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ABSTRACT 5

This paper presents a new Plant-Wide Modelling methodology for describing the 6

dynamic behaviour of water and sludge lines in WWTPs. The methodology is based on 7

selecting the set of process transformations needed for each specific WWTP to model 8

all unit-process elements in the entire plant. This “transformation-based” approach, in 9

comparison with the conventional “process-based” approach, does not require the 10

development of specific transformers to interface the resulting unit-process models, 11

facilitates the mass and charge continuity throughout the whole plant and is flexible 12

enough to construct models tailored for each plant under study. As an illustrative 13

example, a Plant-Wide model for a WWTP that includes carbon removal and anaerobic 14

digestion has been constructed, and the main advantages of the proposed methodology 15

for integrated modelling have been demonstrated. As a final consequence, this paper 16

proposes a rewriting of the existing unit-process models according to the new standard 17

transformation-based approach for integrated modelling purposes. 18

19

1.  INTRODUCTION 20

Mathematical modelling and dynamic simulation of the processes in a WWTP is a 21

useful tool in the selection of operational strategies that improve process stability, 22

effluent quality and operational costs. Optimum solutions for the design or operation of 23

an entire WWTP, including the mutual relationships among the different unit-process 24

elements involved in water and sludge lines, frequently differ from the simple 25
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compilation of solutions achieved for the design or operation of each unit-process 26

element separately. Therefore, models used to analyze the entire WWTP must be 27

rigorously developed taking into account the dynamic description of all the relevant 28

processes in water and sludge lines (physico-chemical treatments, primary and 29

secondary settling, activated sludge reactors, anaerobic digesters, etc.), and the effect of 30

reject flows among the different lines. 31

Consequently, if the behaviour of the entire plant must be evaluated in order to establish 32

optimum design and operational criteria, the construction of integrated WWTP models 33

including water and sludge lines, is required. But obtaining integrated WWTP models 34

that guarantee mass and charge continuity throughout the model plant is not a 35

straightforward task (Vanrolleghem et al., 2005; Wentzel et al., 2006). The main 36

challenges in obtaining integrated model plants arise from the incompatibilities and 37

different descriptions of the components and transformations in standard process 38

models. These include varying descriptions of organic carbonaceous substrates and 39

organic nitrogen as well as pH and buffer capacity in water or sludge and the different 40

processes considered, etc. With respect to this problem, two main plant-wide modelling 41

approaches have been proposed so far. 42

The first approach is based on the construction of a Supermodel consisting of all the 43

components and transformations needed to reproduce every process within the entire 44

plant (Jones and Tákacs, 2004; Seco et al., 2004). In this model, components and 45

transformations are common to every unit process model in the WWTP and therefore, 46

specific transformers connecting different process models are not required. 47

Nevertheless, the use of a unique Supermodel for any WWTP lacks the flexibility to add 48

or remove components as well as transformations depending on the case study and 49

model aims. Another significant drawback to this approach is the continuous increase of 50
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the model size required to progressively adapt the Supermodel to reproduce new 51

processes (Volcke et al., 2006). 52

The second approach, known as the Interfaces approach, is based on the construction of 53

transformers among existing standard models. An illustrative example of transformers 54

between the Activated Sludge Model ASM1 (Henze et al., 2000) and the Anaerobic 55

Digestion Model ADM1 (Batstone et al., 2002) has been proposed by Copp et al. (2003) 56

for the simulation of a Standard WWTP in the Benchmark study BSM2 (Jeppsson et al., 57

2006). In order to guarantee mass and charge continuity in the model interfaces 58

Vanrolleghem et al. (2005) propose a general methodology (CBIM) for the interface of 59

any two standard models (Zaher et al., 2007; Volcke et al., 2006). However, although 60

the Interfaces approach facilitates the construction of integrated models tailored to the 61

case study, there are some limitations when it comes to properly transforming the model 62

components among existing models, guaranteeing mass and charge continuity under any 63

dynamic condition (Grau et al., 2007). 64

Combining aspects from both approaches, in this paper, a new Plant Wide Modelling 65

methodology based on the most appropriate transformations for each specific case study 66

is proposed. This transformation-based approach, specially adequate for integrated 67

modelling purposes, permits the construction of models tailored to the WWTP being 68

studied without the need for specific transformers among process models and 69

guarantees the mass and charge continuity at any point in the plant. 70

71

2.  PLANT-WIDE MODELLING METHODOLOGY 72

This paper proposes a new Plant-Wide Modelling methodology for the systematic and 73

rigorous construction of the most appropriate mathematical models for describing, in an 74

integrated way, the dynamic behaviour of the entire WWTP under study, including the 75
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main unit-process elements of both the water and sludge lines. The proposed 76

methodology is based on selecting, for each specific WWTP, the set of compatible 77

process transformations needed to model all unit-process elements throughout the entire 78

plant. This “transformation-based” approach, in comparison with the conventional 79

“process-based” approach, does not require the development of specific transformers to 80

interface the resulting unit-process models and additionally facilitates the mass and 81

charge continuity throughout the whole plant. 82

The proposed modelling methodology requires, as a preliminary step, the compilation of 83

the stoichiometry and kinetics (Petersen matrix) of all the most relevant biochemical, 84

chemical and physico-chemical transformations that can occur in a WWTP, in order to 85

create a general List of Transformations (LT) for Plant-Wide Modelling objectives.  86

This List should be approved and standardized within the scientific community and 87

serve as the common base for the building of any WWTP model. Additional 88

transformations or alternative descriptions of the existing ones could be introduced 89

when needed without changes in the modelling methodology. 90

Once the general List of Transformations (LT) has been defined and compiled, the 91

construction of every Plant-Wide Model (PWM) under study is based on a systematic 92

procedure. The compilation of the LT and the systematic procedure proposed in this 93

paper for the construction of plant-wide models for WWTPs are described in detail in 94

the following paragraphs. 95

The general List of Transformations (LT) for Plant-Wide Modelling 96

The basic sources for the selection of the most relevant transformations involved in 97

WWTPs are the well-known IWA models ASM1, ASM2d, ASM3 (Henze et al., 2000) 98

and ADM1 (Batstone et al., 2002). However, in order to obtain a standardized and 99
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compatible LT for a PWM objective, some modifications should be made to the original 100

models. 101

On the one hand, stoichiometry must be defined in order to avoid redundancies in 102

component definition and to guarantee elemental mass (in terms of C, N, O, P and H) 103

and charge continuity for all transformations included within the LT. With this in mind, 104

all model components must be characterised by constant values for their elemental mass 105

composition and charge density. Furthermore, some components must act as source-106

sink or compensation terms accounting for possible imbalances in C, N, O, P, H and 107

charge (Reichert et al., 2001; De Gracia et al., 2006). This role of compensation is 108

usually associated with components in their oxidation reference state (Reichert et al., 109

2001; Gujer et al., 1999). On the other hand, kinetic equations have to incorporate all 110

required activation or inhibition terms in order to reproduce the appropriate activity 111

under every possible environmental condition in a WWTP (aerobic, anoxic and 112

anaerobic). 113

Figure 1 shows an example of a possible LT that can be compiled for PWM objectives. 114

Readily and slowly biodegradable organic matter, known in the AS models as Ss and Xs,115

have been described as a set of different components (monomers and VFAs for soluble 116

substrate and carbohydrates, proteins and lipids for particulates) to properly describe the 117

biological activity under anaerobic conditions. Organic nitrogen, known in the ASM1 118

model as Snd and Xnd, has been considered as part of the soluble and particulate 119

carbonaceous substrates. Buffer capacity and pH prediction have been described by 120

means of the component Sh+ with a set of acid-base transformations related to inorganic 121

carbon, nitrogen, VFAs, etc. that reproduce buffer capacity and permit a more realistic 122

prediction of pH variations in the water line than in standard AS models (Sötemann et 123

al., 2005). Furthermore, liquid-gas transfer and acid-base transformations have been 124
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considered to guarantee mass continuity of the process throughout the whole WWTP. 125

Another modification is the decoupling of the composites and inert matter entering with 126

the influent (Xc1, Xi, Si) from those obtained as decay by-products (Xc2, Xp, Sp), in order 127

to avoid the common discrepancies in elemental mass characterisation between both 128

groups of components (Huete et al., 2006). In addition, decay of microorganisms has 129

been described under aerobic, anoxic and anaerobic conditions to reproduce a realistic 130

behaviour of biological activity under all environmental conditions (Siegrist et al., 131

1999). Finally, some transformations have been described in a more detailed way so that 132

more Biological Processes occurring in a WWTP can be modelled. For example, the 133

nitrification and denitrification described as two-step transformations will permit 134

developing models to reproduce processes for treating reject water with high nitrogen 135

content, like the Sharon-Anammox process.136

The elemental mass characterisation for all the components, combined with the use of 137

source-sink components, makes it possible to calculate transformations stoichiometry 138

while guaranteeing mass and charge continuity. Table 1 includes the list of all non 139

redundant components involved in the transformations with their mass composition and 140

charge density. As C, N, O, P and H are considered to be the most relevant elements for 141

the description of the organic compounds, and X summarizes all other elements, any 142

model component can be described according to the following general formula: 143
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Equation 1 

where Mx is the molar mass of the element X. 

This elemental characterisation does not imply a significant increase in model 144

complexity because the mass fractions of most model components can be reasonably 145

estimated from their known stoichiometric formula, bibliography or experimental data 146
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(Huete et al., 2006). Additionally, the description of the model component’s elemental 147

mass permits a straightforward conversion of their mass to the Theoretical Oxygen 148

Demand (ThOD) using, for example, the oxidation state of the elements in the 149

compounds (Gujer et al., 1999) or the mineralization equation (Reichert et al., 2001). 150

Components selected as source-sink components of the LT are dissolved CO2 for C, 151

NH4
+ for N, HPO4

2- for P, dissolved O2 for O, H2O for H and H+ for charge. 152

The LT proposed in Figure 1, with its corresponding components shown in Table 1, are 153

logically expandable with additional transformations and components that could be 154

incorporated into the proposed modelling methodology without any necessary 155

alterations. This may include those related to HPO4
2- precipitation processes, for 156

example.  157

A systematic procedure for constructing Plant-wide models for WWTPs 158

Once the general List of Transformations (LT) has been defined and compiled, the 159

construction of every Plant-Wide Model (PWM) under study is based on a systematic 160

procedure with three consecutive steps: 161

a) Selection of relevant transformations from the general list LT and construction 162

of the specific Plant Transformation Model (PTM) appropriate for the case 163

study. 164

b) Construction of a set of compatible Unit Process Models (UPM) describing each 165

unit of the plant under study. 166

c) Construction of the integrated Plant-Wide Model (PWM) by direct interfacing 167

between the Unit Process Models previously developed.  168

a) Construction of the Plant Transformations Model (PTM)169
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The construction of the Plant Transformations Model (PTM) consists of the selection 170

of the relevant biochemical, chemical and physico-chemical transformations that should 171

be considered to model the WWTP under study. The selection of appropriate 172

transformations requires sufficient insight into biochemical processes and, 173

consequently, must be systematized in order to simplify the tasks undertaken by model 174

users. Therefore, the following procedure is proposed for easy construction of a PTM: 175

a.1) Selection of Biological Processes 176

In this first step, the modeller has to decide which Biological Processes should be 177

included in the Plant-Wide Model, according to the plant configuration and model aims. 178

Some of the most common processes that can take place in a WWTP can be listed as 179

follows: 180

Activated sludge process for Carbon removal AS-C181

Activated sludge process for Carbon and Nitrogen removal AS-CN (Example: 182

ASM1)183

Activated sludge process for C, N and P removal AS-CNP (Example: ASM2) 184

Acid Fermentation 185

Anaerobic digestion (Example: ADM1) 186

Sharon process for reject water treatment 187

Anammox process for reject water treatment 188

Others189

a.2) Selection of the active microorganism populations required to describe the selected 190

Biological Processes191
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The key to selecting process transformations in each specific plant model is the correct 192

identification of the microorganism populations involved in the biological processes. As 193

shown in Table 2, each of the Biological Processes implies the activity of one or more 194

microorganism population and, therefore, from the Biological Processes previously 195

selected by the model user, the active microorganism population for each plant under 196

study can be easily identified and selected. 197

a.3) Selection of the biochemical transformations associated with the activity of  198

different microorganism populations199

The presence of microorganism populations in a plant involves a set of biochemical 200

transformations associated with their corresponding metabolisms under different 201

environmental conditions. Therefore, once the appropriate set of microorganism 202

populations has been selected according to Table 2, the biochemical transformations 203

which describe for each one of them the growth, decay and enzymatic hydrolysis under 204

all environmental conditions (aerobic, anoxic and anaerobic) must be selected from the 205

general List of Transformations (LT) and incorporated into the PTM. As an example, 206

the transformations associated with the activity of Heterotrophic bacteria Xh and 207

Anaerobic Sugar Consuming bacteria Xsu are shown in Figure 2 according to the list LT 208

previously presented in Figure 1. 209

Once all transformations which describe the activity of the microorganisms have been 210

selected, all components involved in these transformations are easily identified.  211

a.4) Incorporation of acid-base and liquid-gas equilibria212

The last step in the construction of the Process Transformation Model (PTM) is the 213

incorporation of the acid-base equilibria and liquid-gas transfer to the PTM constituted 214

in a.3. In this manner, when the model components selected in a.3 are involved in acid-215
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base or liquid-gas equilibria with their respective acid/base couples or gas phase 216

components, these transformations must also be incorporated into the PTM and the 217

corresponding acid/base conjugated and gas phase components must also be added to 218

the list of selected model components. The set of resulting model components obtained 219

will constitute the Plant Components Vector (PCV), which will be the common state 220

vector used for the process description at any point of the plant and will additionally act 221

as a common model interface between all Unit Process Models that will be described in 222

the following section.  223

Once these four steps have been completed, the resulting set of transformations and the 224

vector of model components (PCV) make up the Plant Transformations Model (PTM) 225

(Figure 3). The selected transformations should be able to reproduce the biological 226

activity in the liquid phase for the WWTP under study, including the buffer capacity of 227

the liquid phase and the mass transfer between the liquid and gaseous phase in contact 228

with it.  229

It is important to point out that the selection of Biological Processes considered in a.1 is 230

the only “subjective” decision left to the modeller when constructing the PTM. The 231

selection of active microorganisms, transformations and model components is a 232

straightforward procedure that can be carried out automatically according to predefined 233

rules.234

b) Construction of the set of Unit Process Models (UPM) of the plant235

The set of Unit Process Models (UPM) is the collection of mathematical models 236

describing the most relevant units included in the water and sludge lines of the plant 237

under study. Each UPM must incorporate the mathematical description of both the mass238
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transport and the internal transformations and must use, as a common model interface, 239

the Plant Components Vector (PCV) previously described. 240

The mathematical description of the mass transport in each UPM is logically quite 241

diverse for different elements of the plant (for example, CSTR reactors, primary or 242

secondary settlers, filters or other solids separation systems, etc.) and sometimes even 243

based on lumped additional variables that are usually a combination of the model 244

components included in the common PCV (a typical example of this is the use of total 245

solids concentration in the modelling of clarification or settling processes). 246

The mathematical description of the internal transformations for all UPMs should be, as 247

a general rule, based on the previously constructed PTM. The use of a common set of 248

transformations for all Unit Process Models will facilitate a coherent description of the 249

processes throughout the whole plant and guarantee mass continuity. Additionally, the 250

use of the common PCV, as the internal components vector for describing 251

transformations, allows for a direct connection between the Unit Process Models 252

without introducing specific transformers. However, in order to reduce the model 253

complexity and to increase computational efficiency, some simplifications could be 254

considered for some UPMs operating under specific conditions: 255

- The models describing a Unit Process without any significant biochemical 256

activity can be based only on mass transport equations. Typical examples 257

include the mathematical models commonly used for primary or secondary 258

settlers. 259

- The models describing a Unit Process that is always working under stable 260

environmental conditions can “switch-off” or eliminate transformations that are 261

irrelevant under these specific conditions. For example, anaerobic 262
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transformations can be “switched-off” when describing conventional activated 263

sludge reactors in the water line. 264

- For simplicity or computational efficiency, some UPMs could be developed 265

based on internal “lumped” variables and transformations. Typical examples can 266

include the use of lumped variables for the slowly (XS) or easily (SS)267

biodegradable carbonaceous substrates or lumped transformations as the one-268

step nitrification from Ammonia to Nitrates. However, the convenience of this 269

kind of simplification should be carefully analysed in each case, as the resulting 270

UPM must incorporate transformers among its internal model variables and the 271

PCV (the common model interface within the whole plant). In many cases, the 272

design of these transformers guaranteeing mass and charge continuity under 273

different operating conditions is not a straightforward task (Vanrolleghem et al., 274

2005).275

Therefore, although the modeller could develop specific unit process models, it is 276

important to note that any UPM must guarantee mass and charge continuity for every 277

internal process transformation and must use the PCV as the common interface with the 278

other UPMs of the entire plant. Consequently, when computational time is not a critical 279

restriction, the direct incorporation of the general PTM for internal transformations in 280

all UPMs is strongly recommended in terms of modelling coherence and conceptual 281

simplicity. 282

c) Construction of the Plant-Wide Model (PWM) for the whole plant283

Once the set of UPMs has been constructed in accordance with the proposed 284

methodology, the Plant-Wide Model (PWM) can be easily created, without additional 285

transformers, by the direct connection of the mass fluxes among the UPMs. The 286
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resulting integrated model will guarantee mass and charge conservation for all process 287

transformations and through all UPM interfaces. 288

289

3. EXAMPLE: PWM FOR A CONVENTIONAL ACTIVATED SLUDGE 290

PROCESS WITH ANAEROBIC DIGESTION 291

Once the methodology for model construction has been defined, tailored Plant292

Transformations models (PTMs) can easily be built including all the biological 293

processes required for the description of the water and sludge lines at each specific case 294

study, for example, carbon oxidation, nitrification, denitrification, biological 295

phosphorus removal, fermentation or complete anaerobic digestion, etc.  296

As an example, this paper shows a PWM for a conventional WWTP that includes an 297

aerated activated sludge reactor for C removal, a secondary settler and an anaerobic 298

digester for sludge treatment.  299

a) PTM Construction300

The PTM for the WWTP proposed in this example has been constructed following the 301

sequential procedure indicated in Section 2. 302

a.1) Selection of Biological Processes 303

According to plant configuration and model objectives, the Biological Processes304

considered have been limited to the activated sludge process for Carbon removal (AS-305

C), which occurs mainly in the aerated activated sludge tank and the anaerobic digestion 306

process (ADM1), which is active in the digester. 307

a.2) Selection of the microorganism populations required to describe the selected 308

Biological Processes 309
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As a consequence of the Biological processes considered in a.1, as shown in Table 2, 310

the selected active microorganism populations are Xh, and the set of anaerobic 311

microorganisms Xsu, Xaa, Xfa, Xc4, Xpro, Xac and Xh2.312

a.3) Selection of the biochemical transformations associated with the activity of the 313

microorganism populations 314

Once active microorganism populations have been determined, the biochemical 315

transformations describing their growth, decay and enzymatic hydrolysis are selected 316

under all environmental conditions as shown in Figure 2. In this case, the selected 317

transformations are 1-7, 16-29, 33-40, 41, 45-51, 55, 59-65, 69, 73-79 and 89-97. In 318

addition to these biochemical transformations, Xc2 disintegration under aerobic, anoxic 319

and anaerobic conditions must be selected (84, 86 and 88). Although disintegration of 320

Xc2 is not related to activities of the microorganisms, this transformation has been 321

considered as an intermediate transformation between the microorganisms´ decay and 322

the enzymatic hydrolysis as it is proposed for Xc in the ADM1. The list of all these 323

transformations will reproduce the biological activity that occurs in the whole WWTP. 324

However, as in this particular case, anoxic conditions do not exist at any point in the 325

plant, transformations occurring under this specific condition (16-29, 55, 59-65, 86 and 326

92-94) can be eliminated.  327

The set of components involved in the selected transformations will correspond to the 328

soluble substrate, the microorganism populations selected in a.2, the decay products and 329

the particulate substrate. Furthermore, source-sink components have been considered by 330

default to guarantee the mass and charge continuity in the biochemical transformations 331

regardless of the components´ mass compositions. Figure 4 shows, as an illustrative 332

example, the biochemical transformations and components involved in the Xh and Xsu333

activities. 334
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a.3) Incorporation of acid-base and liquid-gas equilibriums 335

According to the set of components selected in a.3, the required acid-base equilibria 336

(98-105) and liquid-gas transfers (106-110, 112) have been incorporated into the PTM. 337

Finally, additional components needed to describe these acid-base and liquid-gas 338

equilibria have been included in the PCV. Figure 5 shows the transformations and 339

components incorporated in this step according to the components selected for the Xh340

and Xsu biological activity description (Figure 4). 341

The PTM obtained is presented in Tables 4, 5, 6 and 7 in terms of stoichiometry and 342

kinetics (Petersen matrix). The stoichiometry associated with the biological activity and 343

the physico-chemical transformations is shown in Tables 5 and 6, respectively. In Table 344

7, the source-sinks stoichiometric values have been expressed by a set of formulas since 345

their exact values depend on the mass composition of the components involved in each 346

transformation. On the other hand, the kinetic equations include the appropriate 347

activation and inhibition terms for the environmental conditions. Therefore, when the 348

environmental conditions change from one unit-process element to another, the 349

conversion of non-viable microorganisms under specific conditions into decay products 350

is described by continuous decay kinetics regulated by the specific environmental 351

conditions prevailing at each point of the WWTP. Finally, it must be taken into account 352

that the kinetic equations selected for the construction of the PTM, should be revised for 353

each case study to ensure that the monod terms included in them are coherent with the 354

components considered in the model. In some cases, if the kinetic equations were 355

modified, the values of the parameters included in them should be readjusted. 356

b) Construction of the set of Unit Process Models357
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Once the PTM is obtained, UPMs for the activated sludge reactor, the secondary settler 358

and the anaerobic digester must be constructed by means of the mass transport 359

description and internal transformations. 360

Mass transport description 361

The description of the mass transport in the activated sludge reactor and the digester, 362

where transformations occur in a significant way, is based on a biological reactor 363

model. Since the constructed PTM includes components in liquid (dissolved and 364

particulate) and gaseous phases, one must consider these two phases in the biological 365

reactor model. The anaerobic digester consists of two continuous stirred-tank reactors 366

(CSTRs), each one with their own interfaces, corresponding to these two phases and 367

where liquid-gas transfers take place. Therefore, mass transport will be described by 368

means of mass balances applied to the liquid and gaseous phases. The activated sludge 369

reactor is composed of a CSTR that represents the liquid phase in contact with the 370

atmosphere, in which the gaseous components present constant concentrations. In this 371

case, the mass transport description is described by mass balances applied to the liquid 372

phase. 373

On the other hand, the mass transport description of the secondary settler can be 374

reproduced by standard models that are normally utilized (ideal settlers, layered settlers, 375

etc.) using the TSS variable. 376

Internal transformations 377

As recommended in section 2, the set of internal transformations and components 378

considered in each UPM should coincide with the PTM created in the previous step.  379

According to this suggestion, the PTM obtained in step A, has been utilized to describe 380

the internal transformations in the aerated activated sludge tank and in the anaerobic 381



Acc
ep

te
d m

an
usc

rip
t 

17

digester. In this manner, mass and charge continuity are guaranteed in these UPMs and 382

the PCV can act as an input-output interface without the need of transformers among 383

Specific Component Vectors and the common PCV. 384

However, with respect to the secondary settler UPM, as the mass transport is described 385

based on the lumped variable TSS, specific input-output transformers must be included 386

to convert particulate components of the PCV into the variable TSS and vice-versa. 387

Relationships between the COD and the mass of organic components, easily established 388

with the methodology proposed in this paper, permit a direct conversion between 389

organic particulate components and TSS, guaranteeing the mass continuity during 390

stationary and dynamic conditions. 391

c) Construction of the Plant-Wide Model (PWM) for the whole plant392

Finally, the PWM for the WWTP proposed in this example has been created by the 393

direct connection of the mass fluxes among the UPMs. The obtained PWM, specific for 394

this WWTP, is able to reproduce all relevant process transformations and guarantees 395

mass and charge continuity throughout the whole plant without specific transformers 396

among the UPMs. 397

In addition to the example presented in this paper, other models have been constructed, 398

implemented in the simulation platform WEST (http://www.mostforwater.com) and 399

successfully validated using the methodology proposed in this paper such as the BSM2 400

PWM (Grau et al., 2007), the Anaerobic Digestion Model (Huete et al., 2006), and the 401

Composting Reactor System Model (Zurcan et al., 2005). 402

It is important to point out the advantages of the transformation-based approach from 403

the point of view of developing computer code for simulation platforms. The general 404

List of Transformations (LT) can be compiled as a general library from which the 405
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modeller can construct tailored PWMs as simple or ascomplex as needed in each case 406

study. 407

408

409

4.  CONCLUSIONS 410

The integrated modelling of an entire WWTP, including the mutual relationships among 411

the different unit-process elements of the water and sludge lines is not as 412

straightforward as the simple connection of existing models. A rigorous model 413

development must analyze the appropriate definition of model components at each unit-414

process element and the mass continuity among all of them. 415

The Plant Wide Modelling methodology proposed in this paper takes into account the 416

advantages and limitations of existing approaches and develops a systematic procedure 417

for the tailored construction of integrated mathematical models for WWTPs, including 418

water and sludge lines, without the need of specific transformers among Unit Process 419

Models and guarantees mass and charge continuity throughout the WWTP under any 420

dynamic condition. Additionally, the proposed “Transformation-based” approach421

facilitates the development of simulation codes in an efficient modular manner. 422

The example given in this paper has illustrated the different steps of the systematic 423

procedure to construct integrated models where the mass continuity is guaranteed 424

throughout the whole plant. 425

Nowadays, it is probably time to rewrite the existing unit-process models when they are 426

used for integrated modelling objectives. From an “approved” list of process 427

transformations, agreed upon by modelling experts, a general and systematic procedure 428
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can be developed to create compatible unit-process models, and integrated models 429

adapted to the specific plant under study. 430

The fact that the List of Transformations and components is open and allows the 431

incorporation of new transformations and components provides a useful and flexible 432

modelling approach that facilitates the interchange and contrast of information between 433

modelling teams. 434

435

5.  ACKNOWLEDGEMENTS 436

The authors wish to express their gratitude to the Basque Government (SPRI) for its 437

financial support and to the Spanish Ministry of Science and Education for grant 438

CICYT DPI’2003-08580-C02. 439

Peter Vanrolleghem holds the Canada Research Chair in Water Quality Modelling. 440

441
442



Acc
ep

te
d m

an
usc

rip
t 

20

6.  REFERENCES 442

Batstone D.J., Keller J., Angelidaki R.I., Kalyuzhnyi S.V., Pavlostathis S.G., Rozzi A., Sanders W.T.M., 443

Siegrist H. Vavilin V.A., 2002. Anaerobic Digestion Model No.1. Scientific and Technical Report No 13, 444

IWA Publishing, London, UK. 445

Copp J., Jeppsson U., Rosen C., 2003. Towards an ASM1-ADM1 state variable interface for plant-wide 446

wastewater treatment modelling. In: Proceedings 76th Annual WEF Conference and Exposition, Los 447

Angeles, USA, 11-15, Oct. 2003. 448

De Gracia M., Sancho L., García-Heras J.L., Vanrolleghem P., Ayesa E., 2006. Mass and charge 449

conservation check in dynamic models: Application to the new ADM1 model. Wat. Sci. Tech. 53(1), 225–450

240.451

Grau P., Vanrolleghem P., Ayesa E., 2007. BSM2 Plant Wide Model construction and comparative 452

analysis with other methodologies for integrated modelling. In: Proceedings 7th International IWA 453

Symposium on Systems Analysis and Integrated Assessment in Water Management.. May 7-9, 2007, 454

Washington DC - USA. 455

Gujer W., Henze M., Mino T., van Loosdrecht M.C.M., 1999. Activated Sludge Model No. 3. Wat. Sci. 456

Tech., 39(1), 183-193. 457

Henze M., Gujer W., Mino T., van Loosdrecht, M.C.M., 2000. Activated Sludge Models: ASM1, ASM2, 458

ASM2d and ASM3. Scientific and Technical Report nº9, IWA Publishing, London, England. 459

Huete E., De Gracia M., Ayesa E., García-Heras J.L., 2006. ADM1-based methodology for the 460

characterization of the influent sludge in anaerobic reactors. Wat. Sci. Tech. 54(4) 157-166. 461

Jeppsson U., Rosen C., Alex J., Copp J., Gernaey K.V., Pons M.-N., Vanrolleghem P.A., 2006. Towards 462

a benchmark simulation model for plant-wide control strategy performance evaluation of WWTPs. Wat.463

Sci. Tech., 53(1), 287–295. 464

Jones R.M., Tákacs I., 2004. Importance of anaerobic digestion modelling on predicting the overall 465

performance of waste-water treatment plants. In: Proceedings Anaerobic digestion 2004, Tenth World 466

Congress, Montréal, Canada, 29 August 2004-2 September 2004 (1371-1375). 467

Reichert P., Borchardt D., Henze M., Rauch W., Shanahan P., Somlyódy L., Vanrolleghem P.A., 2001. 468

River Water Quality Model No. 1. Scientific and Technical Report No. 12, IWA Publishing, London, UK. 469

Seco A., Ribes J., Serralta J. and Ferrer J. (2004) Biological nutrient removal model Nº1 (BNRM1). Wat.470

Sci. Tech., 50(6), 69–78. 471



Acc
ep

te
d m

an
usc

rip
t 

21

Siegrist H., Brunner I., Koch G., Linh Con Phan, Van Chieu L., 1999. Reduction of biomass decay rate 472

under anoxic and anaerobic conditions. Wat. Sci. Tech., 39 (1), 129–137. 473

Sötemann SW., Musvoto EV., Wentzel MC., Ekama GA., 2005. Integrated biological, chemical and 474

physical processes kinetic modelling Part 1 – Anoxic –aerobic C and N removal in the activated sludge 475

system. Water SA 31 (4), 529-544. 476

Vanrolleghem P.A., Rosen C., Zaher U., Copp J., Benedetti L., Ayesa, E., Jeppsson U., 2005. Continuity-477

based interfacing of models for wastewater systems described by Petersen matrices. Wat. Sci. Tech., 52(1-478

2), 493–500. 479

Volcke E., van Loosdrecht M.C.M., Vanrolleghem PA., 2006. Continuity-based model interfacing for 480

plant-wide simulation: A general approach. Water Research, 40 (15), 2817-2828. 481

Wentzel MC., Ekama GA., Söteman SW., 2006. Mass balance-based plant-wide wastewater treatment 482

plant models – Part 1: Biodegradability of wastewater organics under anaerobic conditions. Water SA, 32483

(3) 269-276. 484

Zaher U., Grau P., Benedetti L., Ayesa E., Vanrolleghem P.A., 2007. Transformers for interfacing 485

anaerobic digestion models to pre and post-treatment processes. Environmental Modelling and Software486

22, 40-58. 487

Zurcan V., Aymerich E., de Gracia M., Gómez J., Ayesa E., Sancho L., 2005. Mathematical modelling of 488

the composting process. In Proceedings of the VIII Taller y Simposio Latinoamericano sobre Digestión 489

Anaerobia - DAAL. Punta del Este, Uruguay, 2-5 oct 2005. 490

491



Acc
ep

te
d m

an
usc

rip
t 

22

Table 1. Model components included in the LT491

C,i H,i O,i N,i P,i Ch,i X,i

1 S h2o H2O Water gH2O --- 0.1111 0.8889 --- --- --- ---

2 S o2 O2 Dissolved Oxygen gO2/m
3 --- --- 1 --- --- --- ---

3 S h+ H+ Protons gH/m3 --- 1 --- --- --- 1 ---

4 S oh- OH- Hydroxyl ions gH/m3 --- 0.0588 0.9412 --- --- -0.0588 ---

5 S hpo4 HPO4
2- Hidroxy phosphate gP/m3 --- 0.0104 0.6667 --- 0.3229 -0.0208 ---

6 S h2po4 H2PO4
- Dihidroxy phosphate gP/m3 --- 0.0206 0.6598 --- 0.3196 -0.0103 ---

7 S nh4 NH4
+ Ammonium gN/m3 --- 0.2222 --- 0.7778 --- 0.0556 ---

8 S nh3 NH3 Ammonia gN/m3 --- 0.1765 --- 0.8235 --- --- ---

9 S co2 CO2 Dissolved C. dioxide gC/m3 0.2727 --- 0.7273 --- --- --- ---

10 S hco3- HCO3
- Bicarbonate gC/m3 0.1967 0.0164 0.7869 --- --- -0.0164 ---

11 S su C6H12O6 Monosacharide gCOD/m3 0.4 0.0667 0.5333 --- --- --- ---

12 S aa C4H6.1O1.2N Aminoacids gCOD/m3 0.5498 0.0699 0.2199 0.1604 --- --- ---

13 S fa C16O2H32 LCFAs gCOD/m3 0.75 0.125 0.125 --- --- --- ---

14 S hva C5H10O2 Valeric acid gCOD/m3 0.5882 0.098 0.3137 --- --- --- ---

15 S va- C5H9O2
- Valerate gCOD/m3 0.5941 0.0891 0.3168 --- --- -0.0099 ---

16 S hbu C4H8O2 Butyric acid gCOD/m3 0.5455 0.0909 0.3636 --- --- --- ---

17 S bu- C4H7O2
- Butyrate gCOD/m3 0.5517 0.0805 0.3678 --- --- -0.0115 ---

18 S hpro C3H6O2 Propionic acid gCOD/m3 0.4865 0.0811 0.4324 --- --- --- ---

19 S pro- C3H5O2
- Propionate gCOD/m3 0.4932 0.0685 0.4384 --- --- -0.0137 ---

20 S hac C2H4O2 Acetic acid gCOD/m3 0.4 0.0667 0.5333 --- --- --- ---

21 S ac- C2H3O2
- Acetate gCOD/m3 0.4068 0.0508 0.5424 --- --- -0.0169 ---

22 S h2 H2 Dissolved hydrogen gCOD/m3 --- 1 --- --- --- --- ---

23 S ch4 CH4 Dissolved methane gCOD/m3 0.75 0.25 --- --- --- --- ---

24 S n2 N2 Dissolved nitrogen gN/m3 --- --- --- 1 --- --- ---

25 S no2 NO2
- Nitrites gN/m3 --- --- 0.6957 0.3043 --- -0.0217 ---

26 S no3 NO3
- Nitrates gN/m3 --- --- 0.7742 0.2258 --- -0.0161 ---

27 S k+ K+ Potassium ions gK/m3 --- --- --- --- --- 0.0256 1

28 S Mg2+ Mg2+ Magnesium ions gMg/m3 --- --- --- --- --- 0.0823 1

29 S I -- Soluble inerts gCOD/m3
C,29 H,29 O,29 N,29 P,29 Ch,29 X,29

30 S p -- Soluble decay products gCOD/m3
C,30 H,30 O,30 N,30 P,30 Ch,30 X,30

Particulate and gaseous components

31 X c1 -- Composites 1 gCOD/m3
C,31 H,31 O,31 N,31 P,31 Ch,31 X,31

32 X c2 -- Composites 1 gCOD/m3
C,32 H,32 O,32 N,32 P,32 Ch,32 X,32

33 X ch C6H9.95O5P0.05 Carbohydrates gCOD/m3 0.4401 0.0608 0.489 --- 0.01 --- ---

34 X pr (C4H6.1O1.2N)x Proteins gCOD/m3 0.5498 0.0699 0.2199 0.1604 --- --- ---

35 X li C51H97.9O6P0.1 Lipids gCOD/m3 0.752 0.1201 0.118 --- 0.01 --- ---

36 X h C5H6.9O2NP0.1 Heterotrophic B. gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

37 X n1 C5H6.9O2NP0.1 Nitrosomona B. gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

38 X n2 C5H6.9O2NP0.1 Nitrobacter B. gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

39 X pao C5H6.9O2NP0.1 Phosphorous Acum. B. gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

40 X pha C4H6O2 Cell internal storage gCOD/m3 0.2790 0.0698 0.3721 --- --- --- ---

41 X pp K0.33Mg0.33PO3 Poly-phosphate gP/m3 --- --- 0.4793 --- 0.3096 --- 0.2110

42 X su C5H6.9O2NP0.1 Sugar degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

43 X aa C5H6.9O2NP0.1 Aminoacid degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

44 X fa C5H6.9O2NP0.1 LCFA degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

45 X c4 C5H6.9O2NP0.1 Valeric/Butyric degrad. gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

46 X pro C5H6.9O2NP0.1 Propionic degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

47 X ac C5H6.9O2NP0.1 Acetid degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

48 X h2 C5H6.9O2NP0.1 Hydrogen degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

49 X an C5H6.9O2NP0.1 Anammox degraders gCOD/m3 0.5155 0.0592 0.275 0.1203 0.03 --- ---

50 X I -- Inert particulate material gCOD/m3
C,50 H,50 O,50 N,50 P,50 Ch,50 X,50

51 X P -- Part. Decay gCOD/m3
C,51 H,51 O,51 N,51 P,51 Ch,51 X,51

52 X Me(oh) Fe(OH)3 Ferric hydroxide g/m3 --- 0.0281 0.4492 --- --- --- 0.5227

53 X MeP FePO4 Ferric phosphate g/m3 --- --- 0.4243 --- 0.2055 --- 0.3703

54 X II -- Inorganic Inert g/m3 --- --- --- --- --- --- 1

55 G co2 CO2 Carbon dioxide gas gC/m3
(g) 0.2727 --- 0.7273 --- --- --- ---

56 G h2 H2 Hydrogen gas gCOD/m3 --- 1 --- --- --- --- ---

57 G ch4 CH4 Methane gas gCOD/m3 0.75 0.25 --- --- --- --- ---

58 G nh3 NH3 Ammonia gas gN/m3
(g) --- 0.1765 --- 0.8235 --- --- ---

59 G n2 N2 Nitrogen gas gN/m3
(g) --- --- --- 1 --- --- ---

60 G o2 O2 Oxygen gas gO2/m
3

(g) --- --- 1 --- --- --- ---

61 G h2o H2O Water steam gH2O/m3
(g) --- 0.1111 0.8889 --- --- --- ---

Soluble components

Mass fractions and charge densityStoichiometric 
Unit

i Name Formula Description

492
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Table 2. Relationship between Biological Processes and associated microorganism populations493

X an X h X n1 X n2 X pao X su X aa X fa X c4 X pro X ac X h2
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Table 3. Expressions utilized in the kinetic equations496

Lumped variables used to simplify the kinetic equations description 

Valerate vahvaVA SSS Readily degradable substrate ACPROBUVAfaaasuS SSSSSSSS

Butyrate buhbuBU SSS Inorganic carbon 3hco2coIC SSS

Propionate prohproPRO SSS Ammoniacal nitrogen 3nh4nhIN SSS

Acetate achacAC SSS Inorganic phosphorus 4po2h4hpoIP SSS

Activation/Inhibition terms depending on the environmental conditions 

Oxygen activation 
2o2oA

2o
2o SK

S
A

,
Oxygen inhibition 

2o2oA

2oA
2o SK

K
I

,

,

Nitrates activation 
3no3noA

3no
3no SK

S
A

,

Nitrates/Nitrites 
inhibition 3no2nonoxA

noxA
nox SSK

K
I

,

,

Nitrites activation 
2no2noA

2no
2no SK

S
A

,

Activation terms for source-sink components 

Inorganic nitrogen 
ININA

IN
IN SK

S
A

,
Inorganic carbon 

ICICA

IC
IC SK

S
A

,

Inorganic phosphorous
IPIPA

IP
IP SK

S
A

,

Activation/Inhibition terms depending on pH values 

pH inhibition of the acidogenesis and acetogenesis transformations 22

,,

2

,,
,

haahI

aahI
aapH SK

K
I

pH inhibition of the acetoclastic methanogenesis 22

,,

2

,,
,

hachI

achI
acpH SK

K
I

pH inhibition of hidrogenotrophic methanogenesis 22

2,,

2

2,,
2,

hhhI

hhI
hpH SK

K
I

Inhibition terms caused by inhibiting components

VFAs hydrogen inhibition 
during the acidogenesis 

2,2,

,2,
,2

hfahI

fahI
fah SK

K
I

Propionic hydrogen 
inhibition during the 
acetogenesis 2,2,

,2,
,2

hprohI

prohI
proh SK

K
I

Valeric and Butyric hydrogen 
inhibition during the 
acetogenesis 24,2,

4,2,
4,2

hchI

chI
ch SK

K
I Ammonia inhibition 

33,

3,
3

nhnhI

nhI
nh SK

K
I

497
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Table 4. Kinetic equations of the PTM transformations498

hICIPIN2o
S
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suhsu

su
hm1 XAAAA

S

S
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S
k ··

_
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_
,

hICIPIN2o
S

fa

fahfa

fa
hm3 XAAAA

S

S

SK

S
k ·····
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,
,
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S
k ,,

,
, ······
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VA
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SS1

1
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S
k ,,

,
, ·······
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BU
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SS1

1
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S
k ,,

,
, ·······
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PROproS
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SK

S
k ,,

,
, ······
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ACacS
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acm39 XIIAAAII

SK

S
k ,

,
, ·····

2h2hphICIPINnox2o
2h2hS

2h
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SK

S
k ,
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liICIPINnox2oAnaerh97 XAAAIIk ··_

h2oxhaerdec41 XAk ,_

su2oxsuaerdec45 XAk ,_

aa2oxaaaerdec46 XAk ,_

fa2oxfaaerdec47 XAk ,_

4c2o4xcaerdec48 XAk ,_
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h3nh4nhINaINAB100 SSSKk ,,

h4hpo4po2hIPaIPAB101 SSSKk ,,

hvahvaVAaVAAB102 SSSKk ,,

hbuhbuBUaBUAB103 SSSKk ,,

hprohproPROaPROAB104 SSSKk ,,

hachacACaACAB105 SSSKk ,,

2co2cogas2coH2coL106 SPKaK ,,

2o2ogas2oH2oL107 SPKaK ,,

o2h
SAT

O2HO2HM108 PPaK ·

3nh3nhgas3nhH3nhL109 SPKaK ,,

4ch4chgas4chH4chL110 SPKaK ,,

2h2hgas2hH2hL112 SPKaK ,,
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Figure 5. Components and transformations incorporated in the Xh and Xsu activity
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