrophic biomass (ASM2d) (g COD m�3)
Xac Acetate degraders (ADM1) (kg COD m�3)
XAlPO4

Aluminum phosphate (ASM2d e ADM1) (g m�3)
(kmol m�3)

XBIOMASS Total biomass (ADM1) (kg COD m�3)
Xc Composite material (ADM1) (kg COD m�3)
XC4 Butyrate and valerate degraders (ADM1) (kg CODm�3)
XCaCO3

Calcite (ASM2d e ADM1) (g m�3) (kmol m�3)
XCaCO3a

Aragonite (ASM2d e ADM1) (g m�3) (kmol m�3)
XCa3ðPO4Þ2 Amorphous calcium phosphate (ASM2d e ADM1)

(g m�3) (kmol m�3)
XCa5ðPO4Þ3ðOHÞ Hydroxylapatite (ASM2d e ADM1) (g m�3)

(kmol m�3)
XCa8H2ðPO4Þ6 Octacalcium phosphate (ASM2d e ADM1) (g m�3)

(kmol m�3)
Xch Carbohydrates (ADM1) (kg COD m�3)
XFePO4

Iron (III) phosphate (ASM2d e ADM1) (g m�3)
(kmol m�3)

XFe3ðPO4Þ2 Iron (II) phosphate (ASM2d e ADM1) (mol L�1)
(kmol m�3)

XFeS Iron sulfide (ASM2d e ADM1) (mol L�1) (kmol m�3)
XH Heterotrophic biomass (ASM2d) (g COD m�3)
Xi Inert particulate organics (ASM2d e ADM1)

(g COD m�3) (kg COD m�3)
XKMgPO4

K-struvite (ASM2d e ADM1) (g m�3) (kmol m�3)
Xli Lipids (ADM1) (kg COD.m�3) (g m�3) (kmol m�3)
XMgCO3

Magnesite (ASM2d e ADM1) (g m�3) (kmol m�3)
XMgHPO4

Newberyte (ASM2d e ADM1) (g m�3) (kmol m�3)
XMgNH4PO4

Struvite (ASM2d e ADM1) (g m�3) (kmol m�3)
XPAO Phosphorus accumulating organisms (ASM2d e

ADM1) (g COD m�3) (kg COD m�3)
XPHA Polyhydroxyalkanoates (ASM2d e ADM1) (g CODm�3)

(kg COD m�3)
XPP Polyphosphates (ASM2d e ADM1) (g m�3) (kmol m�3)
Xpr Proteins (ADM1) (kg COD m�3)
Xpro Propionate degraders (ADM1) (kg COD m�3)
XSRB Sulfate reducing bacteria (ADM1) (kg COD m�3)
Zi Chemical species concentration of species i (algebraic

variable of the physico-chemical module) (kmol m�3)
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(WRRFs), which will change the requirements for model-based
analysis significantly (Vanrolleghem et al., 2014).

Plant-wide descriptions of P (and thus of S and Fe, because of
strong interlinks) require a major but unavoidable model upgrade
to a greater degree of complexity withmany additional biochemical
transformations and three-phase physico-chemical processes (gas-
liquid-solid). For example, sulfate is reduced to sulfides in the sewer
and primary treatment, with the sulfide binding with Fe (II/III) and
releasing phosphorus. Once in the activated sludge plant, the sul-
fide is biologically reoxidised into sulfur and sulfate and iron is
reoxidised into Fe (III). This releases iron to bind with phosphorus
(as iron phosphate precipitate), with simultaneous biological
assimilation and polyphosphate (PP) accumulation. Further details
about P, S and Fe links in the water line can be found in Batstone
et al. (2015).

In the anaerobic digester, experimental observations have
revealed that phosphorus accumulating organisms (PAO) can play a
role while they are still alive, with release of PP resulting in volatile
fatty acid (VFA) accumulation under anaerobic conditions (Ikumi
et al., 2011; Harding et al., 2011; Wang et al., 2016). In addition,
phosphorus is a highly influential component affecting AD physico-
chemistry (van Rensburg et al., 2003; Ikumi et al., 2014), with for-
mation of multiple buffers and precipitates with key metals such as
calcium, magnesium, aluminum and iron. Hence, there is a need for
a proper aqueous phase model that continuously tracks ionic
strength, describes weak acid-base chemistry and accounts for
potential ion pairing taking place (Solon et al., 2015; Lizarralde
et al., 2015; Flores-Alsina et al., 2015). Several research studies
have already demonstrated the importance of a proper aqueous
phase chemical model when predicting phosphorus (or any other
compound) precipitation (Musvoto et al., 2000; van Rensburg et al.,
2003; Barat et al., 2011; Kazadi Mbamba et al., 2015a,b).

The behaviour of sulfur (S) is closely related with phosphorus.
Anaerobic S cycling includes sulfate reduction to sulfides. The
classical key process in the sulfur cycle is the biological sulfate
reduction performed by sulfate reducing bacteria (SRB) (Hao et al.,
2014). SRB can anaerobically reduce the sulfate both autolitho-
trophically (using hydrogen as electron donor and carbon dioxide
as carbon source) and hetero-organotrophically (using organic
compounds as electron donor and carbon source). Sulfate reduction
was not originally incorporated in the ADM1 but has been imple-
mented as side ormain processes (Fedorovich et al., 2003; Batstone,
2006; Barrera et al., 2015; Liu et al., 2015a,b). The main principle
relies on that SRB generally outcompete acetogens and metha-
nogens for electron equivalents (such as hydrogen or organic acids)
(Kalyuzhnyi and Fedorovich, 1998). The produced sulfide is inhib-
itory and causes odour and corrosion (Utgikar et al., 2002).

The iron (Fe) oxidation/reduction processes are also relevant,
and should be accounted for due to a strong link with both phos-
phorus and sulfur cycles (Rodriguez-Freire et al., 2014; Poulton
et al., 2004). Under anaerobic conditions Fe (III) is chemically
reduced to Fe (II) using a range of electron donors (H2, VFAs, H2S or
NO�

3 ) (Stumm and Morgan, 1996). This reaction can also be bio-
logically mediated (Stucki et al., 2007; Zhang et al., 2013). Fe (II) can
remove sulfide by precipitation as ferrous sulfide (Nielsen et al.,
2005; Xiao et al., 2013) or can precipitate as Fe (II/III) phosphates
(Mamais et al., 1994). Finally, iron phosphates formed in the acti-
vated sludge process water line might re-dissolve under anaerobic
conditions in the digesters to precipitate with sulfide. This results
because of a much lower solubility of iron sulfide as compared to
iron phosphate (Ge et al., 2013). This process can be used as a
control method because it can reduce undesirable inhibition/
odour/corrosion problems (Zhang et al., 2013) or produce struvite
in the digesters rather than in subsequent sludge pipelines (van
Rensburg et al., 2003). Iron reduction is required in a model both

to balance electron equivalents in the AD process, as well as to
account for the different stoichiometry and thermodynamics of Fe
(II) precipitation versus Fe (III) precipitation.

The main objective of this paper is to develop an extended
anaerobic digestion model that: (1) mechanistically describes all
the main biochemical and physico-chemical processes required for
the P, S and Fe cycles; (2) analyzes the interactions between P, S and
Fe and the impact on anaerobic digestion products (biogas, pre-
cipitates); and (3) provides a set of interfaces to facilitate the
connectionwith state of the art Activated Sludge Models (ASM1, 2d
& 3) and thereby allowing for plant-wide analysis/evaluation. The
paper details the development of a new extended anaerobic
digestion model by sequentially implementing systematic addi-
tions, showing their impact for a broad range of design/operational
conditions using different simulation scenarios. This study re-
sponds to new challenges/needs that wastewater engineers will
face when considering future WRRF operations, aiming for
maximum energy and nutrient resource recovery. Lastly, opportu-
nities that arise by the availability of the new model are discussed
in the manuscript.

2. Methods

2.1. Influent characteristics

The influent characteristics follow the same principles as out-
lined in Gernaey et al. (2011). The water line of the WWTP under
study is adapted from the BSM2 (Gernaey et al., 2014), and is made
up of a primary clarifier (PRIM), an activated sludge unit (ASU) (A2O
configuration) (Tchobanoglous et al., 2003) and a secondary clari-
fier (SEC2). The proposed primary clarifier (PRIM) is modelled ac-
cording to the principles stated in Otterpohl and Freund (1992). The
ASU is comprised of seven continuously stirred tank reactors
(CSTRs) in series. Tanks 1 and 2 are anaerobic (ANAER1, 2), tanks 3
and 4 are anoxic (ANOX1, 2) while tanks 5, 6 and 7 are aerobic
(AER1, 2 and 3). AER3 and ANOX1 are linked by means of an in-
ternal recycle (Qintr). In this case, the selected biological model is
ASM2d (Henze et al., 2000) modified according to Flores-Alsina
et al. (2015). The SEC2 is modelled using the double exponential
function of Tak�acs (Tak�acs et al., 1991) implemented in a 10-layer
reactive pattern (Flores-Alsina et al., 2012). Sludge wasted from
SEC2 passes through an ideal thickener unit (THK) with a fixed TSS
concentration in the underflow (7%) and constant removal effi-
ciency (98%) (Jeppsson et al., 2007). The combined sludge from the
PRIM and the THK has the following characteristics: 8386 kg
COD d�1, 478 kg N.d�1 and 177 kg P.d�1. The resulting AD influent
flow rate is 190 m3 day�1. In order to ensure a pH close to neutrality
in the influent, the concentrations of cations (Scat): potassium (SK),
sodium (SNa), calcium (SCa), magnesium (SMg), iron (SFe3þ= SFe2þ )
and anions (San): chloride (SCl) sulfate (SSO4

) and sulfides (SIS) are
adjusted accordingly (¼ constant loads, but time varying concen-
trations). Additional details about influent conditions can be found
in Table 1.1 in the Supplemental Information Section 1.

2.2. ADM1 extensions

In this case study, four sets of model assumptions describing P/
S/Fe-related processes within the ADM1 framework are compared.

� In the reference case (A0), the BSM2 implementation of ADM1
(Rosen et al., 2006) describes the anaerobic digestion process
with the following changes; P is modelled using a source-sink
approach assuming a predefined elemental (C, H, N, P, O)
composition (de Gracia et al., 2006). The original composite
material variable (Xc) is removed and decay products are
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directly mapped into biodegradable (Xpr, Xli and Xch) and inert
(Xi) organics (Batstone et al., 2015). Phosphorus limitation is
included in all the uptake rates as a secondary substrate/
nutrient limitation. The ADM1 is also upgraded with an
improved physico-chemical description. This framework is
comprised of: (1) a speciation/complexation aqueous-phase
chemistry model (Solon et al., 2015; Flores-Alsina et al., 2015);
and, (2) a multiple mineral precipitation model (MMP) (Kazadi
Mbamba et al., 2015a,b). The first quantifies pH and describes
ionic behaviour by consideration of non-ideality, including ion
complexation/pairing and ion activities instead of molar ion
concentrations. The aqueous-phase chemistry model resolves,
via a set of non-linear algebraic equations, the concentrations of
specific chemical species that participate in physico-chemical
processes such as gas exchange and mineral precipitation. The
species concentrations are expressed by a unique nomenclature
(Zi) reflecting the solution of an algebraic equation set. In the
MMP model, precipitation is described as a reversible process
using the saturation index (SI) as the chemical driving force. SI
represents the logarithm of the ratio between the product of
the respective activities of reactants that are each raised to the
power of their respective stoichiometric coefficients, and
the solubility product constant (Ksp). The precipitation equation
depends on the reaction rate, the concentration of the
mineral solid phase and the order of the reaction. The proposed
MMP model includes the minerals: calcite (XCaCO3

), aragonite
(XCaCO3a

), amorphous calcium phosphate (XCa3ðPO4Þ2 ), hydroxyl-
apatite (XCa5ðPO4Þ3ðOHÞ), octacalcium phosphate (XCa8H2ðPO4Þ6 ),
struvite (XMgNH4PO4

), newberyte (XMgHPO4
), magnesite (XMgCO3

),
k-struvite (XKMgPO4

), iron sulfide (XFeS), iron phosphates
(XFePO4

=XFe3ðPO4Þ2 ) and aluminum phosphate (XAlPO4
). Note that

water molecules from hydration are excluded from the calcu-
lations of solid states for these minerals. Kinetic parameters
were selected with reference to Kazadi Mbamba et al. (2015 a,b).
Finally, interfaces between ASM2d and ADM1 follow the same
principles as stated in Volcke et al. (2006), Zaher et al. (2007)
and Nopens et al. (2009). This implementation assumes
instantaneous decay of phosphorus accumulating organism
(XPAO) and immediate lysis of polyhydroxyalkanoates (XPHA) and
polyphosphates (XPP). Additional information about the in-
terfaces can be found in Section 2.3. The selected kinetic and
stoichiometric parameters correspond to 35 �C (Batstone et al.,
2002). The model matrix formulation and parameter values
can be found in the Supplemental Information Sections 2
(Tables 1.1a, 1.1b, 5.1 and 5.2) and 4.

� The second extension (A1) enables P release consistent with the
Activated Sludge Model No. 2d (ASM2d) (Henze et al., 2000).
Consequently phosphorus accumulating organisms (XPAO),
polyhydroxyalkanoates (XPHA) and polyphosphates (XPP) are
included as state variables, which implies inclusion of seven
new processes: (1e4) uptake of valerate (Sva), butyrate (Sbu),
propionate (Spro) and acetate (Sac) to form XPHA as well as the
(5e7) decay of phosphorus accumulating organisms (XPAO) and
lysis of polyhydroxyalkanoates (XPHA) and polyphosphates
(XPP). The kinetic expressions for processes 1e4 contain
competitive uptake inhibition terms for the different substrates
(Batstone et al., 2002). Growth of phosphorus accumulating
organisms (XPAO) and storage of polyphosphates (XPP) are not
included as there are no aerobic/anoxic conditions in the
digester. Kinetic parameters reported in Henze et al. (2000),
Ikumi et al. (2011), Harding et al. (2011) and Ikumi et al.
(2014) are used in this study. Matrix formulation and param-
eter values can be found in the Supplemental Information
Sections 2 (Table 2.1) and 4.

� In the third model extension (A2), sulfate (SSO4
) re-

transformations are described by means of two different ap-
proaches. Firstly (A2,1), sulfate (SSO4

) is reduced to sulfide (SIS) by
means of one single group of sulfate reducing bacteria
(XSRB H2

; autolithotrophs) using hydrogen (SH2
) as electron

donor (Batstone, 2006). In the second approach (A2,2), sulfate
(SSO4

) is also reduced to sulfide (SIS), but this time with multiple
electron donors (XSRB_ac, XSRB_pro, XSRB_c4). Therefore, besides
using hydrogen (XSRB_H2) as electron donor, A2,2 accounts for the
potential use of organic acids (valerate (Sva), butyrate (Sbu),
propionate (Spro), acetate (Sac)) by diverse SRBs (hetero-
rganotrophs) (Fedorovich et al., 2003; Batstone, 2006; Barrera
et al., 2015; Liu et al., 2015a,b). This adds a substantial degree
of complexity to themodel. Hydrogen sulfide (ZH2S) is calculated
from total sulfide (SIS) using the aqueous-phase model (Flores-
Alsina et al., 2015). A high sulfide concentration (ZH2S) inhibits
the metabolism of traditional degraders of hydrogen (XH2

), ac-
etate (Xac), propionate (Xpro) and butyrate/valerate (Xc4) and
XSRB (Fedorovich et al., 2003; Barrera et al., 2015). pH, N, P and
hydrogen inhibitions for SRB are based on the same mathe-
matical structure as defined in Batstone et al. (2002) and Barrera
et al. (2015). Themodel also includesmass transfer equations for
changes in total dissolved sulfide (SIS) by gas transfer of
hydrogen sulfide (ZH2SÞ from the liquid phase to GH2S in the gas
phase (Rosen et al., 2006). The latter has an effect on the total
biogas production. In this case study, SIS is modelled in COD
units to facilitate closing the mass balances (see Supplemental
Information Section 4). Kinetic values for SRB are selected to
out-compete traditional microorganisms as is done by Batstone
(2006) and Barrera et al. (2015). Matrix formulation and
parameter values can be found in the Supplemental Information
Sections 2 (Tables 3.1 and 5.1) and 4.

� In the last evaluated model formulation (A3), iron (III) (SFe3þ ) is
converted to iron (II) (SFe2þ ) utilising hydrogen ðSH2

Þ and/or
sulfides (SIS) as electron donors. The produced iron (II) (SFe2þ )
can subsequently precipitate and produce iron sulfide (XFeS) and
iron phosphates (XFePO4

=XFe3ðPO4Þ2 ). The pH (and consequently
SHþ ) is adjusted automatically to accommodate the decrease in
SFe3þ and the increase in SFe2þ (Solon et al., 2015; Flores-Alsina
et al., 2015). A second-order reaction rate is used to describe
the chemical reduction kinetics of SFe3þ to SFe2þ and kinetic pa-
rameters are adjusted to ensure fast conversion rates. Literature
data reports that the chemical reduction of SFe3þ to SFe2þ takes
place within a few hours (Mamais et al., 1994; Nielsen et al.,
2005; Zhang et al., 2008). Matrix formulation and parameter
values can be found in the Supplemental Information Sections 2
(Tables 4.1 and 5.1) and 4.

2.3. ASM2d e ADM1 interface

The interface between ASM2d and the modified ADM1 is based
on the methodology described in Zaher et al. (2007) and Nopens
et al. (2009). The approach is further expanded with the
continuity-based interfacing method (CBIM) (Volcke et al., 2006)
ensuring elemental conservation principles. Thus, the first ASM2d-
ADM1 prototype considers: (1) (instantaneous) processes (PROC-
ESSAS-AD); and, (2) (state variable) conversions (CONVAS-AD). The
number of processes and conversions will change according to the
way phosphorus transformations are modelled in the AD (see
Section 2.2, approaches A0 and A1).

Five different instantaneous processes (PROCESSAS-AD 1, 2, 3, 4
and 5) are included in the ASM2d-ADM1 interface (A0). In PROC-
ESSAS-AD 1 and 2 all negative COD compounds (i.e. SO2

and SNO3
) are

removed utilising acetate (SA) or any other biodegradable substrate
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in a predefined order (Nopens et al., 2009), with an associated
growth of biomass (XH). In PROCESSAS-AD 3, the existing biomass
(XH, XA, XPAO) decays and is directly converted into the ADM1 states
of proteins (Xpr), lipids (Xli), carbohydrates (Xch) and inerts (XI) at
the interface. PROCESSAS-AD 4 and 5 represent the lysis of poly-
hydroxyalkanoates (XPHA) and polyphosphates (XPP). This first
process (PROCESSAS-AD 4) increases the quantity of organic acids:
acetate (Sac) (40%), propionate (Spro) (40%), butyrate (Sbu) (10%) and
valerate (Sva) (10%). The second process (PROCESSAS-AD 5) considers
(XPP) solubilisation into phosphates (SPO4

), potassium (SK) and
magnesium (SMg). In this study polyphosphates (XPP) are assumed
to have the composition of (ðK0:33Mg0:33PO3Þn (Henze et al., 2000).
In implementation A1 the role of XPAO may also be modelled as a
state in the ADM1 and hence PROCESSAS-AD 3, 4 and 5 will be
omitted (XPAO, XPHA and XPP will be considered as state variables
within the ADM1 model structure). In all cases, elemental changes
(C, N, P, S, K, Mg, Fe, etc.) are accounted for by assuming a pre-
defined composition analysis (Reichert et al., 2001) and by using
suitable stoichiometric factors (Henze et al., 2000; Batstone et al.,
2002; de Gracia et al., 2006).

The final adjustment between ASM2d and ADM1 implies five
different conversions (CONVAS-AD 1, 2, 3, 4 and 5). CONVAS-AD 1 and 2
involve the transformation of soluble fermentable organics (SF) and
biodegradable particulate organics (XS) into amino acids (Saa)/
sugars (Ssu)/fatty acids (Sfa) (soluble) and Xpr/Xli/Xch (particulate),
respectively. First, the quantities of SF going to Saa and XS going to
Xpr are calculated from the quantity of available soluble and par-
ticulate nitrogen in the organic matter. The remaining SF is mapped
into Ssu since the sugars do not contain any nitrogen. The remaining
organic biodegradable particulates (XS) not allocated into Xpr are
distributed into 70% of lipids (Xli) and 30% of carbohydrates (Xch)
(Siegrist et al., 2002; Nopens et al., 2009). State variables SIC, SIN and
SIP are used as source-sink to adjust the composition between
ASM2d-ADM1 state variables during PROCESSAS-AD and CONVAS-AD.
The last conversions (CONVAS-AD 3, 4 and 5) involve the adjustment
between ASM2d and the modified ADM1 SA, SI and XI. For simpli-
fication purposes, the same elemental composition is assumed, and
therefore conversion is immediate. No further modification is
assumed for the remaining cations and anions.

2.4. ADM1-ASM2d interfaces

A similar approach is followed to link the outputs of the

modified ADM1 with ASM2d state variables (Volcke et al., 2006;
Zaher et al., 2007; Nopens et al., 2009). This second interface also
distinguishes between: (1) (instantaneous) processes (PROCESSAD-
AS); and, (2) conversions (CONVAD-AS). In comparison with the
ASM2d-ADM1 interface, the number of PROCESSAD-AS and CONVAD-
AS is the same independent of which modelling approach (A0 to A3)
is being used (see Section 2.2).

Two different processes are included in the ADM1 e ASM2d
interface. PROCESSAD-AS 1 converts all the biomass (XC4, Xpro, Xac,
XH2, XSRB H2

, XSRB ac, XSRB pro, XSRB c4Þ into biodegradable (XS) and
non-biodegradable (XI) organic particulates (Henze et al., 2000).
PROCESSAD-AS 2 strips some compounds that can be transferred into
the gas phase, such as hydrogen (SH2

) and methane (SCH4
). Through

conversions, CONVAD-AS 1 turns all the particulate material (Xpr,
Xli, Xch ) into biodegradable organics XS. A similar conversion is
performed by CONVAD-AS 2 and 3. CONVAD-AS 2 transforms amino
acids (Saa), fatty acids (Sfa) and sugars (Ssu) into fermentable com-
pounds (SF). CONVAD-AS 3 converts organic acids (Sac, Spro, Sbu, Sva)
into acetate (SA). The same principle as in the ASM2d-modified
ADM1 interface applies for SI and XI in CONVAD-AS 4 & 5, respec-
tively. Similarly, state variables SIC, SIN and SIP are used as source-
sink to adjust the composition between ADM1-ASM2D state vari-
ables. No modifications are applied for the rest of the cations and
anions, and elemental balances (C, N, P, S, K, Mg, Fe, etc.) are
conserved using a pre-defined composition analysis and corre-
sponding stoichiometric factors (Reichert et al., 2001; Henze et al.,
2000; Batstone et al., 2002; de Gracia et al., 2006).

3. Results

3.1. Interfaces

3.1.1. ASM2d-ADM1 interface
Table 1 presents a summary of the inputs and outputs (I/O) for

this interface for both scenarios A0 and A1 at steady state. The main
differences between A0 and A1 are largely because A1 preserves Bio-
P related states across the interface for subsequent reaction in the
anaerobic digester. Key states affected are: (1) XPAO decay (PROC-
ESSAS-AD 3) resulting in increased proteins (Xpr), lipids (Xli), carbo-
hydrates (Xch) and inerts (XI) (compared to A1); (2) XPHA hydrolysis
(PROCESSAS-AD 4) resulting in increased VFAs e acetate (Sac), pro-
pionate (Spro), butyrate (Sbu) and valerate (Sva) (compared to A1);
and, (3) XPP hydrolysis (PROCESSAS-AD 5) with subsequent increase

Table 1
ASM2d to ADM1 interface: ADM1 state variables after the interface for scenarios A0 and A1. Default units are used in each model (ASM2d/ADM1).

ASM2d ADM1 A0 A1

SO2 0.0 g-COD m�3

SF 26.4 g COD m�3 Ssu þ Saa 0.026 0.026 kg COD m�3

SA 17.7 g COD m�3 Sva þ Sbu þ Spro þ Sac 0.042 0.018 kg COD m�3

SI 27.2 g COD m�3 SI 0.027 0.027 kg COD m�3

SNHX
18.6 g N m�3 SIN 0.050 0.036 Kmol N m�3

SN2
5.1 g N m�3

SNOx 0.02 g N m�3

SPO4
4.7 g P m�3 SIP 0.023 0.006 kmol P m�3

SIC 79.0 g C m�3 SIC 0.032 0.021 kmol C m�3

XI 10,964.4 g COD m�3 XI 12.332 11.946 kg COD m�3

XS 19,084.8 g COD m�3 Xch þ Xpr þ Xli 31.393 27.917 kg COD m�3

XH 9479.4 g COD m�3

XPAO 3862.2 g COD m�3 XPAO 3.862 kg COD m�3

XPP 450.9 g P m�3 XPP 0.015 kmol P m�3

XPHA 24.6 g COD m�3 XPHA 0.025 kg COD m�3

XA 333.8 g COD m�3

SNa 70.0 g Na m�3 SNa 0.003 0.003 kmol Na m�3

SK 19.8 g K m�3 SK 0.005 0.001 kmol K m�3

SCl 1035 g Cl m�3 SCl 0.029 0.029 kmol Cl m�3

SCa 300.0 g Ca m�3 SCa 0.007 0.007 kmol Ca m�3

SMg 189.9 g Mg m�3 SMg 0.013 0.008 kmol Mg m�3
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of ions: phosphorus (SIP), potassium (SK) and magnesium ( SMg)
(compared to A1). The reactive processes also have an impact on
inorganic carbon (SIC) and nitrogen (SIN). The total elemental loads
are identical in all three cases (before and after the interface for
bothmodels), but the COD content and elemental distribution (C, N,
P, K, Mg, etc.) for the individual state variables are different (for
details, see mass balances for the influent before and after the
interface for the different model formulations in the Supplemental
Information Section 1 (Tables 1.1, 1.2 and 1.3).

3.1.2. ADM1-ASM2d interface
Table 2 summarises the steady state I/O results for this interface.

AD biomass decays in the interface, and it is converted into
biodegradable (XS) and non-biodegradable (XI) organic particulates
(PROCESSAD-AS 1). As stated in the methods, gases are lost (PROC-
ESSAD-AS 2) and degradable compounds are mapped into XS (CON-
VAD-AS 1), SF (CONVAD-AS 2) and SA (CONVAD-AS 3), respectively.
Differences between the cationic loads in Tables 1 and 2 are
attributed to precipitation (see reductions in calcium (SCa) and
magnesium (SMg)) Amore detailed description of themass balances
between anaerobic digestion influent before and after the interface
can be found in the Supplemental Information Section 1 (Tables 1.4
and 1.5). As mentioned above, elements are preserved, but redis-
tributed amongst the states.

3.2. Modelling (bio)chemical phosphorus transformations in
anaerobic digesters

Figure 1a illustrates the effect of P transformations within ADM1
(A0, A1) under steady state conditions. Before entering the AD, most
of the P remains in particulate form and it is allocated (decreasing
order) into polyphosphates (XPP) (>49%), biomass (XH, XA, XPAO)
(32%) and other organics (XI, XS) (19%). Comparatively, the soluble
fraction (SPO4

, SI) is very low (<1%). Precipitation is currently not

active in the activated sludge section. Influent pH is 7.2 and the N/P
ratio (soluble) is around 4. Fig. 1 also shows that in spite of the type
of interface (A0 and A1), predictions of P partitioning in the effluent
converge to the same point. In both cases, 27% of the P is solubilized
(SIP) and the rest remains as particulate (Xli, biomass and pre-
cipitates). The latter substantially modifies the (soluble) N/P ratio
(4.5) and decreases the pH (6.9). Specific values can be found in the
Supplemental Information Section 1 (Table 1.4). With respect to
precipitates the predominant compound is XMgNH4PO4

and
XCa3ðPO4Þ2 . This was also observed by Kazadi-Mbamba et al. (2015b)
in digestate analysis. In general, the quantity and type of pre-
cipitates as well as the ratio between soluble/particulate P strongly
depends on digester pH and anionic and cationic influent compo-
sition (Musvoto et al., 2000; van Rensburg et al., 2003).

Fig. 2 further explores the effects of mineral precipitation and
biochemical P transformations. This effect is investigated at: (1) a
number of hydraulic retention times (HRT); and, (2) for different Ca
and Mg loads. As expected, an increase in cationic load generally
increases P precipitation (artificially promoted) (Fig. 2a and b). The
differences between immediate (A0) and delayed (A1) P availability
on P precipitation only become apparent at higher cationic loads
and low HRT, which is due to differences in P supply for precipi-
tation. At high HRT P precipitation is rapid compared to the cor-
responding process time constants and is thus in general at quasi-
equilibrium. This observation agrees with findings of Kazadi-
Mbamba et al. (2015b). When the concentration of SMg2þ is
increased, the quantity of precipitated P in the form of XMgNH4PO4

is
higher. In contrast, when the SCa2þ concentration increases there is
an increase in P precipitation (as XCa3ðPO4Þ2 ), but less pronounced
due to competition with inorganic carbon and precipitation of
XCaCO3

. Again, this behaviour agrees with the experimental obser-
vations of Kazadi-Mbamba et al. (2015b).

Fig. 2c illustrates the effects of including biochemical phos-
phorus transformations (A0, A1) on biogas production. At low HRT

Table 2
ADM1 to ASM2d interface: ADM1 and ASM2d state variables before and after the interface for scenario A1. Default units are used in each model (ASM2d/ADM1).

ADM1 A1 ASM2d

SO2 g-COD m�3

Ssu þ Saa þ Sfa 0.134 kg COD m�3 SF 134.5 g COD m�3

Sva þ Sbu þ Spro þ Sac 0.101 kg COD m�3 SA 353.9 g COD m�3

SI 0.027 kg COD m�3 SI 27.2 g COD m�3

SIN 0.080 kmol N m�3 SNHX
1291.7 g N m�3

SN2
g N m�3

SNOx g N m�3

SIP 0.008 kmol P m�3 SPO4
298.1 g P m�3

SIC 0.059 kmol C m�3 SIC 885.3 g C m�3

XI 12.345 kg COD m�3 XI 12,704.9 g COD m�3

Xch þ Xpr þ Xli 4.979 kg COD m�3 XS 8218.9 g COD m�3

XH g COD m�3

XPAO g COD m�3

XPP 8.05E-06 kmol P m�3 XPP g P m�3

XPHA 0.252 kg COD m�3 XPHA g COD m�3

XA g COD m�3

XBIOMASS 3.600 kg COD m�3

SSO4
kmol S m�3 SSO4

g S m�3

SNa 0.003 kmol Na m�3 SNa 70 g Na m�3

SK 0.005 kmol K m�3 SK 208.8 g K m�3

SCl 0.029 kmol Cl m�3 SCl 1035 g Cl m�3

SCa 0.001 kmol Ca m�3 SCa 20.5 g Ca m�3

SMg 0.001 kmol Mg m�3 SMg 28.3 g Mg m�3

XCa3ðPO4Þ3 0.002 kmol m�3 XCa3ðPO4Þ2 722.5 g m�3

XMgNH4PO4
0.011 kmol m�3 XMgNH4PO4

1578.6 g m�3

SH2
2.65E-07 kg COD m�3

SCH4 0.052 kg COD m�3

GH2
0.004 Kg H2 d�1

GCH4
1069.1 Kg CH4 d�1

GCO2
1880.5 Kg CO2 d�1
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Fig. 2. Using A0 as the reference simulation, investigation of the effect of including biochemical phosphorus transformations (A1) at different HRT on: (a) the total precipitated P by
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(<10 days), phosphorus accumulating organisms (XPAO) can release
SIP, SKand SMg from XPP, and can use the associated energy to store
organic acids (Sva, Sbu, Spro and Sac) in the form of XPHA (see the
reduced contribution of XPHA and XPAO with increasing HRT in
Fig. 2d). As a result, there is a decrease inmethane production by up
to 11% (GCH4

, Fig. 2c) due to a loss in the available substrate for
acetotrophic methanogens (Xac). For scenario A1, there is also a
corresponding reduction in the carbon dioxide production (GCO2

)
(by up to 11%), which is simply correlated with GCH4

due to
decreased acetoclastic methanogenesis. The difference between
GCH4

and GCO2
is less pronounced at longer HRTs (>30 d) because at

longer HRTs: (1) XPAO is completely decayed due to inactivity; and,
(2) the resulting XPHA is more fully hydrolysed (see reduced
contribution of XPHA and XPAO in Fig. 2d). The variations in the
content of organic acids (Sva, Sbu, Spro and Sac), inorganic carbon
(SIC), nitrogen (SIN) and phosphorus (SIP) cause minute changes in
the weak acid-base chemistry of the system (pH differences can be
up to 1%) (results not shown). Some of these findings were also
reported by Wang et al. (2016).

3.3. Modelling biochemical sulfate transformations in anaerobic
digesters

The baseline simulations for the default case are illustrated in
Fig. 1b. A S:COD ratio of 0.0025 kg S kg COD�1 is assumed

(¼110 g S m�3). S arrives to the AD as sulfate (SNa2SO4
) and is trans-

formed to hydrogen sulfide gas (GH2S) (68% ¼ 3865 ppm) and dis-
solved sulfides (SIS) (21%) (23 g Sm�3). There is also a remaining (not
converted) fraction of sulfate (SSO4

) (11%). The digester operating pH
is 6.9. The same AD behaviour is obtained for the two evaluated
model implementations (A2,1 andA2,2). In bothmodels, electrons are
coming from SH2

i.e. there is no possibility for SRB to use organic
acids to reduce sulfate (see Supplemental Information Section 1).

The effects of sulfur transformations on methane productivity
and hydrogen sulphide partial pressure are shown in Fig. 3. At high
S:COD ratio (with addition of XNa2SO4

), there is a decrease in GCH4

production, attributed to: (1) sulfide inhibition of acetoclastic and
hydrogenotrophic methanogenesis; and, (2) competition between
SRB and XH2

, Xac, Xpro and Xc4 for electron equivalents (SH2
). These

result in a higher allocation of influent COD to SH2S instead of SCH4

and a reduction in overall energy recovery. Similar effects have
been observed by Barrera et al. (2015) and Liu et al. (2015a,b).

Additional simulation results show that both models provide
very similar results for the evaluated S:COD ratios (see
Supplemental Information Section 3, Fig. 1). Nevertheless, model
discrepancies between A2,1 (chemotrophic e only H2 as electron
donor) and A2,2 (heterotrotrophic e H2 and VFA as electron donors)
can be observed specifically when the S:COD ratio is higher than
0.06 g S.g COD�1 (see Supplemental Information Section 3, Fig. 1).
Indeed, model A2,1 (where XSRB_H2 is the only considered SRB) is a
valid prediction model until SH2

is depleted (or totally inhibited by
ZH2S). In these situations, other (heterorganotrophic) SRB (XSRB_ac,
XSRB_pro, XSRB_c4) are also capable of obtaining electrons from
organic acids (Sva, Sbu, Spro, Sac) to further reduce SSO4

to SIS. Only in
these situations, it seems justifiable to increase model complexity
(and consequently calibration efforts) by considering additional
SRB with multiple metabolisms. This supports the more limited
analysis made by Batstone (2006). The reader should be aware that
a S:COD ratio higher than 0.06 g S.g COD�1 is extremely high,
particularly for activated sludge digestion where this ratio is closer
to 0.001 g S.g COD�1 under most circumstances.

3.4. Modelling chemical iron transformations in anaerobic digesters

When SFe3þ is externally added (as XFeCl3 ) and enters the AD it
will rapidly be converted into SFe2þ (Mamais et al., 1994; Batstone
et al., 2015). This produces phosphorus hydroxides
(XFePO4

and XFe3ðPO4Þ2 ) and reduces the quantity of struvite
(XMgNH4PO4

) as illustrated in Fig. 4a. The principle could be used as
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a control strategy to avoid undesired/spontaneous struvite pre-
cipitation and it is in agreement with conclusions of Mamais et al.
(1994). In presence of S, Fe conversions have important physico-
chemical implications, because when Fe is not present, inor-
ganic sulfur is observed as ZHS� and ZH2S, whereas once iron is
added, ion pairs such as ZFeHS� become more abundant. This is
illustrated in Fig. 5, which presents a summary of the relative
abundance of various sulfur chemical species in the aqueous
phase (as a fraction of total S) for different S:COD ratios. As a direct
result of these changes, there is an increase of the iron precipitates
(XFeS) and a reduction of the GH2S production. Fig. 4b presents the
modelled hydrogen sulphide partial pressure at different S:COD
ratios. When the molar ratio Fe:S is higher than 1, almost all
sulfide is precipitated, which causes a drop in the hydrogen sulfide
partial pressure. Other studies show similar GH2S and XFeS
behaviour when SFe3þ is added (Zhang et al., 2013; Xiao et al.,
2013; Liu et al., 2015a,b).

3.5. Dynamic results

Fig. 6 shows the simulation results of: (1) the dynamic influent
generated according to the principles outlined by Gernaey et al.
(2011); and, (2) using the wastewater treatment units described
in Sections 2.1 and 3 for three different modelling approaches (A0,
A1 and A2,1). HRT is set to the default BSM2 value (¼ 19 days,
VLIQ ¼ 3400 m3 and VGAS ¼ 300 m3). The dynamic profiles depicted

in Fig. 6a and b lead us to the same conclusions as reported in
Section 3.3. The potential uptake of organic acids (Sac, Spro, Sbu, Sva)
by XPAO reduces the quantity of methane produced (GCH4

). This is
mainly due to the (temporal) storage of these substrates as XPHA.
Similar results could be observed when the influent SSO4

load
increased. SRB (XSRB_H2) outcompete methanogens (XH2, Xac) and
therefore higher S:COD (L1 ¼ 0.001, L2 ¼ 0.002 and L3 ¼ 0.003)
ratios increase the allocation of COD to SH2S instead of SCH4

. As a
result the relative amount of SH2S in the total biogas production
increases. In addition, SH2S causes odour problems, increases the
risk of corrosion and inhibits the growth of AD bacteria. Fig. 7 de-
picts again the effect of adding XFeCl3 at different stoichiometric
ratios (mol Fe mol S�1) and for the same S:COD ratio (0.002 g S.g
COD�1). As was shown in Section 3.4, SFe3þ reduction to SFe2þ and
subsequent XFeS precipitation decreases GH2S. Hence, when iron
addition is higher the relative amount of SH2S in the total biogas
production is reduced (see additional simulations in the
Supplemental Information Section 3, Fig. 2). The same effect on S
physico-chemistry and SSO4

and SIS speciation is observed as
described in Fig. 5.

4. Discussion

The model results presented in this paper demonstrate the links
between the physico-chemical and biochemical transformations of
P, S, and Fe. The observations noted above also suggest the effects
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Fig. 5. Distribution of the S species/ion pairs for the different model implementations (A1, A2,1 and A3), and for a range of S:COD and Fe:S ratios. The 0e100 distributions are
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that XPAO, XSRB and XFeCl3 might have on AD products (CO2, H2, CH4,
H2S, precipitates), thus highlighting the predictive capability of the
model beyond simple descriptions of process states. Furthermore, a
set of interfaces easily links the ADM with standard ASM models
(Henze et al., 2000) to allow for plant-wide evaluations (Jeppsson
et al., 2007). This also enables modelling of future phosphorus
control/recovery strategies in the context of a WRRF (Jeppsson
et al., 2013). In the following section, we discuss the applicability
of model assumptions used to describe P, S and Fe interactions,
suitability of the number of considered processes, and some prac-
tical implications for plant-wide modelling/development of
resource recovery strategies.

4.1. Implementation details

Modelling P, S and Fe together with multiple mineral precipi-
tation is not straightforward (Musvoto et al., 2000; van Rensburg
et al., 2003; Barat et al., 2011) but is necessary to properly present
phosphorus transformations in the ADM1. The potential in-
teractions of P with other compounds (Ca, Mg, Fe) and the com-
plex chemistry (trivalence gives a strong non-ideal behaviour)
require a substantial investment in model development and
testing (Solon et al., 2015; Kazadi Mbamba et al., 2015a,b). Special
attention has to be paid to numerics (Lizarralde et al., 2015;
Flores-Alsina et al., 2015). In this particular case the equations of
the weak acid-base chemistry module are solved by combining a
gradient method with the simulated annealing algorithm (sto-
chastic method) (Flores-Alsina et al., 2015). The combination of
both increases the robustness of the approach and makes the
system of equations less dependent on the initial conditions (a
common problem with all Newton-Raphson methods). The
physico-chemical model is verified using the geochemical soft-
ware MINTEQ (Allison et al., 1991). The continuity of the
biochemical model is checked with the methodology proposed by
Hauduc et al. (2010) (see mass balances in the Supplemental
Information Sections 2 and 4 for COD, C, N, P and other ele-
ments). Model stiffness has been further reduced by including
hydrogen (SH2) as an algebraic instead of a differential equation, as
suggested by Rosen et al. (2006). Nevertheless the combination of
the modified ADM1 with the ASM2d introduces additional stiff-
ness again, and this is further complicated by the implementation
of controllers with stochastic/time delay issues.

4.2. Model adaptation, verification & experimental validation

The set of models presented in this study offers a fair repre-
sentation of a typical process scenario with the expanded model
analysis taking place in the sludge line of a WRRF. For instance, the
original ADM1 (biochemical) implementation (A0) has been previ-
ously tested by other research groups and validated in many fa-
cilities (Donoso-Bravo et al., 2011). Influent characterization is a key
issue for successful model predictions (Jimenez et al., 2014, 2015).
The P module used in the present study is extracted from literature,
and has also been previously calibrated and validated (Ikumi et al.,
2011; Harding et al., 2011; Wang et al., 2016). The same applies for
the S module (Fedorovich et al. 2003; Batstone, 2006; Barrera et al.,
2015; Liu et al., 2015a,b) and the Femodule (Nielsen et al., 2005; Liu
et al., 2015a). The physico-chemical framework has been imple-
mented and validated in several studies (Kazadi Mbamba et al.,
2015a,b; Thompson-Brewster et al., 2015). Finally, the original in-
terfaces (Nopens et al., 2009), which have been mathematically
improved via the CBIM approach (Volcke et al., 2006), have also
been previously validated (Zaher et al., 2007, 2009; Nopens et al.,
2009). The latter allows for plant-wide model descriptions that
only require locally relevant (unit-specific) state variables (for
example methanogens need not be considered in the activated
sludge section). The combined system (ASM2dþADM1þinterfaces)
is calibrated and validated in a large plant-wide modelling project
in Queensland, Australia (Kazdi-Mbama et al., 2016). Default
parameter values can be used to develop control/benchmark plant-
wide control strategies involving the three (P, S and Fe) elements
(Gernaey et al., 2014).

While there are large amounts of data generally available on
operation of laboratory scale digesters, there is very limited com-
bined pH, soluble phosphorus, cation and sulfur data for full-scale
digesters and even less information within the context of
WWTPs. The modelled N:P ratio (¼ 4) and modelled pH (¼ 6.9)
observed in the present study lie within general expectations of
mixed sludge digestion, but a broader validation using detailed
sampling programmes is considered highly justified. Higher in-
digester pH values may result from higher influent hardness and
could cause lower soluble phosphorus levels and larger amounts of
calcium and magnesium partitioned to the sludge line. However,
these effects require further mechanistic analysis with modelling of
precipitation in the activated sludge process, and this is beyond the
scope of the present study (although the approaches outlined are
transferable).

4.3. Number of considered (bio)chemical processes

Even though the presented extended version of the anaerobic
digestion model has substantially increased the number of
considered processes, it is not exhaustive. For example, an impor-
tant decision is modelling SFe3þ as a pure chemical process, when
there are several processes that describe iron transformation pro-
cesses biologically (iron reducing bacteria) (Liu et al., 2015a). This
simplification avoids over-parameterization while still offering a
reasonably descriptive level. Possibly more important is consider-
ation of XFePO4 re-dissolution (and formation in the activated
sludge). The SFe3þ ions that are bound to SPO3�

4
will likely be released

in AD conditions, where they will precipitate with sulfide that has
formed in the digester, attributable to the low solubility of XFeS in
comparison with XFePO4 (Pikaar et al., 2014; Ge et al., 2013). This
requires full extension of the activated sludge line models as well. A
wide range of other precipitates can be included, for example CaSO4
(Tait et al., 2009), Fe2S3 (Atlas and Büyükgüng€or, 2008) and FeCO3
(Mamais et al., 1994). A comprehensive review of ADM1 potential
research avenues can be found in Batstone et al. (2015). The
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approach is compatible with extended applications of the phos-
phorus:sulfur cycle, including potentially saline wastewater treat-
ment (Wang et al., 2009), and phosphorus and sulfur recovery (Le
Corre et al., 2009).

4.4. Extension to plant-wide modelling

The present paper, in proposing an interface system, a combined
physico-chemical approach (including use of a common precipita-
tion approach) and a state implementation framework for Fe, S, and
P addresses many of the major challenges in plant-wide phos-
phorus and sulfur modelling (Vanrolleghem et al., 2014), and
indeed, extension of ASM/ADM models to high sulfur activated
sludge units such as the SANI process (Wang et al., 2009). The key
challenges remaining for plant-wide modelling include modelling
the phosphorus and sulfur cycles within the activated sludge sys-
tem (ASM). This requires inclusion of sulfide (SIS) oxidation to
sulfate (SSO4

) and iron oxidation (to SFe3þ ) in addition to the already
implemented polyphosphate uptake and release mechanisms
represented in the ASM2d (XPP). This is beyond the scope of this
paper, but is relatively straightforward, with oxygen (SO2) and ni-
trate (SNO3) as potential electron sinks. This would allow a mech-
anistic description of key phenomena e such as plant-wide Fe
cycling and prediction of odour formation potential in major unit
operations e even outside the plant boundaries (e.g. in the sewer
system) (Saagi et al., 2016).

4.5. Practical implication and development of (recovery) strategies
in WRRF

The platform and the set of models presented herein will sub-
stantially increase the potential control strategies that can be
evaluated for a future WRRF. Indeed, the mathematical description
of the interactions between the P and S system, will allow obtaining
reliable predictions of: (1) potential nutrients that can be recovered
(via precipitation); and, (2) the total quantity of energy (electrical/
thermal) that can be obtained from methane production (via co-
generation).

The results reported in Sections 3.2 and 4 demonstrate the role
that XPAOmight play in terms of the AD performance at low SRT. For
this reason, special attention must be paid when modelling a two-
phase anaerobic digestion system (acidemethane digestion).
Indeed, the potential uptake of organic acids by XPAO is an impor-
tant process to consider in that type of systemwhere the SRT ranges
from 1 to 2 days. The latter might affect the predictions of the
quantity of produced acids and therefore the total methane pro-
duction in the subsequent stage. The results presented in Figs.1 and
3 would in that case be even more pronounced.

The results in this study lead to conclude that P precipitation can
be used as a control mechanism to reduce N- and P-rich loads in
digester supernatant. Additional plant layout modifications, for
example the addition of a stripping unit for pH control and the
construction of a crystallizer, can be assessed in this model
(Lizarralde et al., 2015). The latter will allow future users to evaluate
the cost of aeration (to increase pH) versus the addition of metal
salts to promote struvite precipitation.

Another important aspect is energy recovery. The set of models
presented in this study take into account the effect that S com-
pounds, particularly sulfide, might have on the methanogens.
Indeed, SRB outcompete traditional AD bacteria for substrate
(hydrogen, organic acids) and they are less sensitive to H2S inhi-
bition. This information could be used to develop odour/corrosion
risk indices on the basis of the simulation results (see for example
Comas et al. (2008)) that can also be used for the purpose of
establishing control strategies to reduce some of these undesired

phenomena, similar to the work presented by Flores-Alsina et al.
(2009) on using the risk of occurrence of settling problems as
additional information to improve control strategies. Reliable
methane quantification combined with additional turbine/energy
models will allow the estimation of the number of kWh/day that
can be obtained from biogas. Users can use the developed models
to evaluate the cost of metal addition, versus the gain in digester
performance (sludge stabilization) and the electrical/thermal
benefit of the use of biogas.

5. Conclusions

This paper has addressed some of the existing ADM1 structural
limitations by proposing special modules dealing with P/S/Fe
simultaneously. All these elements are described with the aid of a
new physico-chemical framework (aqueous phase chemistry
model þ multiple mineral precipitation models). The key findings
of the presented research, based on the first prototype, are sum-
marized in the following points:

� The proportioning of soluble and particulate P in the digester
outlet depends on the cationic load, which is linked to pH and
minerals precipitation.

� Potential uptake of organics by XPAO to form XPHA could have an
important effect on overall biogas production.

� The model describes the role that SRB play in treating sludge
with high S content leading to H2S formation and potentially
reduction of methane formation due to inhibition and loss of
electrons.

� Influent iron has a profound impact on sulfide ions because of
iron sulfide precipitation (XFeS). As a result, hydrogen sulfide gas
production (GH2S) is reduced, sulfide inhibition is less and
methane/energy recovery is increased.

� The presented model can be easily linked with standard acti-
vated sludge models through the outlined interfaces that would
allow the development, testing and evaluation of recovery
strategies at a plant-wide level. We particularly note application
of the model to the next generation of water resource recovery
facilities (WRRF), which are critically dependent on a mecha-
nistic phosphorus modelling approach.

6. Software availability

TheMATLAB/SIMULINK code presented in this paper is available
upon request, including the implementation of the physico-
chemical modelling framework in ADM1 with P, S and Fe exten-
sions. Using this code, interested readers will be able to reproduce
the results summarized in this study. To express interest, please
contact Dr. Ulf Jeppsson (ulf.jeppsson@iea.lth.se) at Lund University
(Sweden), Prof. Krist V. Gernaey (kvg@kt.dtu.dk) or Dr. Xavier
Flores-Alsina (xfa@kt.dtu.dk) at the Technical University of
Denmark (Denmark) or Dr. Damien Batstone (damienb@awmc.uq.
edu.au) at The University of Queensland (Australia).
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EXTENSIONS/MODIFICATIONS TO  

THE ANAEROBIC DIGESTION MODEL NO. 1 (ADM1) 
 
 
 
 

 

MODIFIED ADM1 
 
Table 1.1a Biochemical rate coefficients (ν i,j) for soluble components (i=1-13, j=1-18) 
Table 1.1b Biochemical rate coefficients (ν i,j) for particulate components (i=14-24, j=1-18) 
Table 1.2 Process kinetic rate equations (ρ j ) for the biological reaction model 
Table 1.3 Additional parameter values for the modified ADM1 
 
 
P-EXTENSION 
 
Table 2.1 Biochemical rate coefficients (ν i,j) for P model extension components 
Table 2.2 Process kinetic rate equations (ρ j ) for the P extension to the biological reaction model 
Table 2.3 Parameter values for P model extension 
 
 
S-EXTENSION 
 
Table 3.1 Biochemical rate coefficients (ν i,j) for S model extension components 
Table 3.2 Process kinetic rate equations (ρ j ) for the S extension to the biological reaction model 
Table 3.3 Parameter values for S model extension 
 
 
Fe-EXTENSION 
 
Table 4.1 Biochemical rate coefficients (ν i,j) and process kinetic rate equation (ρ j ) for the Fe model 
extension 
Table 4.2 Parameter values for Fe model extension 
 
 
LIQUID-GAS TRANSFER AND PRECIPITATION PROCESSES 
 
Table 5.1 Stoichiometric matrix for liquid-gas transfer processes 
Table 5.2 Stoichiometric matrix for precipitation processes 
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a b s t r a c t

The objective of this paper is to report the effects that control/operational strategies may have on
plant-wide phosphorus (P) transformations in wastewater treatment plants (WWTP). The develop-
ment of a new set of biological (activated sludge, anaerobic digestion), physico-chemical (aqueous
phase, precipitation, mass transfer) process models and model interfaces (between water and sludge
line) were required to describe the required tri-phasic (gas, liquid, solid) compound transformations
and the close interlinks between the P and the sulfur (S) and iron (Fe) cycles. A modified version of
the Benchmark Simulation Model No. 2 (BSM2) (open loop) is used as test platform upon which
three different operational alternatives (A1, A2, A3) are evaluated. Rigorous sensor and actuator
models are also included in order to reproduce realistic control actions. Model-based analysis shows
that the combination of an ammonium (SNHX

) and total suspended solids (XTSS) control strategy (A1)
better adapts the system to influent dynamics, improves phosphate ðSPO4

Þ accumulation by phos-
phorus accumulating organisms ðXPAOÞ (41%), increases nitrification/denitrification efficiency (18%)
and reduces aeration energy (Eaeration) (21%). The addition of iron (XFeCl3 ) for chemical P removal (A2)
promotes the formation of ferric oxides (XHFO�H, XHFO�L), phosphate adsorption (XHFO�H;P, XHFO�L;P),
co-precipitation (XHFO�H;P;old, XHFO�L;P;old) and consequently reduces the P levels in the effluent (from
2.8 to 0.9 g P.m�3). This also has an impact on the sludge line, with hydrogen sulfide production
(GH2S) reduced (36%) due to iron sulfide (XFeS) precipitation. As a consequence, there is also a slightly
higher energy production (Eproduction) from biogas. Lastly, the inclusion of a stripping and crystal-
lization unit (A3) for P recovery reduces the quantity of P in the anaerobic digester supernatant
returning to the water line and allows potential struvite (XMgNH4PO4

) recovery ranging from 69 to
227 kg.day�1 depending on: (1) airflow (Qstripping); and, (2) magnesium (QMgðOHÞ2 ) addition. All the
proposed alternatives are evaluated from an environmental and economical point of view using
appropriate performance indices. Finally, some deficiencies and opportunities of the proposed
approach when performing (plant-wide) wastewater treatment modelling/engineering projects are
discussed.

© 2017 Elsevier Ltd. All rights reserved.
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Nomenclature

A Alternative
AD Anaerobic digestion
ADM1 Anaerobic Digestion Model No. 1
AER Aerobic section
ANAER Anaerobic section
ANOX Anoxic section
ASM Activated Sludge Model
ASM2d Activated Sludge Model No. 2d
BOD Biological oxygen demand
BSM2 Benchmark Simulation Model No. 2
CBIM Continuity-based interfacing method
COD Chemical oxygen demand
CONVAD-AS Conversion ADM1 e ASM2d interface
CONVAS-AM Conversion ASM2d e ADM1 interface
DO Dissolved oxygen
EQI Effluent quality index
Fe Iron
GAO Glycogen accumulating organisms
GCH4

Methane production rate (gas) (ADM1) (kg.day�1)
GCO2

Carbon dioxide production rate (gas) (ADM1)
(kg.day�1)

GH2 Hydrogen production rate (gas) (ADM1) (kg.day�1)
GH2S Hydrogen sulfide production rate (gas) (ADM1)

(kg.day�1)
MMP Multiple mineral precipitation
OCI Operational cost index
P Phosphorus
PAO Phosphorus accumulating organisms
PHA Polyhydroxyalkanoates
PP Polyphosphates
PRIM Primary clarifier
PROCESSAD-AS Process ADM1e ASM2d interface
PROCESSAS-AD Process ASM2d e ADM1 interface
Qintr Internal recycle flow rate (between AER and ANOX)

(m3.day�1)
S Sulfur
SEC2 Secondary clarifier
SI Saturation index
SRB Sulfate-reducing bacteria
STRIP Stripping unit
SA Acetate (ASM2d) (g COD.m�3)
Saa Amino acids (ADM1) (kg COD.m�3)
Sac Total acetic acid (ADM1) (kg COD.m�3)
San Anions (ADM1) (kmol.m�3)
Sbu Total butyric acid (ADM1) (kg COD.m�3)
SCa Calcium (ASM2d, ADM1) (g.m�3) (kmol.m�3)
Scat Soluble cations (ADM1) (kmol.m�3)
SCl Chloride (ASM2d, ADM1) (g.m�3) (kmol.m�3)
SF Fermentable substrate (ASM2d) (g COD.m�3)
Sfa Fatty acids (ADM1) (kg COD.m�3)
SFe2þ Iron (II) (ASM2d, ADM1) (g.m�3) (kmol.m�3)
SFe3þ Iron (III) (ASM2d, ADM1) (g.m�3) (kmol.m�3)
SH2

Hydrogen (ADM1) (kg COD.m�3)
SIC Inorganic carbon (ADM1) (kmol.m�3)
SIN Inorganic nitrogen (ADM1) (kmol.m�3)
SIP Inorganic phosphorus (ADM1) (kmol.m�3)
SIS Inorganic total sulfides (ADM1) (kg COD.m�3)
SK Potassium (ASM2d, ADM1) (g.m�3) (kmol.m�3)
SMg Magnesium (ASM2d, ADM1) (g.m�3) (kmol.m�3)
SNa Sodium (ASM2d, ADM1) (g.m�3) (kmol.m�3)
SNHX

Ammonium plus ammonia nitrogen (ASM2d) (g.m�3)
SNOX

Nitrate plus nitrite (ASM2d) (g.m�3)

Spro Total propionic acid (ADM1) (kg COD.m�3)
SPO4

Phosphate (ASM2d) (g.m�3)
Ssu Sugars (ADM1) (kg COD.m�3)
SS0 Elemental sulfur (ADM1) (kmol.m�3)
SSO4

Sulfate (ASM2d, ADM1) (g.m�3) (kmol.m�3)
Sva Total valeric acid (ADM1) (kg COD.m�3)
THK/FLOT Thickener/flotation
TIV Time in violation
TKN Total Kjeldahl nitrogen
TN Total nitrogen
TP Total phosphorus
TSS Total suspended solids
VFA Volatile fatty acids
WRRF Water resource recovery facility
WWTP Wastewater treatment plant
XA Autotrophic biomass (ASM2d) (g COD.m�3)
Xac Acetate degraders (ADM1) (kg COD.m�3)
XAlPO4

Aluminum phosphate (ASM2d, ADM1) (g.m�3)
(kmol.m�3)

XB Total biomass (ADM1) (kg COD.m�3)
Xc Composite material (ADM1) (kg COD.m�3)
XC4 Butyrate and valerate degraders (ADM1) (kg COD.m�3)
XCaCO3

Calcite (ASM2d, ADM1) (g.m�3) (kmol.m�3)
XCaCO3a

Aragonite (ASM2d, ADM1) (g.m�3) (kmol.m�3)
XCa3ðPO4Þ2 Amorphous calcium phosphate (ASM2d, ADM1)

(g.m�3) (kmol.m�3)
XCa5ðPO4Þ3ðOHÞ Hydroxylapatite (ASM2d, ADM1) (g.m�3)

(kmol.m�3)
XCa8H2ðPO4Þ6 Octacalcium phosphate (ASM2d, ADM1) (g.m�3)

(kmol.m�3)
Xch Carbohydrates (ADM1) (kg COD.m�3)
XFeS Iron sulfide (ASM2d, ADM1) (mol.L�1) (kmol.m�3)
XH Heterotrophic biomass (ASM2d) (g COD.m�3)
XHFO�H Hydrous ferric oxide with high number of active sites

(ASM2d, ADM1) (g.m�3) (kmol.m�3)
XHFO�H;P XHFO�H with bounded adsorption sites (ASM2d, ADM1)

(g.m�3) (kmol.m�3)
XHFO�H;P;old Old XHFO�H;P with bounded adsorption sites

(ASM2d, ADM1) (g.m�3) (kmol.m�3)
XHFO�L Hydrous ferric oxide with low number of active sites

(ASM2d, ADM1) (g.m�3) (kmol.m�3)
XHFO�L;P XHFO�L with bounded adsorption sites (ASM2d, ADM1)

(g.m�3) (kmol.m�3)
XHFO�L;P;old Old XHFO�L;P with bounded adsorption sites (ASM2d,

ADM1) (g.m�3) (kmol.m�3)
XHFO�old Inactive XHFO (ASM2d, ADM1) (g.m�3) (kmol.m�3)
Xi Inert particulate organics (ASM2d, ADM1) (g COD.m�3)

(kg COD.m�3)
XKNH4PO4

K-struvite (ASM2d, ADM1) (g.m�3) (kmol.m�3)
Xli Lipids (ADM1) (kg COD.m�3) (g.m�3) (kmol.m�3)
XMgCO3

Magnesite (ASM2d, ADM1) (g.m�3) (kmol.m�3)
XMgHPO4

Newberyite (ASM2d, ADM1) (g.m�3) (kmol.m�3)
XMgNH4PO4

Struvite (ASM2d, ADM1) (g.m�3) (kmol.m�3)
XPAO Phosphorus accumulating organisms (ASM2d, ADM1)

(g COD.m�3) (kg COD.m�3)
XPHA Polyhydroxyalkanoates (ASM2d, ADM1) (g COD.m�3)

(kg COD.m�3)
XPP Polyphosphates (ASM2, ADM1) (g.m�3) (kmol.m�3)
Xpr Proteins (ADM1) (kg COD.m�3)
Xpro Propionate degraders (ADM1) (kg COD.m�3)
XSRB Sulfate-reducing bacteria (ADM1) (kg COD.m�3)
Zi Chemical species concentration of species i (algebraic

variable of the physico-chemistry module) (kmol.m�3)
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1. Introduction

The importance of plant-wide modelling has been emphasized
by the chemical engineering community for a long time and the
wastewater industry is also realizing the benefits of this approach
(Skogestad, 2000; Gernaey et al., 2014). A wastewater treatment
plant should be considered as an integrated process, where pri-
mary/secondary clarifiers, activated sludge reactors, anaerobic di-
gesters, thickener/flotation units, dewatering systems, storage
tanks, etc. are linked together and need to be operated and
controlled not as individual unit operations, but taking into account
all the interactions amongst the processes (Jeppsson et al., 2013).
For this reason, during the last years wastewater engineering has
promoted the development of integrated modelling tools handling
these issues (Barker and Dold,1997; Grau et al., 2007; Ekama, 2009;
Nopens et al., 2010; Gernaey et al., 2014). Plant-wide models sub-
stantially increase the number of potential operational strategies
that can be simulated, and thereby enable the study of a new
dimension of control possibilities, such as studying the impact of
activated sludge control strategies on the sludge line (Jeppsson
et al., 2007), the effect of primary sedimentation on biogas pro-
duction (Flores-Alsina et al., 2014a) and the handling of nitrogen-
rich anaerobic digester supernatant (Volcke et al., 2006a; Ruano
et al., 2011; Flores-Alsina et al., 2014a).

Although being valuable tools, the state of the art is that these
plant-wide models are limited to the prediction of plant-wide
organic carbon and nitrogen, and they are not properly taking
into account the transformation of phosphorus (P) and its close
interlinks with the sulfur (S) and iron cycles (Fe), particularly in a
plant-wide context (Batstone et al., 2015). Phosphorus modelling is
an essential requirement, particularly considering its role in
eutrophication of many catchments and its potential re-use as a
fertilizer (Verstraete et al., 2009). Therefore, this is an important
issue for future model application and it will become of paramount
importance during the transition of wastewater treatment plants
(WWTP) to water resource recovery facilities (WRRFs), which will
change the requirements for model-based analysis significantly for
wastewater engineering studies (Vanrolleghem et al., 2014;
Vanrolleghem and Vaneeckhaute, 2014).

The Activated Sludge Model No. 2d (ASM2d) specifically con-
siders the role of phosphorus accumulating organisms (PAO) in the
water line (Henze et al., 2000). Similar P-related processes should
be included in the Anaerobic Digestion Model No. 1 (ADM1)
(Batstone et al., 2002) as stated by Ikumi and co-workers (Ikumi
et al., 2011, 2014). Potential uptake of organics by PAO to form
polyhydroxyalkanoates (PHA) with the subsequent release of pol-
yphosphates (PP) can also have an important effect on the anaer-
obic digestion (AD) products (biogas, precipitates) (Wang et al.,
2016; Flores-Alsina et al., 2016). Nevertheless the ASM family
(specifically the ASM2d for phosphorus) (Henze et al., 2000) and
ADM1 (Batstone et al., 2002) are inadequate to describe plant-wide
P transformations. Part of this is because the physico-chemical
formulations in those models do not consider more complex phe-
nomena in which P is involved. Indeed, P trivalence gives a strong
non-ideal behaviour, which requires amongst other factors,
continuous ionic strength tracking, extensive consideration of ac-
tivities instead of molar concentrations and inclusion of complex-
ation/ion pairing processes (Musvoto et al., 2000; Serralta et al.,
2004; Solon et al., 2015; Flores-Alsina et al., 2015; Lizarralde
et al., 2015). The latter is crucial to correctly describe chemical
precipitation and predict the fate of phosphorus compounds, and to
properly predict nutrient cycling through the entire plant (van
Rensburg et al., 2003; Barat et al., 2011; Hauduc et al., 2015;
Kazadi Mbamba et al., 2015a,b). There is also a general lack of
consideration of biological and chemical transformation of Fe and S,

throughout both aerobic and anaerobic stages. Specifically, the
sulfur cycle regulates Fe availability (and Fe changes valency
through oxidation/reduction) which then controls iron-phosphate
complexing (Gutierrez et al., 2010; Flores-Alsina et al., 2016).
While biological and chemical complexation reactions of P have
been described in the AD unit, these have not generally been
considered in plant-wide interactions with the Fe/S cycles.

Model interfacing is also an important aspect to consider
(Batstone et al., 2015) unless integrated plant-wide models with a
single set of state variables are used (Barker and Dold, 1997; Grau
et al., 2007; Ekama et al., 2006; Barat et al., 2013). Plant-wide
modelling requires elemental mass balance verification (Hauduc
et al., 2010) and continuity checking for all the components
included in the model (Volcke et al., 2006b; Zaher et al., 2007;
Nopens et al., 2009). Therefore, the quantities of C, N, P, Fe and S
should be the same before and after an interface (Flores-Alsina
et al., 2016). The main advantage of using an interface-based
approach with respect to other integrated methodologies is that
the original model structure can be used, and there is thus no need
for state variable representation in all process units with the
resulting increased use of computational power, model complexity
and adverse model stability characteristics (Grau et al., 2009).

The main objective of this paper is to present (for the first time):
(1) an approach for mechanistic description of all the main bio-
logical and physico-chemical processes required to predict organic
P fluxes simultaneously in both water and sludge lines in the
WWTP under different operational modes; (2) an analysis of the
interactions between P, S and Fe on a plant-wide level; (3) a
quantification of the compound fluxes and pH variations in each
unit and through the entire plant; and, (4) an evaluation of the
different operational/control strategies aimed at maximizing en-
ergy production, resource recovery and reduction of the environ-
mental impact and operating expenses measured as effluent
quality (EQI) and operational cost indices (OCI) (Copp, 2002;
Nopens et al., 2010). The paper details the development of the
new plant-wide model by presenting sequentially the different
included sub-elements as well as the integration/interfacing as-
pects. The capabilities/potential of the proposed approach is illus-
trated with several case studies. Lastly, opportunities and
limitations that arise from utilization of the new model are dis-
cussed as well.

2. Model description

2.1. Biological models

Sections 2.1.1 and 2.1.2 describe the additional processes and
state variables included in the ADM1 and ASM2d, respectively, in
order to take into account biologically mediated phosphorus
transformations correctly. Additional modifications, with special
emphasis to link the ADM and ASMwith a physico-chemical model,
are described in Section 3 (Model integration). Model details, mass
balances and continuity verification can be found in the spread-
sheet files provided within the Supplemental Information Section.

2.1.1. Anaerobic digestion model (ADM)
The ADM1 version, implemented in the plant-wide context

provided by the Benchmark Simulation Model No. 2 (BSM2)
(Batstone et al., 2002; Rosen et al., 2006) is extended with P, S and
Fe interactions (Flores-Alsina et al., 2016). Phosphorus trans-
formations account for kinetic decay of polyphosphates (XPP) and
potential uptake of volatile fatty acids (VFA) to produce poly-
hydroxyalkanoates (XPHA) by phosphorus accumulating organisms
(XPAO) (Henze et al., 2000; Harding et al., 2011; Ikumi et al., 2011;
Wang et al., 2016). Biological production of sulfides (SIS) is
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described by means of sulfate-reducing bacteria (XSRB) utilising
hydrogen (autolithotrophically) as electron source (Batstone,
2006). Potential hydrogen sulfide ðZH2SÞ inhibition and stripping
to the gas phase (GH2S) are considered (Fedorovich et al., 2003;
Pokorna-Krayzelova et al., 2017). Finally, chemical iron (III) (SFe3þ )
reduction to iron (II) (SFe2þ ) is accounted for by using hydrogen (SH2

)
and sulfides (SIS) as electron donors (Stumm and Morgan, 1996).

2.1.2. Activated sludge model (ASM)
A modified version of the Activated Sludge Model No. 2d

(ASM2d) is selected to describe organic carbon, nitrogen and
phosphorus transformations in the biological reactor (Henze et al.,
2000). In this implementation, biomass decay rates are electron-
acceptor dependent (Siegrist et al., 1999; Gernaey and Jørgensen,
2004). Potassium (SK) and magnesium (SMg) are accounted for as
new state variables and are included in the stoichiometry of for-
mation and release of polyphosphates (XPP). Another modification
with respect to the original ASM2d is that total suspended solids is
calculated from its constituents (XTSS ¼ XVSS þ XISS are described
separately) (Ekama and Wentzel, 2004; Ekama et al., 2006)
compared to the previous implementations wherein TSS is calcu-
lated as the sum of the assumed TSS content of each of the par-
ticulate state variables. This is mainly because the constituents of
the inorganic suspended solids (XISS) are explicitly calculated as
state variables with a contribution from polyphosphate (XPP) in the
activated sludge system. The model is also upgraded to describe the
fate (oxidation/reduction reactions) of sulfur (SSO2�

4
, SS0 , SIS) and

iron (SFe3þ , SFe2þ ) compounds in anaerobic, anoxic and aerobic
conditions. Sulfate reduction is assumed to be biologically medi-
ated by means of SRB ðXSRBÞ using two potential electron donors
ðSA; SFÞ. Sulfide (SIS) and (SFe2þ ) oxidation is described as a purely
chemical reaction using different electron acceptors ðSO2

; SNOx
Þ

(Batstone, 2006; Batstone et al., 2015; Gutierrez et al., 2010; Stumm
and Morgan, 1996).

2.2. Physico-chemical models (PCM)

2.2.1. pH and ion speciation/pairing
In this study a general aqueous phase chemistry model

describing pH variation and ion speciation/pairing in both ASM and
ADM is used (Solon et al., 2015; Flores-Alsina et al., 2015). The
model corrects for ionic strength via the Davies’ approach to
consider chemical activities instead of molar concentrations, per-
forming all the calculations under non-ideal conditions. The gen-
eral acid-base equilibria are formulated as a set of implicit algebraic
equations (IAEs) and solved separately at each time step of the
ordinary differential equation (ODE) solver using an extended
multi-dimensional Newton-Raphson algorithm (Solon et al., 2015;
Flores-Alsina et al., 2015). Acid-base parameters and activity co-
efficients are corrected for temperature effects. The species con-
centrations are expressed by a common nomenclature (Zi) (Solon
et al., 2015) and participate in physico-chemical processes such as
gas exchange and mineral precipitation (see Sections 2.2.2 and
2.2.3).

2.2.2. Multiple mineral precipitation (MMP)
In this model, precipitation equations are described as a

reversible process using the saturation index (SI) as the chemical
driving force. The SI represents the logarithm of the ratio between
the product of the respective activities of reactants that are each
raised to the power of their respective stoichiometric coefficient,
and the solubility product constant (Ksp) (temperature corrected). If
SI < 0 the liquid phase is assumed to be undersaturated and a
mineral might dissolve into the liquid phase, while if SI > 0 the
liquid phase is assumed to be supersaturated and mineral

precipitation might occur (Stumm and Morgan, 1996). The precip-
itation reaction rate depends on the kinetic rate coefficient, the
concentration of the different species (Zi), mineral solid phase (Xi)
and the order of the reaction (n) (Kazadi Mbamba et al., 2015a,b).
The proposed MMP model includes the minerals: calcite (XCaCO3

),
aragonite (XCaCO3a

), amorphous calcium phosphate (XCa3ðPO4Þ2 ),
hydroxylapatite (XCa5ðPO4Þ3ðOHÞ), octacalcium phosphate
(XCa8H2ðPO4Þ6 ), struvite (XMgNH4PO4

), newberyite (XMgHPO4
), magne-

site (XMgCO3
), k-struvite (XKNH4PO4

) and iron sulfide (XFeS). A special
formulation is necessary to correctly describe precipitation of hy-
drous ferric oxides (XHFO�H, XHFO�L), phosphate adsorption
(XHFO�H;P, XHFO�L;P) and co-precipitation (XHFO�H;P;old, XHFO�L;P;old)
(Hauduc et al., 2015), since this is an adsorption rather than a
precipitation reaction. Kinetic parameters were taken from Kazadi
Mbamba et al. (2015a,b) and Hauduc et al. (2015).

2.2.3. Gas-liquid transfer
In open reactors, gas-liquid transfer is described as a function of

the difference between the saturation concentration and the actual
concentration of the gas dissolved in the liquid and the contact area
between the gaseous and the aqueous phase (Truskey et al., 2009).
The saturation concentration of the gas in the liquid is given by
Henry's law of dissolution, which states that the saturation con-
centration is equal to the product of Henry's constant (KH) multi-
plied by the partial pressure of the gas (Pi). The mass transfer rate
constant (KLai) is calculated for each gaseous component
(i ¼ ZCO2

; ZH2S; ZNH3
and SN2

). This KLai is calculated with a pro-
portionality factor relative to the reference compound oxygen
(KLaO2). The proportionality factor depends on the relation be-
tween the diffusivity of the gas in the liquid (Di) over the diffusivity
of oxygen in the liquid (DO2

) (Musvoto et al., 2000). This does not
apply for KLaNH3 since NH3 is a highly soluble gas and thus its mass
transfer is controlled by the transfer rate in the gas phase
(Lizarralde et al., 2015). In closed reactors, mass transfer between
the liquid and the gas volume is described for selected gases
(i ¼ ZCO2

; ZH2S; ZNH3
; SCH4

and SH2
) as described in Rosen et al.

(2006).

2.3. Model integration

2.3.1. ASM-PCM interface
The default implementation of the ASMwas adjusted in order to

include the PCM (additional details can be found in Flores-Alsina
et al. (2015)). The main modifications are: (1) the use of inorganic
carbon (SIC) instead of alkalinity (SALK) as a state variable; (2) the
inclusion of mass transfer equations for ZCO2

, ZH2S, ZNH3
and SN2

(Batstone et al., 2015; Lizarralde et al., 2015); (3) additional (and
explicit) consideration of multiple cations (Scat: SK, SNa, SCa, SMg)
and anions (San: SCl) which are tracked as soluble/reactive states;
and, (4) chemical precipitation usingmetal hydroxides (XMeOH) and
metal phosphates (XMeP) are omitted since the generalised kinetic
precipitation model as described in Kazadi Mbamba et al. (2015a,b)
and Hauduc et al. (2015) is used instead. Communication between
the different models is straightforward. The outputs of the ASM at
each integration step are used as inputs for the aqueous-phase
module to estimate pH and ion speciation/pairing (works as a
sub-routine) (see Section 2.2.1). The precipitation/stripping equa-
tions are formulated as ODEs and included in the overall mass
balance.

2.3.2. ADM-PCM interface
The ADM is slightly modified to account for the updated

physico-chemical model and new processes. The original pH solver
proposed by Rosen et al. (2006) is substituted by the approach
presented in Solon et al. (2015) and Flores-Alsina et al. (2015). C, N,
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P, O and H fractions are taken from de Gracia et al. (2006). Finally,
the original ADM1 pools of undefined cations (Scat) and anions (San)
are substituted for specific compounds (see Section 2.3.1). The
existing gas-liquid transfer equations are extended to include ZH2S
and ZNH3

(Rosen et al., 2006). Similarly as for the ASM-PCM inter-
face, the pH and ion speciation/pairing model works as a sub-
routine, while the multiple precipitation/stripping models are
included within the system of ODEs in the ADM.

2.3.3. ASM-ADM-ASM interface
The interfaces between ASM-ADM-ASM are based on the

continuity-based interfacing method (CBIM) described in Volcke
et al. (2006b), Zaher et al. (2007) and Nopens et al. (2009) to
ensure elemental mass and charge conservation. The ASM-ADM-
ASM interfaces consider: (1) (instantaneous) processes (PROC-
ESSAS-AD/PROCESSAD-AS); and, (2) (state variable) conversions
(CONVAS-AD/CONVAD-AS). On the one hand, the ASM-ADM interface
instantaneous processes (PROCESSAS-AD) involve (amongst others)
instantaneous removal of COD demanding compounds (i.e. SO2

and
SNO3

) and immediate decay of (heterotrophic/autotrophic) biomass.
Conversions (CONVAS-AD) require the transformation of soluble
fermentable organics (SF), acetate (SA) and biodegradable particu-
late organics (XS) into amino acids (Saa)/sugars (Ssu)/fatty acids (Sfa)
(soluble) and proteins (Xpr)/lipids (Xli)/carbohydrates (Xch) (par-
ticulate), respectively. On the other hand, the ADM-ASM interface
assumes (PROCESSAD-AS) that all compounds that can be transferred
into the gas phase (i.e. SH2

and SCH4
) are stripped, and also imme-

diate decay of the AD biomass takes place. CONVAD-AS turns all the
biodegradable organic particulates (Xpr, Xli, Xch), organic solubles
(Saa, Sfa, Ssu) and volatile fatty acids (Sac, Spro, Sbu, Sva) into XS, SF and
SA, respectively. There is no variation of Fe and S before and after
the interface. A comprehensive description with detailed explana-
tion of the involved processes, conversions and mass balance
verification can be found in Flores-Alsina et al. (2016).

2.4. Additional elements

2.4.1. Influent generation/modelling principles
The model blocks for: (1) flow rate generation (FLOW); (2)

chemical oxygen demand (COD), N and P generation (POLLUT-
ANTS); (3) temperature profile generation (TEMPERATURE); and,
(4) sewer network and first flush effect (TRANSPORT) defined in
Gernaey et al. (2011) are used to generate the WWTP influent dy-
namics (12 months period of output data for the evaluation period
with a 15 min sampling interval). The resulting daily average
influent mass flow rates are 8386 kg COD.d�1, 1014 kg N.d�1 and
197 kg P.d�1 for COD, N and P, respectively (see Fig. SS1 in Sup-
plemental Information for the influent concentrations). The S:COD
ratio is 0.003 kg S.kg COD�1 (note that the S influent load is set to a
high value to have a noticeable effect in the AD). In addition, cation
and anion profiles had to be added. The resulting pH is close to
neutrality (pH ~ 7). More information about the flow rate pollution
dynamics and how they are handled by the influent generator can
be found in Flores-Alsina et al. (2014b), Martin and Vanrolleghem
(2014) and Snip et al. (2016).

2.4.2. Ancillary processes and sensor/actuator models
Primary clarification is described according to Otterpohl and

Freund (1992). The model is adjusted to reflect the experiments
carried out by Wentzel et al. (2006) where biodegradable/unbio-
degradable compounds show different settling velocities. The
double exponential velocity function proposed by Tak�acs et al.
(1991) using a 10-layer reactive configuration (Flores-Alsina et al.,
2012) is used as a fair representation of the secondary settling
process and reactions occurring in the settler. Several correlations

between sludge settleability parameters (such as stirred specific
volume index, SSVI, and diluted sludge volume index, DSVI) and the
Tak�acs settling parameters (maximum Vesilind settling velocity, v0,
and hindered zone settling parameter, rh) (Gernaey et al., 2014)
have been used (Ekama et al., 1997). A reduction factor in the
process kinetics is applied to the reactive secondary settler to
obtain more realistic results (Guerrero et al., 2013). Flotation and
dewatering units are described in Jeppsson et al. (2007). Biological
reactions in both units are included using the simplified approach
described in Gernaey et al. (2006). Stripping and crystallization
units are described in Kazadi Mbamba et al. (2016). Response time,
delay and white noise are included in sensor/actuator models in
order to avoid creating unrealistic control applications (Rieger et al.,
2003).

2.4.3. Plant layout
The presented set of models is implemented in a plant layout

that consists of a primary clarifier (PRIM), an activated sludge unit
(AS), a secondary settler (SEC2), a sludge thickener (THK/FLOT), an
anaerobic digester (AD), a storage tank (ST) and a dewatering unit
(DW). The main modification with respect to the original design
(Nopens et al., 2010) relies on the activated sludge (AS) configura-
tion. An anaerobic section (ANAER1, ANAER2) without oxygen (SO2

)
and nitrate (SNOx

) is needed to promote anaerobic phosphorus
release and to provide the phosphorus accumulating organisms
(XPAO) with a competitive advantage over other bacteria. Phos-
phorus release from the breakdown of polyphosphates (XPP) pro-
vides the energy required for anaerobic uptake of
polyhydroxyalkanoates (XPHA). Next, PAO grow using intracellular
storage products (i.e. XPHA) as a substratewhile taking up N and P as
nutrients in the anoxic (ANOX1, ANOX2) and aerobic (AER1, AER2,
AER3) reactors with oxygen (SO2

) or nitrate (SNO3
) (with less effi-

ciency) as electron acceptors, respectively (see schematics in Fig. 1).
It is important to highlight that this configuration does not repre-
sent an optimal design to remove P, because the biological P
removal is dependent on the N removal via the nitrate concentra-
tion recycled to the anaerobic reactor via the underflow recycle (i.e.
nitrates overflow may cause the anaerobic reactors to become
anoxic). Nevertheless, it exemplifies the retrofit of many (C, N
removal) plants adapting their plant layout to satisfy new and
stricter effluent requirements (the authors do not presume that the
given plant layout is the best configuration for retrofit situations; a
Modified UCT or a Johannesburg configuration may be more
appropriate). Additional details about the WWTP plant design and
default operational conditions can be found in Gernaey et al. (2014)
and in the software implementation (see Section 6).

2.4.4. Evaluation criteria
To assess the performance of combined N and P control strate-

gies, an updated set of evaluation criteria are necessary (Jeppsson
et al., 2013). The effluent quality index (EQI) (a weighted sum of
effluent TSS, COD, BOD, TKN and nitrate) is updated to include the
additional P load (organic and inorganic). Additional P upgrades
have been necessary to include effluent violations (frequency and
magnitude) and percentiles. The cost of additional recycles (anoxic,
anaerobic), aerators (CO2 stripping) and chemicals (in case the user
wants to evaluate chemical P precipitation and recovery) are also
added within the operational cost index (OCI). A detailed descrip-
tion of the additional evaluation criteria is given in the Supple-
mental Information Section.
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3. Results and discussion

3.1. Steady-state simulations

The steady-state simulations for the open loop configuration are
summarized in Fig. 1 in terms of the plant-wide overall mass bal-
ances and the individual ones for C, P, N, S, as well as for pH (plant-
wide input and output mass flows in bold). Around 49% of the total
incoming P load leaves the plant through the water line (mainly as
soluble phosphate, SPO4

). The remaining P (51%) goes to the sludge
line (particulate). In the AD unit, soluble SPO4

is substantially
increased as a result of biomass (XB, XA, XPAO) and polyphosphates
(XPP) decay. A fraction (78%) of the incoming P to the digester
precipitates (XCa3ðPO4Þ2 , XMgNH4PO4

) or becomes part of the organics
(XI, XS). This will be disposed with the sludge. The remaining P is
returned to the water line as soluble phosphate (SPO4

) (22%). This
increases the influent P load by almost 20% (see Fig. 1). As a
consequence of this extra load the overall plant performance (in
terms of phosphorus removal) for the open loop scenario is not
good, giving effluent quality values (TP ¼ 4.6 g P.m�3) well above
the standards (assumed TPlimit ¼ 2.0 g P.m�3).

Most of the nitrogen is depleted before reaching the sludge line
(23% remaining) through nitrification-denitrification, assimilation
with the biomass and gas stripping. More specifically, around 32%

of the incoming N is converted to nitrogen gas (SN2
) and 45% leaves

the plant in form of SNHx
or SNOx

. Simulated (N) effluent values
(TKN ¼ 2.97 g N.m�3 and TN ¼ 9.13 g N.m�3) are well below the
limits fixed by the BSM evaluation limit (TKNlimit ¼ 4 g N.m�3 and
TNlimit ¼ 15 g N.m�3). The N load going to the sludge line (23%) is
basically associated with particulate organics (XI, XS) and biomass
(XB, XA, XPAO). Around 14 and 222 kg N.day�1 are returned to the
water line after flotation/thickening and dewatering, respectively,
adding 23% to the influent N load.

Sulfur arrives to the WWTP under study as sulfate (SSO4
) and

sulfides (SIS) (S in the influent is set to a high value for demon-
stration purposes). In the anaerobic section of the activated sludge
process there is a small reduction of SSO4

to SIS by SRB. In the anoxic/
aerobic section most of the reduced S is re-oxidized to SSO4

that
becomes part of the effluent (93%), a part is stripped to the atmo-
sphere (5%) and a small fraction of SSO4

(2%) is transported to the AD
unit where it is converted to hydrogen sulfide gas (GH2S) (65%) and
dissolved sulfides (SIS) (25%) with a concentration of 32 g S.m�3

(biogas composition by volume: GCH4
¼ 62:00 %, GCO2

¼ 37:46 %,
GH2S ¼ 0:54 %). A small fraction of sulfate remains unconverted
(SSO4

) (10%). The soluble S fractions are returned to the water line
and are re-oxidized to sulfate in the activated sludge reactor.
Compared to the N and P streams, the resulting increase in the
influent S load is not very high (increase of 2%).

Fig. 1. Block flow diagram including overall and individual (N, P, S, pH) balances for the WWTP under study (scenario A0).
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Influent pH is close to neutrality (pH ¼ 7.06). In this particular
case, at the end of the water line pH is increased mainly due to
carbon dioxide (ZCO2

) stripping. Nevertheless, in other cases for
systems with low buffer capacity, the loss of alkalinity via nitri-
fication might decrease the pH far more strongly (Henze et al.,
2008). The almost anaerobic conditions in the first units of the
sludge line (secondary settler and thickener/flotation units) pro-
mote: (1) fermentation of organic soluble substrate (SF) to acetate
(SA); and, (2) decay of XPP and subsequent release of SIP. As a
consequence, there is a decrease of pH. In the AD, pH is slightly
reduced again as a result of multiple mineral precipitation. In the
dewatering unit, pH is raised again due to ZCO2

stripping. There is
no effect on the influent entering the primary clarifier. Similar
observations about pH behaviour through the different plant units

are reported in Lizarralde et al. (2015) and Kazadi Mbamba et al.
(2016).

3.2. Dynamic simulations

All dynamic simulations (609 days) are preceded by steady-state
simulations (300 days) but only the data generated during the final
364 days are used for plant performance evaluation. Default (open
loop) operational conditions (Gernaey and Jørgensen, 2004)
represent the baseline configuration (A0) upon which the different
operational/control/recovery strategies will be implemented,
simulated and evaluated (see Table 1). Fig. 2 shows dynamic pro-
files for selected influent (Fig. 2a, b), effluent (Fig. 2d, e) and
operational (Fig. 2c, f, g, h) variables.

Table 1
Main characteristics of the implemented control/operational strategies.

Characteristics DO controller Ammonium controller TSS controller Phosphate controller Airflow in STRIP Magnesium controller

Measured variable(s) SO2
in AER2 SNHX

in AER2 TSS in AER3 SPO4
in AER3 - -

Controlled Variable(s) SO2
in AER2 SO2

in AER1, 2 & 3 TSS in AER3 SPO4
in AER3 SCO2

in STRIP XMgðOHÞ2 in STRIP
Set point/critical value e 2 g N$m�3 4000 g TSS$m�3 (if T < 15 �C) 1 g P$m�3 e e

3000 g TSS$m�3

(if T > 15 �C)
Manipulated variable Qair n AER1, 2 & 3 SO2

set point in AER2 Qw QFeCl3 Qstripping QMgðOHÞ2
Control algorithm PI Cascade PI Cascade PI PI e e

Applied in control strategies Ai A1, A2 & A3 A1, A2 & A3 A1, A2 & A3 A2 A3 A3

Fig. 2. Dynamic profiles (A0 ¼ open loop) for: (a) influent temperature; (b) influent pH; (c) dissolved oxygen in AER2; (d) effluent N (SNHX
(grey) and TN (black)); (e) effluent P (SIP

(grey) and TP (black)); (f) TSS in AER3; (g) methane gas production; and, (h) hydrogen sulfide gas production. Simulation time is one year. A 3-day exponential filter is used to
improve visualization of the results. Raw data is presented in grey (in (a), (b), (c), (f), (g) and (h)).
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3.2.1. Control strategy (A1): cascade ammonium þ wastage
controller

The first alternative control strategy (A1) is based on a cascade PI
ammonium (SNHx

) controller that manipulates the (SO2
) set-point in

AER2 (and also the airflow in AER1 and AER3 by a factor of 2.0 and
0.5, respectively) (Fig. 3a). The SO2

concentration in AER2 is
controlled by manipulating the air supply rate. The second
controller regulates the total suspended solids (XTSS) in AER3 by
manipulating the wastage flow (Qw) (Vanrolleghem et al., 2010).

The set-point changes (set-point ¼ 3000 gTSS.m�3 > 15 �C/4000
gTSS.m�3 < 15 �C) are made according to temperature (T) in order
to set a longer SRT to maintain the nitrification capacity during the
winter period (Fig. 3b). Additional details about the simulated
control strategies can be found in Table 1. The SO2

and T sensor are
assumed to be close to ideal with a response time of 1 min in order
to prevent unrealistic control applications. On the other hand, the
SNHx

sensor has a time delay of 10 min, with zero meanwhite noise
(standard deviation of 0.5 g N.m�3) (Rieger et al., 2003). The

Fig. 3. Dynamic profiles (A1) of: (a) SNHX
in AER2; and, (b) XTSS in AER3 after implementing alternative A1. A 3-day exponential filter is used to improve visualization of the results.

Raw data is presented in grey. (Note that T < 15 �C starts on day 357 and lasts until day 549).

Table 2
Evaluation criteria for the three evaluated control/operational strategies.

Operational alternatives / Default A1 A2 A3

NKjeldahl 3.5 3.6 3.6 3.7 g N.m�3

Ntotal 11.2 9.2 9.1 8.5 g N.m�3

Pinorg 5.95 2.9 0.9 0.6 g P.m�3

Ptotal 6.4 3.7 1.7 1.5 g P.m�3

EQI 18 234 12 508 8237 7766 kg pollution.d�1

TIV SNHX
(¼ 4 g N.m�3) 0.95 0.07 0.08 0.08 %

TIV Ntotal (¼ 14 g N.m�3) 0 0 0 0 %
TIV Ptotal (¼ 2 g P.m�3) 100 75 13.4 15.7 %

Eaeration 4000 3146 3218 3194 kWh.d�1

Eproduction
a 5955 6054 6150 6038 kWh.d�1

SPdisposal
b 3461 3538 3730 3487 kg TSS.d�1

QFeCl3 e e 169 e kg Fe.d�1

QMgðOHÞ2 e e e 40 kg Mg.d�1

Srecovered
c e e e 206 kg struvite.d�1

OCI d 10 201 9495 13 770 8912 e

GCH4
992 1009 1025 1006 kg CH4.d�1

GH2S 17.4 19.2 12.1 19.2 kg H2S.d�1

Nremoved
OCI

0.079 0.089 0.062 0.097 kg N (removed).OCI�1

Premoved
OCI

0.007 0.013 0.012 0.019 kg P (removed).OCI�1

a The electricity generated by the turbine is calculated by using a factor for the energy content of the methane gas (50.014 MJ (kg CH4)�1) and assuming 43% efficiency for
electricity generation.

b SPdisposal refers to the amount of solids which accumulate in the plant over the time of evaluation combined with the amount of solids removed from the process (i.e.
dewatered sludge). See Gernaey et al. (2014) for a more detailed description.

c Srecovered refers to the amount of recovered struvite. See Supplemental Information for a more detailed description.
d Relative costs for chemicals are calculated assuming 2400 $/ton as Fe (ICIS, 2016), 600 $/ton as Mg (ICIS, 2016) and 200 $/ton as struvite (value) (Prasad and Shih, 2016;

Jaffer et al., 2002; Münch and Barr, 2001).
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aeration system and the wastage pumping system are defined with
significant dynamics assuming a response time of 4 min. Table 2
summarizes the values for the different evaluation criteria. The
implementation of these controllers improves SPO4

accumulation
by XPAO and increases nitrification/denitrification efficiency. This is
mainly due to a better aeration strategy in the biological reactors.
As a side effect, operational cost (OCI) is reduced and there is a
substantial reduction of the energy consumed (see Eaeration values
in Table 2). As a further consequence, effluent quality values (Ntotal,
Ptotal, EQI) are improved. Indeed, the open loop aeration system is
highly inefficient (not sufficient during daytime and excessive at
night) (see Fig. 2c). Summer/winter wasting schemes cause varia-
tions in the quantity of sludge arriving to the AD and therefore
changes in the biogas production. This is translated into different
potential energy recovery efficiencies (see Eproduction values in
Table 2).

3.2.2. Control strategy (A2): Fe chemical precipitation in the AS
section

The second alternative (A2) involves the addition of iron (as
XFeCl3 , the model assumes a liquid solution of XFeCl3 ) in the AS
section in addition to A1 (see Table 1). The SPO4

concentration in
AER3 is controlled by manipulating the metal flow rate (QFeCl3 )
(Fig. 4a). Additional details about the simulated control strategies
can be found in Table 1. The SPO4

and SNHx
sensors have similar

characteristics (10 min delay and zero mean white noise with a
standard deviation of 0.5 g P or N.m�3). Response time for QFeCl3 is
also 10 min (avoiding unrealistic control actions).

Results reported in Table 2 show a reduction in Pinorg, time in
violation (TIV) Ptotal as well as the EQI due to chemical P precipi-
tation (see Figs. 2e and 4a, respectively). On the other hand, there is
an increase in sludge production (SPtotal) and the OCI as a trade-off.
The aeration energy (Eaeration) also slightly increase from scenario
A1 to A2 mainly due to reduced PAO activity brought about by
chemical phosphorus removal; less organics are taken up by in the
anaerobic part of the activated sludge unit in scenario A2 and, as a
consequence, more organics need to be oxidized in the aerobic part.
It is important to highlight the additional beneficial effect of XFeCl3
addition in the sludge line. Indeed, under anaerobic conditions
hydrous ferric oxides ðXHFO�H; XHFO�LÞ are chemically reduced to

Fe (II) (SFe2þ ) using hydrogenðSH2
Þ and/or sulfides (SIS) as electron

donors. Also, iron phosphates ðXHFO�H;P; XHFO�L;PÞ formed in the
activated sludge process water line might re-dissolve under
anaerobic conditions in the digesters to precipitate with sulfide
(XFeS). This is due to the much lower solubility of iron sulfide as
compared to iron phosphate (Stumm and Morgan, 1996). The
control strategy reduces undesirable inhibition/odour/corrosion
problems, as well as risks for human health, as indicated by the
higher GCH4

and lower GH2S values compared to (A1) (see Figs. 2h
and 4b, respectively). Similar conclusions were reached by the
experimental campaigns/measurements run by Mamais et al.
(1994), Ge et al. (2013) and Zhang et al. (2013).

It is important to highlight that the addition of Fe substantially
changes the whole P and S cycle through the entire plant while N
fluxes are barely affected. The fraction of P sent to the sludge line is
increased from 51 to 67% (94e127 kg P.day�1) (mainly as XHFO�H;P,
XHFO�L;P, XHFO�H;P;old, XHFO�L;P;old) (see Fig. SS2 in Supplemental
Information). This Fe addition reduces the quantity of XCa3ðPO4Þ2 and
XMgNH4PO4

formed in the AD which, from a practical point of view,
leads to less problems with their deposition in the pipes. Similar
findings are also found in the following studies: Luedecke et al.
(1989); Doyle and Parsons (2002) and Mamais et al. (1994).
When it comes to S, there is a substantial reduction of the quantity
of ZH2S in the AD due to the preferential binding with Fe (from 5100
to 4400 ppm). As a result, there is a lower quantity of H2S in the gas
phase and therefore the quantity of S leaving the plant via sludge
disposal (as precipitate XFeS) increases. There is a slight decrease of
pH due to the increase of the contra-ion Cl� added as part of the
iron precipitation.

3.2.3. Control strategy (A3): potential P recovery as struvite in the
digester supernatant

The last alternative implies a modification of the original plant
layout by adding a stripping unit (STRIP) for pH increase, a crys-
tallizer (CRYST) to facilitate struvite recovery, a magnesium hy-
droxide dosage tank (XMgðOHÞ2 ) and a dewatering unit (DEW2) for
potential P recovery (Kazadi Mbamba et al., 2016). The assumed
hydraulic retention times (HRT) of the STRIP and CRYST units are
approximately 2 h and 18 h, respectively (Tchobanoglous et al.,
2003). Fig. SS3 (in Supplemental Information) shows the effect of

Fig. 4. Dynamic profiles (A2) of: (a) SPO4
in AER3; and, (b) GH2S in the AD after implementing alternative A2. A 3-day exponential filter is used to improve visualization of the results.

Raw data is presented in grey.

K. Solon et al. / Water Research 113 (2017) 97e110 105

197



the extra units on the total P fluxes. Simulation results indicate that
the quantity of returning N and P from the AD supernatant is
reduced from 221 to 201 kg N.day�1 and 30 to 1.3 kg P.day�1,
respectively (as a result of recovering P as XMgNH4PO4

). The latter
leads to a reduction of the nutrient load to be treated in the bio-
logical reactor and decreases the quantity of P lost in the effluent
(from 96 to 60 kg P.day�1). When this is translated to evaluation
indices (Table 2), a substantial reduction in the effluent related
criteria (Ntotal, Ptotal, EQI) can be seen. The OCI is lower compared to
A2 due to: (1) the lower price of magnesium hydroxide (XMgðOHÞ2 )
compared to iron chloride (XFeCl3 ); and, (2) the potential economic
benefit resulting from selling struvite (XMgNH4PO4

).
Additional simulations show that these values can be modified

by changing the airflow (Qstripping) and the chemical dosage
(QMgðOHÞ2 ) in the stripping unit. At high airflows ðQstrippingÞ the
quantity of ZCO2

stripped increases and consequently the pH (CO2
has acidifying behaviour) (Fig. 5a, h). The latter favours struvite
(XMgNH4PO4

) precipitation (Fig. 5b, g). A higher quantity of Mg
(QMgðOHÞ2 ) also drives the pH higher (Fig. 5a, f). These results show
that XMgNH4PO4

precipitation is mainly limited by ZMg2þ rather than
ZNHþ

4
and ZPO3�

4
. This explains the substantial increase of XMgNH4PO4

when the quantity of Mg is higher (note that an overdose of mag-
nesium is also not beneficial due to possible precipitation of dolo-
mite, etc.). The latter has an effect on P in the AD supernatant
(Fig. 5e) and consequently the EQI (Fig. 5c). High QMgðOHÞ2 decreases
the OCI since the struvite (XMgNH4PO4

) is accounted for as a potential
benefit (Fig. 5d). Above the P/Mg stoichiometric ratios, additional

Mg is just increasing the cost without further benefit, QMgðOHÞ2 >
40 kg Mg.day�1. Fig. 5e, f, g and h show the dynamic profiles of pH
at different Qstripping=QMgðOHÞ2 . One might notice the effect that the
XTSS controller has on the quantity of sludge leaving the AD as a
result of changing the TSS set-point in AER3.

3.2.4. Environmental/economic evaluation summary
In all cases, the proposed alternatives (A1, A2, A3) result in

substantial improvements with respect to the open loop default
configuration ðA0Þ. The implementation of a better aeration strat-
egy and time-varying sludge wasting scheme (A1) results in a
favourable alternative. Simulation results show that this option
leads to larger N and P effluent reductions, but also a more cost-
effective way to operate the plant. Both A2 and A3 substantially
reduce the quantity of effluent P. The main difference between the
two relies on that A3 implies a major modification of the plant
layout. Capital expenditures of the CRYST, STRIP, blowers, civil,
electrical and piping works should be included in order to make a
more complete assessment. In contrast, alternative A2 can be ar-
ranged easily with an extra dosing tank. Even though the potential
benefit that comes from struvite (Srecovered) recovery is very un-
certain and these results should be taken with care (Shu et al.,
2006; Vaneeckhaute et al., 2017), the cost for each kg N and P
removed is much higher for A2 (see Nremoved=OCI and Premoved=OCI
values in Table 2). The latter means that the cost is dramatically
lower for A3 and payback time for the new installation should be
short. It is important to highlight that a thorough economic study is

Fig. 5. Effect of aeration power Qstripping /dosage addition QMgðOHÞ2 on (a), (f), (h): pH in the stripping unit (STRIP); (b), (g): quantity of recovered struvite; (c) EQI; (d) OCI; and, (e) P
content in the anaerobic digester supernatant. A 3-day exponential filter is used to improve visualization of the results in (e), (f), (g) and (h).

K. Solon et al. / Water Research 113 (2017) 97e110106

198



not carried out in this paper since it is not within the scope of the
study.

4. Challenges and limitations of the proposed approach

The model results presented in this paper demonstrate the ef-
fects that different operational modes might have on the physico-
chemical and biological transformations of P in a WRRF. The obser-
vations noted above also suggest the importance of linking the P
with the S and Fe cycles since this paper identifies that potential
control strategies not only address the primary goal, but have an
effect that is cycled throughout the process (see Fig. 1, Fig. SS2). This
is critical to enable the development, testing and evaluation of
phosphorus control/recovery strategies in the context of water
resource recovery facilities (Jeppsson et al., 2013). In the following
section,wediscuss the applicability of themodel assumptionsmade
to describe P, S and Fe interactions, the suitability of the number of
considered processes and some practical implications for plant-
wide modelling/development of resource recovery strategies.

4.1. Selection of the relevant process and interpretation of the
results

The model presented in this paper accounts for some of the
most important factors affecting the P, S and Fe cycles in a waste-
water treatment facility (Batstone et al., 2015). Additional processes
may be added to consider novel control strategies. For example,
sulfide can be directly controlled in the digester through microa-
eration, which converts sulfide to elemental sulfur (Krayzelova
et al., 2015). The approach taken in this paper in describing sul-
fide oxidation to elemental sulfur in the anaerobic zone of the
activated sludge process is directly applicable to this problem.

When it comes to P recovery, important assumptions were
made in order to run the third alternative (A3). For example, cal-
cium precipitation is not assumed in the crystallizer. This is due to
the low amounts of calcium in this scenario, and because calcium
generally complexes with carbonate (Kazadi Mbamba et al., 2015a).
In high-calcium (hard) waters, it may become critical. Another
important factor is that ideal solids separation in the crystallizer is
assumed. This will depend on the specific implementation of the
crystallizer and crystal recovery. Precipitate dissolution (and
particularly Mg dissolution) is currently simplified. The latter may
have an important effect on the overall process performance
(Romero-Güiza et al., 2015). In the water line, competition between
PAO and Glycogen Accumulating Organisms (GAO) (Lopez-Vazquez
et al., 2007, 2009; Oehmen et al., 2010) is not accounted for. This
may have a strong influence on the overall biological P removal. S
and Fe oxidation processes have been modelled chemically, but
there are numerous studies demonstrating that these processes are
also biologically mediated (Xu et al., 2013). In any case, the oxida-
tion processes goes to completion. This may have limited impact on
the overall process, due to the ubiquitous capability of sulfur
oxidation/reduction capability in heterotrophic organisms.

The alternating aerated/non-aerated periods might promote the
formation of nitrous oxide gases (Ni et al., 2014; Ni and Yuan, 2015;
Lindblom et al., 2016). When evaluating the suitability of different
control/operational strategies, this factor is not included in the
study, and if it was, it might partly change the overall discussion of
the results (Flores-Alsina et al., 2014a; Sweetapple et al., 2014;
Mannina et al., 2016). Closely related to that, it is important to
point out that aeration energy could be better estimated with a
more detailed piping/distribution model (Beltr�an et al., 2011). In
addition, the aeration model could be further improved using a
detailed mass transfer model which might change the quantity of
stripped gas (that might be overestimated with the current model)

(Lizarralde et al., 2015). All these options, including evaluating the
impact of influent flow equalization basins, are identified as
promising research avenues that will be further studied in the near
future (Jeppsson et al., 2013). The latter could be combined with
proper electricity tariff models (Aymerich et al., 2015) and
dramatically change theway how energymust be optimized. In this
case study relative costs have been used (Jeppsson et al., 2007) due
to the volatility of the prices (chemicals, electricity, sludge disposal,
…). Proper cost estimates and variations (uncertainty ranges) will
provide customized solutions for a particular case.

4.2. General applicability of the presented model

Even though the shown numeric results are case-specific, the
presented tools are generally applicable, and an earlier version has
been successfully applied to a real plant (Kazadi Mbamba et al.,
2016). The influent characteristics (Gernaey et al., 2011) can be
scaled to different situations (Flores-Alsina et al., 2014b; Snip et al.,
2014; Snip et al., 2016; Kazadi Mbamba et al., 2016). The original
BSM2 (only carbon and nitrogen) plant has been adapted to
simulate the dynamics of some Swedish plants (Arnell et al., 2013).
The ASM2d and ADM1 (separately) have been applied to multiple
case studies successfully describing plant dynamics (Gernaey and
Jørgensen, 2004; Batstone et al., 2015). The P principles upon
which the new AD model is constructed are experimentally vali-
dated in different studies (Ikumi et al., 2011; Wang et al., 2016). The
same applies to the S module in both AS (Gutierrez et al., 2010) and
AD (Batstone, 2006; Barrera et al., 2015) models. As stated above,
expansion to consider cases such as microaeration in anaerobic
digesters can be done through direct adaptation of the approach
taken in the activated sludge process.

The model may also be applied to integrated urban water sys-
tems, wherein, chemicals added/present in the sewer network or
during drinking water production may have an impact on the
downstream wastewater treatment processes (particularly for
systems where there is no primary sedimentation) (Pikaar et al.,
2014; Nielsen et al., 2005; Ge et al., 2013).

4.3. Optimization tool for resource recovery

The described approach has strong potential for optimizing
resource recovery (i.e. biogas and phosphorus recovery) in a plant-
wide context, and possibly also in the larger sewage catchment. For
example, the potential energy/financial benefits of an improved
biogas production can be balanced with the addition of selected
chemicals (Flores-Alsina et al., 2016) or substrates for co-digestion
(Arnell et al., 2016). Another potential option is P recovery
(Vaneeckhaute, 2015). Results presented in Section 3.2.3 show that
the total quantity of recovered P is rather small (31.8 kg P.d�1/
196.6 kg P.d�1). This is mainly due to the different P losses/trans-
formations through the different units in the plant. Different
operational conditions (Marti et al., 2008, 2010; Latif et al., 2015)
could reduce the quantity of P lost in the effluent, could minimize
uncontrolled phosphorus precipitation in the anaerobic digester
and enhance phosphorus recovery in the crystallizer. In a similar
way, smarter dosing strategies (similarly to A2) could be evaluated
in order to reduce the use of chemicals and to adapt to changes in
the P loads due to operational changes (summer/winter). Airflow in
the stripping unit could be adjusted in order to reach a desired pH
(feedback controller).

5. Conclusions

The main findings of this study are summarized in the following
points:

K. Solon et al. / Water Research 113 (2017) 97e110 107

199



1) A plant-wide model describing the main P transformations and
the close interactions with the S and Fe cycles in wastewater
treatment systems is presented;

2) Operational conditions have a strong effect on the fate of P
compounds: accumulation by XPAO, adsorption into Fe (XHFO�H;P,
XHFO�L;P) and co-precipitation with different metals
(XHFO�H;P;old, XHFO�L;P;old, XCa3ðPO4Þ2 , XMgNH4PO4

);
3) Overall and individual mass balances quantify the distribution

of P (as well as N, S and Fe) in both water and sludge line;
4) The set of models presented in this study makes up a useful

engineering tool to aid decision makers/wastewater engineers
when upgrading/improving the sustainability and efficiency of
wastewater treatment systems (e.g. reduce consumption and
increase recovery).

6. Software availability

The MATLAB/SIMULINK code of the models presented in this
paper is available upon request, including the implementation of
the physico-chemical and biological modelling framework in BSM2.
Using this code, interested readers will be able to reproduce the
results summarized in this study. To express interest, please contact
Dr. Ulf Jeppsson (ulf.jeppsson@iea.lth.se) at Lund University (Swe-
den), Prof. Krist V. Gernaey (kvg@kt.dtu.dk) or Dr. Xavier Flores-
Alsina (xfa@kt.dtu.dk) at the Technical University of Denmark
(Denmark) or Prof. Damien Batstone (damienb@awmc.uq.edu.au)
at The University of Queensland (Australia).
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The Effluent Quality Index (EQI, kg pollution units.d
-1

) reflects the amount of 

pollution discharged onto surface waters averaged over the period of evaluation 

based on a weighting of the effluent loads of compounds that have a major 

influence on the quality of the receiving water. The EQI is updated to include the 

additional phosphorus load and is defined as: 

 

𝐸𝑄𝐼 =  
1

𝑡obs ∙ 1000
∫ (𝛽TSS ∙ TSS𝑒(𝑡) + 𝛽COD ∙ COD𝑒(𝑡) + 𝛽NKj ∙ 𝑆NKj𝑒

(𝑡) + 𝛽NO

𝑡end

𝑡start

∙ 𝑆NO𝑒
(𝑡) + 𝛽BOD5

∙ BOD5𝑒
(𝑡) + 𝛽Porg ∙ 𝑆Porg𝑒

(𝑡) + 𝛽Pinorg

∙ 𝑆Pinorg𝑒
(𝑡))  ∙ 𝑄𝑒(𝑡) ∙ 𝑑𝑡 

where: 

COD𝑒 = 𝑆F𝑒
+ 𝑆A𝑒

+ 𝑆I𝑒
+ 𝑋I𝑒

+ 𝑋S𝑒
+ 𝑋B,H𝑒

+ 𝑋PAO𝑒
+ 𝑋PHA𝑒

+ 𝑋B,A𝑒

+  𝑖COD𝑆Fe(II)
∙ 𝑆Fe(II)

𝑒
+  𝑖COD𝑆IS

∙ 𝑆IS
𝑒

+  𝑖COD𝑋
S0

∙ 𝑋S0

𝑒
+ 𝑋SRB𝑒

 

𝑆NKj𝑒
= 𝑆NH𝑒

+  𝑖N𝑆F
∙ 𝑆F𝑒

+ 𝑖N𝑆I
∙ 𝑆I𝑒

+ 𝑖N𝑋I
∙ 𝑋I𝑒

+  𝑖N𝑋S
∙ 𝑋S𝑒

+  𝑖NBM
∙ (𝑋B,H𝑒

+

𝑋PAO𝑒
+ 𝑋B,A𝑒

+ 𝑋SRB𝑒
)  

BOD5𝑒
= 0.25 ∙ (𝑆F𝑒

+ 𝑆A𝑒
+  (1 − 𝑓𝑆I

) ∙ 𝑋S𝑒
+ (1 − 𝑓𝑋IH

) ∙ 𝑋B,H𝑒
+ (1 − 𝑓𝑋IP

)

∙ (𝑋PAO𝑒
+ 𝑋PHA𝑒

) + (1 − 𝑓𝑋IA
) ∙ (𝑋B,A𝑒

+ 𝑋SRB𝑒
)) 

𝑆Porg𝑒
= 𝑋PP𝑒

+ 𝑖P𝑆F
∙ 𝑆F𝑒

+ 𝑖P𝑆I
∙ 𝑆I𝑒

+ 𝑖P𝑋I
∙ 𝑋I𝑒

+  𝑖P𝑋S
∙ 𝑋S𝑒

+ 𝑖PBM
∙ (𝑋B,H𝑒

+

𝑋PAO𝑒
+ 𝑋B,A𝑒

+ 𝑋SRB𝑒
)  

𝑆Pinorg𝑒
= 𝑆PO4𝑒

  

 

The subscript 𝑒 denotes the effluent. The individual calculations for each of the other 

components of the EQI are the same as presented in Gernaey et al. (2014). The 𝛽𝑖 are 

weighting factors (see Table SS1) for the different types of pollutants to convert them into 

general pollution units, 𝑖COD𝑖
 represents the COD content,  𝑖N𝑖 represents the nitrogen 

content,  𝑖P𝑖 represents the phosphorus content, 𝑡𝑜𝑏𝑠 is the total evaluation period and 𝑄𝑒 

(m
3
.d

-1
) is the effluent flow rate. The concentrations are expressed in g.m

-3
. The values for 

𝛽𝑖 have been deduced from Vanrolleghem et al. (1996) (Gernaey et al., 2014) (values for 

𝛽Porg and 𝛽Pinorg are inferred from the eutrophication potential of phosphorus). 
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Table SS1. Values of the EQI weighting factors (𝛽𝑖) 

Weighting factors 𝜷𝐓𝐒𝐒 𝜷𝐂𝐎𝐃 𝜷𝐍𝐊𝐣 𝜷𝐍𝐎  𝜷𝐁𝐎𝐃𝟓  𝜷𝐏𝐨𝐫𝐠  𝜷𝐏𝐢𝐧𝐨𝐫𝐠  

Value 
(g pollution unit.g

-1
) 

2 1 30 10 2 100 100 

 

 

Another criterion is the Operational Cost Index (OCI). It is given as the weighted 

sum of costs related to sludge production, aeration, pumping, external carbon 

source, mixing, heating, and the potential benefit of methane production. Because 

of the modifications to the plant layout and operation, additional costs are now 

considered, such as those related to the additional recycles (anoxic, anaerobic), 

aerators (CO2 stripping) and chemicals (for chemical phosphorus precipitation 

and/or recovery). The OCI is thus calculated as: 

 

𝑂𝐶𝐼 = 𝐴𝐸 + 𝑃𝐸 + 𝑓𝑆𝑃 ∙ 𝑆𝑃 + 𝑓𝐸𝐶 ∙ 𝐸𝐶 + 𝑀𝐸 − 𝑓MP ∙ 𝑀𝑃 + max (0, 𝐻𝐸 − 7𝑀𝑃) + 𝑓𝑀𝐴

∙ 𝑀𝐴 + 𝑓𝑀𝑔 ∙ 𝑀𝑔 − 𝑓𝑆recovered
∙ 𝑆recovered + 𝐴𝐸𝑠𝑡𝑟𝑖𝑝 

 

where AE (kWh.d
-1

) is aeration energy, PE (kWH.d
-1

) is pumping energy, SP (kg 

SS.d
-1

) is sludge production for disposal, EC (kg COD.d
-1

) is external carbon 

addition, ME (kWh.d
-1

) is mixing energy, MP (kg CH4.d
-1

) is methane production 

and HE (kWh.d
-1

) is the required heating energy for the anaerobic digester (if the 

heat generated by the gas motor (7MP) is higher than HE then no external energy 

is required). The individual calculations for these components are presented in 

Gernaey et al. (2014) as well as the weighting factors, 𝑓𝑖 (see Table SS2) (values 

for 𝑓𝑀𝐴, 𝑓𝑀𝑔 and 𝑓𝑆recovered
 are calculated based on the commercial prices of iron, 

magnesium and struvite, respectively). The additional costs considered are 

calculated as follows: 

Metal addition (𝑀𝐴) (kg.d
-1

) is calculated as: 

 

𝑀𝐴 =  
𝐶𝑂𝑁𝐶METAL

𝑡obs ∙ 1000
 ∫ (∑ 𝑄METAL,𝑘

7

𝑘=1

)

𝑡end

𝑡start

 ∙ 𝑑𝑡 

where 𝑄METAL,𝑘 (m
3
.d

-1
) is the flow rate of metal added to compartment k and 

𝐶𝑂𝑁𝐶METAL (g.m
-3

) is the concentration of metal (in this case, iron) externally 

added in one of the activated sludge compartments. 
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Similarly, magnesium addition (𝑀𝑔) (kg Mg.d
-1

) is calculated as: 

 

𝑀𝑔 =   
𝐶𝑂𝑁𝐶Mg

𝑡obs ∙ 1000
 ∫ 𝑄Mg

𝑡end

𝑡start

 ∙ 𝑑𝑡 

 

where 𝑄Mg (m
3
.d

-1
) is the flow rate of Mg added to the stream just after the 

dewatering unit and 𝐶𝑂𝑁𝐶Mg (g.m
-3

) is the concentration of Mg added. 

Recovered struvite (𝑆recovered) (kg struvite.d
-1

) is calculated as: 

 

𝑆recovered =  
𝐶𝑂𝑁𝐶struv

 𝑡obs ∙ 1000
 ∫ 𝑄struv

𝑡end

𝑡start

 ∙ 𝑑𝑡 

 

where 𝑄struv (m
3
.d

-1
) is the flow rate of struvite recovered and 𝐶𝑂𝑁𝐶struv (g.m

-3
) 

is the concentration of struvite. 

Energy used in the stripping unit (𝐴𝐸𝑠𝑡𝑟𝑖𝑝) (kWh.d
-1

) is calculated as: 

 

𝐴𝐸𝑠𝑡𝑟𝑖𝑝 =  
𝑆O

sat

𝑡obs ∙ 1.8 ∙ 1000
∙ Vstrip  ∫ 𝐾𝐿𝑎strip(𝑡) ∙ 𝑑𝑡

𝑡end

𝑡start

  

 

where 𝑆O
sat (g O2.m

-3
) is the saturated oxygen concentration at 15°C, 1.8 is the 

amount of O2 (kg) that can be transferred per kWh, Vstrip (m
3
) is the volume of the 

stripping unit and 𝐾𝐿𝑎strip (d
-1

) is the mass transfer coefficient in the stripping 

unit. 

Table SS2. Values of the OCI weighting factors (𝑓𝑖) 

Weighting factors 𝒇𝑺𝑷 𝒇𝑬𝑪 𝒇𝐌𝐏 𝒇𝑴𝑨 𝒇𝑴𝒈 𝒇𝑺𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐞𝐝  

Value 3 3 6 24 6 2 

 

 

Gernaey, K.V., Jeppsson, U., Vanrolleghem, P.A. & Copp, J.B. (2014). Benchmarking of Control 

Strategies for Wastewater Treatment Plants. Scientific and Technical Report No. 23. London, 

UK: IWA Publishing. 
 

Vanrolleghem, P.A., Jeppsson, U., Carstensen, J., Carlsson, B. & Olsson, G. (1996). Integration of 

wastewater treatment plant design and operation  a systematic – approach using cost 

functions. Water Science and Technology, 34(3-4), 159-171. 
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