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Abstract 

The awareness of the effect of abiotic processes in wastewater treatment and sludge treatment 

technologies is increasing considerably. However traditionally used mathematical models either do 

not represent abiotic processes, or use simplified approaches. This paper presents a mathematical 

model able to represent abiotic processes in the steady-state model developed for the anaerobic reactor 

in the SANI
®
 process. The capability of the model to predict the water chemistry present in the system 

is shown with experimental data from a pilot-scale plant and finally the benefits of incorporating water 

chemistry into the anaerobic reactor model are shown with a theoretical exploration by simulation. 
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INTRODUCTION 

Mathematical modelling and simulation tools have been proven to be very valuable tools to enable the 

comprehension of wastewater treatment processes as well as evaluating the optimum design and 

operation strategies. Even though since the publication of the ASM1 model in the 1980s (Henze et al, 

1987) dynamic models have become more prominent, steady-state models constitute a very valuable 

tool for design purposes, since they allow for the sizing of design parameters, such as reactor volumes 

or recycle flows to be determined from explicit equations in terms of unit operation performance 

criteria (Ekama 2009). In this sense, different works have been published: Albizuri et al., 2010 

proposes a set of equations that allow for the design of biofilms, Lizarralde et al., 2012 proposes a 

library of mathematical models for the design of optimum water networks in industry and Ekama 2009 

that proposes a plant-wide steady-state model for urban wastewater treatment plant design. 

Like in the existing dynamic models, in these steady-state models biological processes are described 

appropriately and nowadays the concern is focusing in describing the chemical processes. Because of 

the use of new and complex treatments where weak acid-base reactions (ionization), spontaneous or 

chemical dose-induced precipitation or liquid-gas transfer may take place, water chemistry cannot be 

neglected (Batstone et al., 2010). However, describing water chemistry implies numerical complexity 

and consequently in many cases its description has been neglected or much simplified. To overcome 

this, a new IWA Physico-Chemical Framework Task Group (IWA PCF TG) has recently been 

constituted with the goal of developing some guidelines and procedures to facilitate modellers to 

consider all these processes (Batstone et al., 2010).  

In particular, for this work a case study has been selected, which focuses on the anaerobic reactor of a 

novel wastewater treatment technology, sulphate reduction, autotrophic denitrification, nitrification 

integrated (SANI®) process, developed by a research team in the Hong Kong University of Science 

and Technology (Wang et al., 2009). This technology has been developed to cope with saline 

wastewaters, containing particularly high concentrations of sulphates (2.2 gCOD:gSO4
=
), produced 



when seawater is employed as an alternative water source for toilet flushing. A steady-state 

mathematical model was built to evaluate the performance of the SANI® process by Lu et al., (2012). 

However for this model pH prediction is based on simplified inorganic carbon and sulphide weak acid 

base equilibrium. The simplification of considering solely weak acid base equilibrium may not be 

completely correct since chemical processes play an important role in anaerobic processes. Besides, 

given that seawater is being used, wastewater has high ionic strength thus ionic activity needs to be 

considered for pH calculation.  

Based on these postulates the work presented in this paper aims to upgrade the model for the anaerobic 

reactor in the SANI® process by incorporating water chemistry associated with the inorganic 

components present in the system into the biological model.  

PROCEDURE TO INCORPORATE WATER CHEMISTRY INTO BIOCHEMICAL STEADY-

STATE MODELS 

Mathematical models built to describe biological processes comprise three steps: (1) kinetic based 

model description; (2) definition of process stoichiometry; and (3) water chemistry definition to predict 

pH (Sötemann et al., 2005). In the case of steady-state models, these three steps are calculated in a 

sequential way (Figure 1).  

 
Figure 1 Model resolution procedure 

 

The details of the model for biological sulphate reduction used to describe the anaerobic treatment in 

the SANI® process can be found in Poinapen and Ekama (2010). This work focuses on the third step 

of the procedure: the incorporation of water chemistry into the biochemical model. The specifications 

for the water chemistry model for the SANI® case study are presented in the following section.  

WATER CHEMISTRY FOR THE ANAEROBIC REACTOR OF THE SANI
®
 PROCESS 

In order to describe the water chemistry in the system under study, 15 components and 50 species were 

selected (Table 1). Species are chemical entities taken to be physically present in the system, and 

components are a linearly independent set of stoichiometric elemental ratios which span the entire 

compositional space of interest to the model. (That is, the elemental amounts present in any 

composition of interest can be uniquely specified as a linear combination of component 

concentrations). Chemical equilibrium modelling consists basically of formulation of the material 

balance and equilibrium relationships which determine species concentrations from a mixture 

composition specified in terms of component concentrations.  

Table 1. List of species and components selected for the SANI
®
 process 

Components Species 

Sac Shs Sca Ac H NH3 PO4 CaH2PO4 CaPO4 HAc KHPO4 MgH2PO4 MgPr 

Spr Sso4 Scl Pr K NH4 SO4 CaHCO3 CaSO4 HCO3 KSO4 MgHCO3 MgSO4 

Sco3 Sh Smg Ca HS NO2 CO3 CaHPO4 H2CO3 HPO4 Mg MgHPO4 NaCO3 

Snh4 Sno2 Sna Cl Mg NO3 CaAc CaNO3 H2PO4 HS MgAc MgOH NaHPO4 

Spo4 Sno3 Sk Pr Na OH CaCO3 CaOH H2S K MgCO3 MgPO4 NaSO4 

 

The principles of ionic speciation calculations are set out in Stumm and Morgan (1996). The 

Biochemical model 

Kinetic based COD, nutrient   or 
sulphate removal 

Process stoichiometry 

Water chemistry model 

Based on  mass action equations and 
mass balances, a detailed chemical 

ionic composition is obtained 



equilibrium relationships are formulated in terms of species activities (e.g. Eq1), which are related to 

their concentrations by activity coefficients (e.g. Eq2). Activity coefficients were modelled using the 

Davies equation (Eq3 and Eq4).  
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Where,     

 Ka: equilibrium constant 

{S}: activity of species S 

[S]: concentration of species S 

γS: activity coefficient of species S 

I: Ionic strength 

Ci: concentration of species i 

Zi: charge of species i 

A:Debye-Huckel constant 

 

The mass conservation equation is applied to all ionic components considered. The relationship can be 

expressed as follows:   

0
i

jiij TCa   

Where,   

  

aij: stoichiometric relationship of species i and component j;  

Ci: concentration of species i; and  

Tj: concentration of component j given by the process model mass balance. 

 

Combining these mass conservation equations and the equilibrium constraints, a set of simultaneous 

equations is obtained which can be solved for all the species concentrations. Since the equations are 

non-linear, an iterative numerical solution was used. 

The mathematical model described above was implemented in WEST (www.mikebydhi.com), which is 

a user-friendly modelling environment adapted to wastewater systems.  

MODEL VERIFICATION AND EXPLORATION BY SIMULATION 

The objective of this verification study was to check the capability of the model to reproduce the real 

performance of the anaerobic tank, considering both sulphate and COD removal efficiency and water 

chemistry, and a simulation scenario was defined for this purpose. In the present study, the 

configuration and operating conditions of the reactor were taken from a pilot plant reactor presented by 

Lu et al., (2012) (Table 2). The values for the stoichiometric and kinetic parameters were adopted from 

Poinapen and Ekama (2010).  

Table 2. Influent wastewater characteristics and operational conditions 

Influent wastewater characteristic Operating conditions 

Q (m
3
/d) 10 HRT (h) 16.3 

tCOD (gDOD/d) 431.1 SRT (d) 90 

SO4
=
 (gSO4

=
 /m

3
) 195.7 T (ºC) 25 

Results and discussion 

The comparison between the experimental data and results obtained with the new model in Table 3 

show reasonable agreement with respect to COD removal, sulphate removal and pH.  

As an example of the capability of the model, an exploration study by simulation has been carried out 

with the aim of predicting the competition between sulphate reducing bacteria and methane producing 

bacteria and pH values under different inflow alkalinity values is shown in Figure 2. It can be seen that 

the pH increases as influent alkalinity increases, which is coherent with the process behaviour. 

Regarding the competition of sulphate reducing bacteria and methanogenic bacteria for COD it can be 

http://www.mikebydhi.com/


seen that it is dependent on pH values. The variables fMPB and fSRB represent the fraction of inflow 

COD consumed by methanogenic bacteria or sulphate reducing bacteria respectively. The vertical line 

represents the operating point of the pilot-scale reactor. At pH values below 6.9 sulphate reducing 

bacteria are inhibited thus methanogenic bacteria out-compete sulphate reducing bacteria, whereas for 

higher pH values sulphate reducing bacteria are able to consume all the COD present in the reactor. 

This behaviour matches to the behaviour presented by Visser et al., 1996.  

Table 3. Comparison between experimental and 

simulated result 

 Variable Description 
Experimental 

data 
Simulated 

∆COD 
COD removed 

(gCOD/m
3
) 

332.1 342.8 

∆SO4= 
SO4

=
 removed 

(gSO4
=
/m

3
) 

130.3 171.4 

pH pH 7.20 7.32 
 

Figure 2. Effect of influent alkalinity on pH and 

competition between BMP and SRB  

CONCLUSIONS 

The importance of the pH and abiotic processes in the performance of the biological process has been 

demonstrated, and therefore the necessity of calculating the pH value in the models representing these 

biological processes has been proven. A mathematical model able to reproduce and compute water 

chemistry related phenomena has been developed and successfully implemented in the simulation 

software WEST.  
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