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Abstract In this paper, biochemical process equations are presented as a basis for water quality modelling
in rivers under aerobic and anoxic conditions. These equations are not new, but they summarise parts of the
development over the past 75 years. The primary goals of the presentation are to stimulate communication
among modellers and field-oriented researchers of river water quality and of wastewater treatment, to
facilitate practical application of river water quality modelling, and to encourage the use of elemental mass
balances for the derivation of stoichiometric coefficients of biochemical transformation processes. This
paper is part of a series of three papers. In the first paper, the general modelling approach is described; in
the present paper, the biochemical process equations of a complex model are presented; and in the third
paper, recommendations are given for the selection of a reasonable submodel for a specific application.
Keywords Activated sludge models; eutrophication; nitrification; denitrification; dissolved oxygen;
elemental mass balance; river; water quality models

Introduction

The WA (formerly IAWQ) Task Group on River Water Quality Modelling was formed to
create ascientific and technical base from which to formul ate consistent river water quality
models and guidelines for their use. This effort is intended to lead to the development of
river water quality models that are compatible with the existing IAWQ (formerly IAW-
PRC) activated sludge models (ASM 1, ASM2, and ASM3; Henze et al. 2000) and can be
straightforwardly linked to them. Specifically, water quality constituents and model state
variables characterising C, O, N, and P cycling areto be selected for the basic model.

In afirst effort, the task group analysed the state of the art of river water quality model-
ling, its problems, and possiblefuture directions (Rauch et al., 1998; Shanahan et al., 1998;
Somlyddy et al., 1998). This paper isthe second of athree-part seriesthat givesrecommen-
dations for model formulation. The first paper (Shanahan et al., 2001) contains a descrip-
tion of the modelling approach. The present paper contains equationsfor the formulation of
biochemical conversion processes for a basic river water quality model which tries to
include the most important processes for C, O, N, and P cycling in ariver under aerobic or
anoxic conditions. This model is relatively complicated and its parameters may rarely be
identifiablein practice. However, the model servesasascientifically consistent framework
as a basis for simplifications depending on specific conditions. In the third paper
(Vanrolleghem et al., 2001), recommendations are given for selecting the appropriate bio-
chemical submodel for a specific application. In addition to these three theoretical papers,
two model applications to actual data sets demonstrate the usefulness of the proposed
approach (Reichert, 2001; Borchardt and Reichert, 2001).
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Since 1925 (Streeter and Phelps, 1925) many river water quality modelling efforts have
been performed, however, many of them are not consistent (e.g. mass balance of the water-
sediment system is not fulfilled). In addition, none of them is compatible with the well
based activated sludge models and thus they are not suited for an integrated wastewater
treatment plant —river water quality analysis. The goal of thisand the companion papersis
to transfer coherent process formulations from activated sludge modelling to the riverine
environment and to give recommendations of which process formulations are advanta-
geous to be used under which circumstances. Major motivation was given by the well
known water quality model and computer program QUAL 2E (Brown and Barnwell, 1987)
and the activated sludge models cited above.

For the following reasons, we decided to base our approach on the elemental composi-
tion of organisms and the stoichiometry of biochemical conversion processes instead of
only using chemical oxygen demand (COD) as it is common practice in wastewater
treatment.

e Thereisincreasing realisation of the importance of elemental composition and of the

stoichiometry of biochemical conversion processesin ecology (Elser and Urabe, 1999).
« Elemental analyses of organismsareincreasingly applied inthe environmental sciences

(Elser etal., 1995; Norland, et al., 1995; Fagerbakke et al., 1996).
¢ Other measurement units of biomassthan COD, such ascell counts, organic carbon con-

tent, dry weight, or elemental massfractions, are widely used to quantify measurements

in natural systems. It seems not to be reasonable to propose to replace such
measurements by COD measurementsonly.

¢ The use of elemental mass fractions builds a rigorous theoretical base to biochemical
conversion processes that allowsto derive most of the other commonly used quantifica-
tion measures. Although the actual elemental mass fractions will not be known in any
application, their use at least makes the underlying assumptions of the model explicit.

Sensitivity analysis can then be used to distinguish between more and less important

assumptions.

Simplying assumptions

The equations of the basic model are based on the following simplifying assumptions.

1. Theelemental composition of all compoundsand organismsaswell asthe stoichiometry
of all processesis assumed to be constant in time for each model application (but they
may be different for different model applications). In the current version of the model,
the elemental composition considers only carbon (C), hydrogen (H), oxygen (O), nitro-
gen (N) and phosphorus (P). Conversion formulas and stoichiometric coefficients are
inaccurate if other elements significantly contribute to dry mass or COD. As a specia
case of thissimplification, growth limitation of diatomsby silicateisnot considered.

2. No adaptation takes place and changes in the composition within organism classes are
neglected. This means that the time dependence of kinetic expressions and parameters
is only via the dependence on other model constituents or environmental conditions,
such astemperature, light, or pH.

3. Itisassumedthat nitrateisalwaysavailable. If anaerobic processesin thewater column
or the river sediment are of significance for the turnover of the compounds considered
inthemodel, the model must be extended to account for these effects (e.g. sulphur isnot
considered inthe model).

Composition of organic compounds and organisms
The limitations to constant elemental composition of compounds and organisms and to a
given set of elements to be considered make it possible to use the mass fractions of these



elementsasmodel parameters. Theformulation of stoichiometric coefficientsof conversion
processes as functions of these parameters simplifies the adaptation of the model to cases
where different composition of organic material seems appropriate. Because different units
are used to characterise organic material, conversion formulas are given between mass of
organic substances (OM; thisisdry massfor particul ate substances), organic carbon (orgC)
and chemical oxygen demand (COD). The last measurement unit is natural in the case of
oxygen depletion simulationsand it is of special importancefor linkageto sewage treatment
simulations (where organic substancesare usually characterised by COD and ratiosof N and
Pto COD). The composition of organic matter is approximated by massfractions of the ele-
mentsC, H, O, N, and P. Themassfractions of all other elementsare neglected. For thisrea-
son, the composition of organic material can uniquely be described by the massfractions

ac,aH,ao,aNaP, (l)

of C, H, O, N, and P, where amassfraction representsthe fraction of the total massof organ-
ic substance contributed by a particular chemical element. Because other elements are
neglected, these massfractionsfulfil the constraint (cf. simplifying assumption 1 above)

Oc+taytag+ay Hop =1 2
Themassfractions (1) make aformulation of organic matter by achemical formulapossible.
For 1 g of organic matter thisformulaisgiven as(indicesareinterpreted asfractions of moles)
Cacr12Ha,, Oay116Na 1147 4 131- 3

The chemical formula for the mineralisation process can then be determined using
conservation principlesfor theelementsC, H, O, N, P, and for charge. Thisresultsin

Mc , 9% 9o 3oy +5ap + N 20p0,+

Cac/leaHan/leNaN/m%P/31+Dlz 1 2 56 T2 0u  m

EUH 3C(N 30,:,5_{ ac GN + ap 2—
L HH _SON SOl 649 oo, + INNHE + 9B Hpo2-,
O2 28 62072 12 2 14 4T3 "4 4

Thisformulaleadsto the conversion of mass of organic matter to COD asfollows:
COD:32EH_C+G_H_G_O_ﬂ+%EbM_ (5
012 4 32 56 124
The conversion of mass of organic matter to organic carbon isevidently given by
orgC = aOM. (6)

The mass fractions of N and P per unit of COD, which are usually used as parametersin
activated sludge models, arethen given as

iy = , Ip = .
N pMc,auw o Wy Sapl P e, an 0o 3y 5ap0 (7)
012 4 32 56 124 0 012 4 32 56 1240

Note that the parameters iy and i, are not sufficient for a complete characterisation of the
composition of organic substances. For acomplete characterisation that considersthe ele-
mentsC, H, O, N, P, two additional parametersdescribing theratiosof CtoH and of Cto O
(or Cto COD and H to COD) would berequired.

Components used in the model
Thefollowing components are distinguished in the model:
+ S dissolved organic substances, assumed to be available for rapid biodegradation by
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heterotrophic organisms: Cac‘ 512 HGH,ssOGo, 5916 Nay 55714 Pap sg/31-

§: inert dissolved organic substances: Cac,5|/12 HO‘H,SI OO‘O,SI/]-G NO‘N,SI/14 Pap,3|/31'
These substances are assumed not to be biodegradable within the time frame of
relevance.

Suna- Ammonium nitrogen: NH;—N.

Sunz- Ammonianitrogen: NH;—N.

S\og: Nitrite-nitrogen: NO;-N.

S\os: Nitrate-nitrogen: NO3—N.

Sypos: Part of inorganic dissolved phosphorus (inorganic dissolved phosphorus is
Suposa + Syopos the distribution depends on pH). For stoichiometric calculations
assumed to be HPOZ—P.

S opos- Part of inorganic dissolved phosphorus (inorganic dissolved phosphorus is
Sipos + Syzpos the distribution depends on pH). For stoichiometric calculations
assumed to be H,PO;—P.

Soy- Dissolved oxygen: O,

Scop- Sum of dissolved carbon dioxide and H,CO, measured as carbon mass: CO,~C +
H,CO,—C.

S, cos- Bicarbonate measured as carbon mass: HCO;—C.

Scos: Dissolved CO2~ measured as carbon mass: CO2—C.

S,: Hydrogenions: H*. pH can then be cal cul ated as—og10(S,,/1gH/l).

Son- OH~ionsmeasured as hydrogen mass (or moles): OH™—H.

S, Dissolved Ca?* ions: Ca?*.

X+ Heterotrophic organismsthat are assumed to be able to grow aerobically aswell as
anoxically (at aslightly slower rate): C H (0) N P

GC,XH/]'Z a4 XH CXO’XH/lG aN,XH/14 GP’XH/31'

Xy Organisms oxidising ammonia to nitrite: C H (0] N
P

uC,NlllZ OH N1 UO,N1/16 “N,Nl/14

ap,N1/31°

Xyp: Organisms oxidising nitrite to nitrate: C H (0)
P

aC,N2/12 a4 N2 UO,N2/16 NGN’N2/14

GP,N2/31'
XL Algae and macrophytes: CO‘C,ALGllz HO(H’ALG an,ALG/16 NO(N’ALG,14 P“P,ALG/31'
In the model only one class of algae and macrophytesisintroduced. A model extension
to more classes can be made easily if this seemsto be appropriate.
Xcon: Consumers: CGC’CON 12 HO(H’CON OO(QCON 6N an,CoN/14 PO(P‘CON /31 INthemodel
only one class of consumers is introduced that feeds on algae, heterotrophic and
autotrophic organisms and bi odegradabl e particul ate organic matter. A model extension
to more consumer classes can be made easily.
Xg: Particulate organic material, assumed to be available for biodegradation after
hydrolysis: CO‘C,X 912 Hapyxs OGo,x g16 Nay 14 Papxgar These substances must
undergo hydrolysis catalysed by heterotrophic organisms before being directly
degradable.
X,: Inert particulate organic material: CGC,X|/12 HGH'XI an,x|/16 NUN,X|/14 PUP,XI/31'
These substancesare assumed to be not bi odegradabl e within thetimeframeof relevance.
Xp: Phosphate adsorbed to particles. For stoichiometric calculations assumed to be
HPOZ—P.

4



+ X,: Particulate inorganic material. In the basic model, particulate inorganic material is
summarised in one class. However, an extension to classes of different size or
composition can easily be made.

Measurability of model components

One of the issues in any modelling exercise is the necessity to provide data for the model
variables. Preferably standard laboratory methods should be applied. In this section, we
relate the different state variables of the proposed model to measured quantities such as
COD, BOD, TOC, suspended solids, Kjeldahl nitrogen, dry mass, and element analyses.
Both total and filtered samples are presumed to be available. Note again that the equations
givenin this section are only good approximationsif other elementsthan C, H, O, N and P
do not contribute significantly to dry weight (this may not be true in an activated sludge
plant with chemical precipitation).

Straightforward direct analysis can be performed for the following variables: §,,; +
SuHar Svoz Svoz Sipoa T Shzrosr Sop e @ Sy, the latter being 10PH. The sum of
Scop @d §co; can be obtained from either a TIC (total inorganic carbon) analysis or
an advanced akalinity titration. Using the pH value subsequently allows differentiation
between S, and §c3, Sypa @A Sy AN S pppoy AN §ipoy-

More problems exist with the determination of the multitude of organic substances of
themodel. However, overall measurement isan important starting point for the assessment
of thedifferent fractions. First, an overall COD analysis (cf. Eqg. 5 for adefinition of COD)
of the total and filtered samples allows differentiation between dissolved and particulate
fractions, i.e.

COD; =COD of (Sg+ § + Xy + X1 + X2 + Xa g+ Xcon + Xs+ X)) (8a)
COD=CODof (55+9), CODpart =COD,,—COD 4 (8h)
Differentiating between Sgand S can proceed viathe analysis of the biodegradable part of
the dissolved organic fraction, i.e. viaatype of BOD analysis of thefiltered sample (at the
appropriatetimescale). A similar experiment can be performed onthe complete sample. By
combining both results, the inert particulate fraction X, can be assessed (Lesouef et al.,
1992).

Organic substances can be analysed for their C, N, P, O, and H content. This leads to
TOC (total organic carbon), DOC (dissolved organic carbon), PON, DON, POP, DOP,
POH, and DOH:

TOC=0c 555+ U g #+0 ¢ x Xyt ae xniXnetOe XNz O X aLe 0 e conXcon

+0 e xXstOe x X (%93

DOC=0¢ ssSs+0cg +S- (9b)
where equivalent expressions apply to N, P, O, and H. Note that total and dissolved
Kjeldahl-nitrogen are

KNiot = TON +S\ps * Sypa » - KNgis= DON + S, + Snis (10)

and total phosphorusis

TP=TOP+S5p0+ Suposa * Xp

whichisuseful to check massbalances (Nowak et al., 1999).
Volatile suspended solids determination gives the sum of all organic particulate
fractions, summing their carbon, nitrogen, oxygen, and hydrogen content

‘le19 uayoley 'd

15



"[e 1o WaydIRY “d

16

VSS= ZZ (aC,Xi Xi ¥y xiXi *0 o xi X 0 N xi Xi) (11)
i=H,N1,NZATG,CON,S |

and dry mass of organic particlesis

OM = X
; | (12)
i=H,N1,NZATG,CON,S,|

Organism counts are often converted to wet mass units. These can then be converted to dry
mass with the aid of an empirical conversion factor (between 0.1 and 0.4 depending on
Species).

To determinethefractions of samplesof particulate organic material isquite problemat-
ic. The particul ate biodegradable material X could be determined viarespirometric analy-
sis and an assumed yield coefficient (Vanrolleghem et al., 1999). However, interference
with endogenous respiration may occur. Determination of the organism fractions (X, Xy
Xuz XaLa Xecon) can be based either on activity measurement and aspecific activity factor
or aspecific analysis of some property of the group of organisms (e.g. chlorophyll determi-
nation for algae). The activity measurements are COD-oxidation rates, nitrification rates,
photosynthesis rates, and reduction of respiration rates in the presence of inhibitors that
specifically inhibit certain groups such as nitrifiers or consumers. An alternative method,
which has been quite successfully used in wastewater treatment fractionation of biomass,
consistsof cal culating theamount of biomassgrown under certainloading conditionsusing
typical yield valuesand retention times (Vanrolleghem et al., 1999). It can be expected that
thisapproach also worksfor certain riverine situations.

Biological and chemical conversion processes

In this section a complete description of the biochemical process equationsis given. Note
that recommendationsfor model simplificationsaregiveninVanrolleghemet al. (2001). In
order to apply the model, these biochemical process equations must be supplemented by
transport equations, equations for substance transfer between river compartments and to
the atmosphere, geometrical conversions between concentrations in the water column and
surface densities of sessile organisms, etc.

Thequalitative stoichiometric matrix of themodel isgivenin Table 1, the stoichiometric
parametersrequired to make all stoichiometric coefficientsunique arelistedin Table2 and
theformulationsof the processratesare givenin Table 3. These definitions makethe model
stoichiometry unique up to the numerical val ues of the parameters. Becauseit issomework
to calculate the stoichiometric coefficients from the stoichiometric parameters and from
the composition parameters of organic compounds (a, o, 04, 0 and a for al organic
compounds) using conservation principles for the elements and for charge, the equations
for the stoichiometric coefficients are given in appendix 1 (two additional state variables,
Sye @d § 5, for molecular nitrogen gas and for water, respectively, areintroduced in the
appendix in order to make mass balance checks possible). Furthermore, these formulas are
also implemented in a Excel spreadsheet that can be obtained from the authors
(http://www.eawag.ch/~reichert). A numerical exampleisgiven inappendix 2.

In Table 1, for al stoichiometric coefficients that are not equal to unity, only the signs
are given: “+” indicates a positive stoichiometric coefficient, “—" a negative coefficient,
“?” indicates acoefficient the sign of which depends on the composition of the organic sub-
stancesinvolved in the process and on the stoichiometric parameters, and “(+)” isthe same
as“?”, but in this case, the composition of compounds and the stoichiometric parameters
should be chosen in a way that guarantees that this coefficient is non-negative (because
there is no limiting factor to the corresponding compound in the process rate). In Table 3,



limiting termsin square brackets can be omitted if the chosen stoichiometry issuch that the
corresponding component is not consumed. Stoichiometry and kinetics of processes are
briefly discussed in the following paragraph.

The following processes are considered in the model (numbers correspond to rows in

Tables1and 3):

(2) Aerobic growth of heterotrophs: Growth of heterotrophic organisms using dissolved
organic substrate, dissolved oxygen, and nutrients. If the organic substrate contains
enough phosphorus (ap yy < Yy 4 Op s5), NO phosphate uptake from the surrounding
water is necessary and the limiting term with respect to phosphate can be neglected. If
there is not enough nitrogen in the substrate (0 y; > Yy g Oy 55) @NMONiais con-
sumed by process (1a). If ammoniaconcentrations become very low, thereisaswitch to
the nitrate uptake process (1b). The ammonia limitation term in process (1a) and the
whole process (1b) can be omitted if there is enough nitrogen in the substrate (o >
Yh aer O s9)- INthis casethe excessnitrogen isreleased asammoniaby process (1a).
(2,6,8,10,13) Aerobic endogenous respiration: Loss of biomass by aerobic endogenous
respiration.

(3) Anoxic growth of heterotrophs: Growth of heterotrophic organisms with oxygen
gained by reducing nitrate to nitrite or nitrite to molecular nitrogen (denitrification;
processes 3a and 3b, respectively). If oy < Yy 4o Op s Sypos Must be available for
growth. Inthe processrate, the phosphaté limitation term (squarebracketsin Table 3) is
only present if this condition is fulfilled. This process is inhibited by the presence of
dissolved oxygen.

(4) Anoxic endogenous respiration of heterotrophic organisms: Loss of heterotrophic
biomassin the absence of dissolved oxygen by endogenous respiration with nitrate (for
simplicity this process is formulated as a one step reduction of nitrate to molecular
nitrogen in contrast to anoxic growth).

(5) Growth of 1st stage nitrifiers: Growth of organismsthat oxidise ammoniato nitrite.
(7) Growth of 2nd stage nitrifiers: Growth of organismsthat oxidise nitriteto nitrate. In
order to avoid problems in the absence of ammonia, it is assumed that the nitrogen
source for build up of biomass is also nitrite (due to the small contribution to nitrite
consumption thisassumption is not important).

(9) Growth of algae: Growth of algae by primary production. This process is divided
into two subprocesses describing growth with ammonia (preferred) or nitrate as the
nitrogen source. The Steele function is used to describe light limitation and light
inhibition.

(11,14) Death of algae or consumers: Conversion of algae or consumers to slowly
degradable andinert organic matter by death, lysis, etc. At thesimplification level of this
model, which uses a constant composition of organic substancesfor each class, death of
algae and consumersis difficult to describe. Thisis because dead organic material may
have acomposition other than algae or consumers. Thisproblem issolved with theintro-
duction of ayield coefficient for the death process that is used to make mass conserva-
tion of al elements possible without requiring an uptake of oxygen, nitrogen,
phosphorus or carbon during the death process. The disadvantage of this concept isthat,
depending on differencesin the composition of algae and parti cul ate organic matter, the
process may release oxygen, ammonia, phosphate and carbon dioxide. If there is not
strong evidence for different composition of different classes of organic materia, this
problem can be solved by using the same composition for algae, consumers and dead
organic substances and setting these yield coefficientsto unity.

(12) Growth of consumers: Growth of consumers by grazing on algae, on particulate
organic matter and on heterotrophic and autotrophic organisms (subprocesses 12a and
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Table 1 Qualitative stoichiometric matrix of the complete river water quality model no. 1 (cf. Vanrolleghem et al., 2001 for hints for model
simplifications)

Component - i “m 0 & 6 6 0 © 9 (10 (11 @12) (13) (14 @15 @16) (17) (18) (19) (0) (21 (22) (23) (24)
j Process | Ss Si SnHa Snnz Snoz Snos Swpos Shzpos So2 Scoz Shcos Scos Su Son Sca Xu X1 Xnz Xae XeonXs X Xp Xy
(1a)  Aerobic growth of - ? ? -+ ? 1
heterotrophs with NH,
(1b)  Aerobic growth of - - ? -+ ? 1
heterotrophs with NO,
2) Aerobic resp. of het. + + - + - -1 +
(3a) Anoxic growth of - + - ? + ? 1
heterotrophs with NO,
(3b)  Anoxic growth of - - ? + ? 1
heterotrophs with NO,
(4) Anoxic resp. of het. + - + + - -1 +
(5) Growth of 1st-stage - + - - - + 1
nitrifiers
(6) Aerobic respiration of + + -+ - -1 +
1st-stage nitrifiers
7) Growth of 2nd-stage -+ - - - — 1
nitriflers
8) Aerobic respiration of + + -+ - -1 +
2nd-stage nitrifiers
(9a)  Growth of algae with NH, - - + - — 1
(9b)  Growth of algae with NO, - - + - - 1
(10)  Aerobic resp. of algae + + -+ - -1 +
(11) Death of algae (+) (+) + 2 ? -1 + o+
(12a) Growth of cons. on X, (+) (+) - 2 ? - 1+
(12b) Growth of cons. on Xg +) +) - ? ? 1 -
(12c) Growth of cons. on X, +) +) - 2 ? - 1
(12d) Growth of cons. on Xy, (+) (+) - 2 2 - 1
(12e) Growth of cons. on Xy, (+) +) - ? i - 1
(13)  Aerobic resp. of cons. + + -+ - -1 +
(14) Death of consumers +) +) +) 2 ? -1 + +
(15)  Hydrolysis + (+) (+) +) 2 ? -1
(16) EQ.CO, ~ HCO4 -1 1 +
(17) EQ.HCO; ~ COq4 -1 1 +
(18) EQ.H,O ~ H*OH 11
(19) EQ.NH, = NH, -1 01 +
(20) EQ.H,PO, « HPO, 1 -1 +
(21) Eq.Ca - COy4 + 1
(22) Ads. of phosphate -1 1

(23)  Des. of phosphate 1 -1




Table 2 Stoichiometric parameters

Symbol Description Unit
Y4 aer Yield for aerobic heterotrophic growth gX/9Sg
YhanoxNo3  Yield for anoxic heterotrophic growth with nitrate 9X/9Sg
YhanoxNno2  Yield for anoxic heterotrophic growth with nitrite 9X/9Sg
fiBac Fraction of respired heterotrophic and autotrophic biomass

that becomes inert gx/gXy
Y1 Yield for growth of 1st step nitrifiers 9Xn1/9 Sypa—N
Y2 Yield for growth of 2nd step nitrifiers 9XN2/9 Snoo—N
fiaL Fraction of particulate organic matter that becomes inert

during death of algae gX/g(Xg+X)
YALG death Yield for death of algae (set to a value that avoids consumption

of nutrients and oxygen) IXgHX)9X,
Ycon Yield for grazing (set to a value that avoids consumption

of nutrients and oxygen) IXcon/9XaLe
fo Fraction of incorporated biomass that is excreted as fecal pellets  gXg/gXcon
fi con Fraction of particulate organic matter that becomes inert during

death of consumers gx/g(Xg+X)

CON death Yield for death of consumers (set to a value that avoids

consumption of nutrients and oxygen) 9(Xs+X)/9Xcon
Yuvp Yield for hydrolysis (set to a value that avoids consumption

of nutrients and oxygen) gS</aXg

12e, respectively) with production of fecal pelletsin the form of slowly biodegradable
particul ate organic matter. It is assumed that organic matter is homogeneously distrib-
uted. Note that this assumption may be violated for sessile organisms. A simple way to
consider this fact is discussed in Reichert (2001). The yield coefficient must be small
enough to guarantee the availability of enough nitrogen and phosphorusin the food for
building consumer biomass. A very simple process rate proportional to the product of
food and consumer concentrations was chosen. In some cases limiting terms with
respect to food or consumers may be necessary.

(15) Hydrolysis: Dissolution of slowly biodegradable particulate organic matter to dis-
solved organic matter catalysed by heterotrophic biomass. Similarly to the death
processes, ayield coefficient is introduced to guarantee that no oxygen, ammonia, or
phosphate must be consumed during the hydrolysis process. If there is not strong evi-
dence that the composition of particulate and dissolved organic matter is different, the
same composition should be used and theyield coefficient set equal to unity.

(16-21) Chemical equilibria: Chemical equilibria between CO, and HCOj3, between
HCOj3 and COZ-, between H,O and H* and OH-, between NH} and NH,, between
H,PO; and HPO2-, and between Ca?* and CO2~ and CaCOx(s).

(22) Adsor ption of phosphate: Any type of binding of phosphate on particul ate matter.
(23) Desorption of phosphate: Release of phosphate previously bound on particulate
matter.

Note that all process formulations given above are based on in-situ concentrations of

substrates and in-situ light conditions. If abiofilm of sessile organismsismodelled without
explicit consideration of substrate gradients and light availability, additional limiting fac-
tors must be formulated on an empirical basis (for an example of how this can be done see
Reichert, 2001).
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Table 3 Process rates (terms in square brackets are omitted under certain circumstances, see text)

Process

No.
(1a)

o

2 (1b)

S

@

o

2
(2
(32)
(3b)
(4)
(5)
(6)
(7)
(8)
(9a)
(9b)

20

Aerobic growth of
heterotrophs with NH,,

Aer. gro. of hetero. with NO,

Aerobic end. resp. of
heterotrophs

Anoxic growth of
heterotrophs with NO,

Anoxic growth of
heterotrophs with NO,

Anoxic end. resp.
of heterotrophs

Growth of 1st-stage nitrifiers

Aerobic end. resp. of 1st stage
nitrifiers

Growth of 2nd stage nitrifiers

Aerobic end. resp. of 2nd stage
nitrifiers

Growth of algae with NH,

Growth of algae with NO,

Rate
_ 0 ]
K eﬁH T-T Ss Soz g Snta * Snhs 0
gro, H, aer, To
Ks,aer *5s Kog ,aer *S02 BN H,aer ¥ Sma * Swnz B
| S, +S a0
<0 HPO4 * HoPo4 X,
EHpos, H,aer * Sipoa * Stizros B
_ K
% Py (T=Tp) Ss So2 N, H, aer B
gro, H, aer, To K +5. K +S_ K +S. . +S
B SHoaer © VS "02Haer V02 "N,H,aer T ONH4 NH3S
[} 0
E* Snos o Shpoa * Shzros Ik S
H
B N, H,aer * Snos B Hpos, H,aer * Shpos * Szros B =i
_ s
. eBH (T TO) _ Ce
resp, H, aer, To K +s H
02, H,aer * S02
. eﬁH T-T) Sg Koz, H, aer Snos
gro, H, anox, To
Ks Hanox *5s Koz Haer * S0z KNo3, H, anox * Sho3
. Shpoa * Shzpos =
x[3 B(H
B Hpos, H, anox * Stpos * Shzroa B
. eﬁH T-T9 Sg Koz, H, aer Sno2
gro, H, anox, To
Ks Hoanox *5s Koz Haer *S02 Koz, H,anox + Sno2
0 0
o Shipoa * Shzpos Ik
* H
B Hpos, H, anox * Stpoa * Shizroa B
K eﬁ n(T-T) 5 Snos X
resp, H, anox, To H
Koz, H,anox * So2 K03, H,anox * Snos
. eﬁNl(T =Ty So2 Snha * SuHs
gro, N1, anox, To
Koz,n1 ¥ S0z Kna,nt ¥ Sura * Snms
Shpoa * Shzpos
x X
K hpoa, N1 * Shpos * Stzros
_ s
K ST o2
resp, N1, To P Ts Nl
oz,N1 " S0z
i} epN? (T-T9) Soz Sno2
gro, N2, anox, To
Koz nz * o2 Knoz, N2 * Snoz
. Shpoa * Stzpos «
N2
Khpoa, N2 * Shpos * Stzros
_ s
k RIS - S
resp, N2, To N2
Koz,n2 * 502
" LacT=To) _ Sna * Suns * Svos Snha * SnHs
gro, ALG, To
Kn,aLc * Snha *Smz P Snos Kn,aLe T SnHa * SuHs
. Stpoa * Stzros 00
P apH_ _BXALG
Khpos, AL * Shpos * Shzros K K
_ K
‘ LaeT—To) Snra * Snhz * Snos NH4,ALG
gro, ALG, To
Kn,aLc * Snka * ks *Snos kg, aLe *Snma *Shms
S +S | o ,0

HPO4

x

H2PO4

_a(pH‘__BXALG
Kupos, ALG * Shpos * Shzros K K



Table 3 Continued

No. Process Rate
(10) Aerobic endogenous T_T s
respiration of algae K epALG( -T) 02 X
resp, ALG, To K +S ALG
02,ALG 02
(11)  Deathof algae K EBALG (T-T9
death, ALG, To ALG
— S
(12a-€) Growth of Consumers on X; K eBCON a TO) 02 X. X
i= gro, CON, To K +s i CON
i=ALG, S, H, N1, N2 02,CON 02
(13)  Aerobicend.resp. of consumers eBCON (T-T) So2 M
resp, CON, To K +S CON
02, CON 02
(14)  Death of consumers « eﬁCON (T-Ty) <
death, CON, To CON
(15) Hydrolysis . eﬁhyd (T- TO)X
hyd, To S
(16)  Eq.CO,~HCO3 Keq1Scoz ~ SiShcos ! Keq 1)
- coz- _
17) Eg. HCO3-CO3 keq,Z(SHCO3 SH SCO3 / Keq,2)

(18)  Eq.H*-OH- Keqw® ™ SuSon ' Keqw

W
(19)  Eq.NH;-NH, Keay N Snra =~ SiSnnz ' Keg n)
. a _
(20)  Eq.H,PO;-HPOZ keq, P Chizros ~ S Shpos | Keg,p)

keq,so(l_ ScaScos ! Keq,sO)

(21)  Eq.Ca?*-COZ
(22) Ads. of phosphate kadsSHPo4

(23) Des. of phosphate kdesxp

Summary and conclusions

The biochemical conversion model for river water quality modelling presented in this
paper israther complex. Special emphasiswas given on arigorous formulation of the mass
balances of all considered elements. Although this approach introduces parameters that
may not be identifiable in all applications, it clarifies model assumptions and can be the
base for athorough identifiability analysis. Two important reasons for the complexity of
themodel are the consideration of arather compl ete set of processes that may be important
under aerobic and anoxic conditions and the inclusion of inorganic carbon compounds for
the calculation of pH. In specific applications, however, it may be possible to omit many of
these processes. For this reason, in the succeeding paper (Vanrolleghem et al., 2001) rec-
ommendations are given for the selection of adequate submodels for specific applications.
Itisimportant to study the possibilitiesfor such model simplificationsvery carefully before
an unnecessarily complicated and non-identifiable model isapplied. Neverthel ess, because
different applications entail different components and processes, it is useful to document
thefull model asitisdoneinthispaper.

Appendix 1: formulas for stoichiometric coefficients

Thefollowing Table 4 containsthe formul asfor cal cul ating the stoichiometric coefficients
from mass fractions of the organic compounds and stoichiometric parameters as described
in the paper. These formulas are also implemented in aM S Excel spreadsheet that can be
obtai ned from the authors. The stoi chiometric coefficients have been cal culated from mass
balances of C, H, O, N, P and charge. In order to make a check of mass balances possible,
the additional statevariables §,,, (water) and §, (nitrogen gas) areintroduced.
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Table 4 Stoichiometric coefficients of the river model

Subst. Value

Unit

(1a) Aerobic growth of heterotrophs with NH 4

% —
YH, aer
a
N,SS
NH4 ¥ TONXH
H,aer
a
P,SS
SHpPoa Yoy PXH
D“ro,ss_a D_SD“H,ss_a D_gD“c,ss_a o
So2 @Y— o,XH@ @Y_ H,XH@ 5@\(_ C,XHQ
H,aer H,aer H,aer
o 0 0
S22 NSS_o o 40TRSS
@Y— N,XHQ 31@\(_ P,XHQ
H, H,
a
C,SS
So2 v %cxH
H,aer
_iDaN,SS_a D+;D"’P,ss_a H
$H 14 N,XHQ 31@Y_ P,XHQ
H,aer H,aer
19H,ss H 3Haynss o
$20 3 aH,XHE 28 aN.XHésH
H,aer aer
_iDaP’SS_a D
62 P,XHQ
H,aer
Xy 1

(1b) Aerobic growth of heterotrophs with NO3:
1

% —
YH,aer
a
N,SS
N0z v TONXH
H,aer
a
P,SS
Sipoa v %P,xH
H, aer
DaO,SS . D_SDGH,SS . 0 §DGC,SS . O
So2 @Y_‘ o,XH@ QY__ H,XH@‘3@\(_‘ C,XHQ
H,aer H,aer H,aer
L200NSS 0 oa0%Pss o
7@7 — N,XHQ 1@9 ~ P,XH@
H,aer H,aer

Css_,
So2 ., (CxH

H,

179,88 a o, 2 29pss o =
$H ﬁ@\r__ N,XH@ 31 - P,XHQ
H,aer H,aer

sy O fayes O
S$20 2 - H,XHQ BQT_ N,XH@
H,aer H,aer
3 DaP,SS . O
ﬁéﬁ —- P,XH@
H,
Xy 1

955/ 9Xyy
gN/gXH

gP/gX,

go/ gXH

9C/gXy

molesH / gXH

molesH 20 / 9Xy

9Xp 19Xy

o5/ ¥y
gN/ gXH

gP/gXy,

gO/gX,,

gC/gX,

molesH / Xy

molesH 2O / 9Xy

Xy 19Xy



Table 4 Continued

Subst. Value Unit

(2,6,8,10,13) Aerobic endogenous respiration of Xi (i=H,N1,N2,ALG, CON):
SNHe  ONxi TN X N/ gX;

SHpoa 9P xi ~f1i%p xi 9P/ gX;

0 0.8 0
So2 Foxi~fi%,xi B8 xi ~fiHxi0-38 cxi~fi.# cxid

2 0_ 40 0
i TN T E e xi LR X O g0/ gX;
Scoz  %cxi ~ L% xi gC/ gX;
1 0, 2 0
SH AN xi TN, 5 3T e~ L@ o O molesH / gX;

1 0_3 0
Su20 BRI~ LT, x1 028 9 N xi — LA N X1

3 O
~&@pxi ~ % xi A molesH ,0/ gX;
X 1 0%, 0%
X fli 0%, 0%

(3a) Aerobic growth of heterotrophs with NO5:

1
S . 95/ Xy
anox
Oa 0 Oa Oa
SN _I1n 0SS -a +7 H,SS -a 1 CSS -a
o2 "8 O, XH H,XHH"3 C, XH
H, anox anox anox
Oa Da
5-9N,SS P,SS
"2 -an, XHQ @Y— “PXHQ oN /Xy,
H, anox anox
7IZI o,ss 0 Da
SNos g@Y—“’o XH@ @Y—_GH XH@ @Y—‘ac XH@
H, anox anox anox
o o _ 0o o
_35Nss _35.,9Pss N / gX
ZQY— N,XHQ 31%(— P,XH@ ON/gXy
H, anox H, anox
a
P,SS
SHPoa T 9P xH 9P/ gXy,
H,anox
a
C,SS
Sco2 ¥ ~9¢,XH 9C/ Xy,
H, anox
1 09\ ss
SH ﬁ@y— ay, XHQ 31%(— GPXHQ molesH / gX
lDa DorN
Sh20 2@? — aHXHQ 28@? aNXH@
H, anox anox
Oa
3 -9 ss
% - _aP,XHQ molesH, 0/ gX |,
, anox
XH 1 ng/gXH

(3b) Aerobic growth of heterotrophs with NO,:

1
S 955/ 9Xy

YH , aNoX
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Table 4 Continued

Subst. Value Unit
Da Da
O, SS 14 C,Ss
SNo2 ‘E aOXHQ QY— ay, XH@ @Y— aCXH@
H, anox anox anox
Oa
70 P,SS
-5 3 _aP,XHg gN/gXH
, anox
a
P, SS
Spos 7 9P xH 9P/ 9Xyy
H, anox
a
C,SS
Scoz ~a¢ xH 9C/ gXyy
H, anox
iDaO’SS —-a . l —-a - l —-a
SH 24@\(— O,XHQ 3@\(— HXHQ g@Y— CXHQ
H, anox anox anox
Oa O
1 P, SS
+§ ’ _aP,XHQ moIesH/gXH
, anox
1 Dao IIIaH IZIorC
SHeo 78 aOXH@ @y—“’H XHQ 18@\(— ag, XH@
H, anox anox anox
Oa
2 P, SS
53 ’ aP,XHg mol&eHzongH
, anox
7 Dao ss IZIaC ss 0O
12 —Uc,
SN2 ~90,XH ~ay XH ac, XH
H, anox anox H, anox
Oa
N, SS
@Y— ay, XH@ @Y— aPXHQ gN/oXy,
H, anox anox
XH 1 gXH/gXH

(4) Anoxic endogenous respiration of heterotrophs:
SNHa  ONxH ~ fIONx aN/gXyy

SN0z 20@0,xH ~ 190,x1) "B @ xH ~ 1@ x) T2 € ¢, xH ~ 19 ¢ x1)
+2anxn—9Nx) 5@ p xH ~ T p 1) gN/gXy
SHpoa “p,xH ~ 9P x 9Pl Xy
Sco2  %c,xH~fi%¢,x 9C/oXy
St @0oxH =19 x1) " E@H xH 1T Hx1) ~16€ ¢ xH ~ 9 ¢ x1)
350N 1~ 19N 1) 31 @p xr ~ 19 p x1) molesH / gX,

1 3 1
S0 ~80Wo,xH ~f1%,x) *5@H xH ~ f19H,x1) * 35 @, xn ~ fi9c xi1)

9 1
20N, xH ~fiaN,x) ~31@p, xH ~ fi9 P x1) molesH,0/ gX,
T (a —fan )+ B @ R W . 17 )
SN2 20@0,xH ~f190,x1) 5 @H xH ~f19H,x1) *15@ ¢, xH ~ T ¢ xI
21 _14
“@NxH 198, x1) "3 @R xH ~ 9P x1) 9N/ gXy

H -1 gxXy [ oXy
fI x| /gXH



Table 4 Continued

Subst. Value

Unit

(5) Growth of 1st - stage nitrifiers:
Sipoa ~%p,N1

s\ 1
He —y
YNL
Svoz @
02 —aN, N1
YNL
B o RO ccd Y : Ml
So2 Mt H,N1~%0,N1 7 i
Scoz ¢, N1
2 9NN Ppn
H vy, 14 31
1 %W NN Feng
SH20 14Yy, 2 28 62
Xyg L
(7) Growth of 2nd stage nitrifiers:
s\ 1
02 v
N2
oz -
03 ~aN, N2
N2
SHPo4 9P, N2
8 %ewne oo MnNg M2
So2 M 3 H,N2 ~90,N2 7 n
Scoz  ~9c N2
NNz Zp N2
H 14 31
Ay N2 OIN N2 T PN2
S0 ~ * *
2 28 62
Xno 1
(9a) Growth of algae with NH4:
SNH4e  IN,ALG
SHPo4 ~9p,ALG
YICALG g a _onae | YA
So2 3 H,ALG “90,ALG 7 3
Sco2 9c,ALG
s, INALG PP ALG
14 31
IHALG , FNALG |, FrALe
SH20 2 28 62
XaLG 1

(9b) Growth of algae with NO3:

SN0z “IN,ALG
SHPosa ~9p,ALG

gP/ ngl

ogN/ XN

oN/ XN

go/ 9XN1
gC/ XNt

molesH / gX;

moIesHZO/ gXNl

KN/ e

oN/ gXN2

aN/ gXN2

gP/gXN2
gO/gXNz
gC/gXNZ

molesH / gXN2

moIesHZO/gXNZ

Kz ! KNz

gN/gXALG
gP/gXALG

gO/gXALG
gC/ngLG

moIesH/gXAl_G

moIesHZO/gXALG

oX /gX

ALG ALG

gN/gXALG

gF‘/gXALG
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Table 4 Continued

Subst. Value Unit
8a 20a 40a
C.ALG N,ALG P.ALG
Sz T3 t8yalcY9AlctTT7 tT 3 90/ 9% 6
Sco2 9cALG 9C/XaLG
a 2a
N,ALG  29pALG
: - - molesH / gX
§'| 14 31 9 ALG
a a K’
HALG . IN,ALG . P ALG
: + : + . molesH, O/ gX
SH20 2 8 2 20/XaLG
XaL 1 XaLc ! KaLc

(11,14) Death of X; (i = ALG, CON):

SNHA  ONLi ~ A= DY death® N, xs ™ 1LY, death@ N, X gN/ gX;
SHpos 9p,i —(A- f| i)Y, death?P, xs ~ T1,i Y, death? P, X1 9P/ gX;
S22 @0, ~@=f )Y death®0,xs ™ fI,i¥i, death@0, x1)
“8ay i ~A= 1 )Y, death®H, xs ™ 1,1 Y, death@ H, x1)
8
-3(ac;-@1- fl i)Y death@c, xs ~ f1,iYi, death® ¢, x1)
12
+ 2N~ Q=T DY death? N, xs T 1LY, death@N, x1)
40
31 @p,i —(A- f| i)Yi, death@p, xs ~ f1,iYi, death® P, x1) 4o/ gX
Scoz2  9c,i ~@= 1Y deathc, xs ™ 1,1, death@ C, X1 9C /X
1
S ~12@Ni @ )Y death? N, xs ™ 1,1 Y, death@N, X1)
2
*31@p i ~A= 1 )Y death®pP, xs 1,1, death® P, x1) molesH / gX;
1 _
SH2o 5@, ~A= 11 Y death@H, xs ™ 1,1 Y, death@ H, x1)
3 _
=28 @N,i =@~ DY death®N, xs ™ f1,i Vi, death@ N, x1) molesH 0/ gX;
3
~62@p,i ~A=1 )Y death®p, xs ™ 1,1 i, death® P, x1)
Xi -1 gXi /gxi
Xs Q=1 i)Y death Xg/ 9%;
X f1,iYi, death 9% 19X,
(12) Growth of consumerson Xi (i=ALG,S/H,N1,N2):
ay fa
N,i e’ N,i
S\He v~ ~9N,CON 9N/ 9Xcon
con  Ycon
ap fap:
P,i e’ P,i
SHPo4 v Ty ~9P.cON 9P/ 9Xcon
con  Ycon
% Dagi  fl9oxs . EEPELGN feTh,xs i, 0
2 - 0,CON W H,CON
coN  YooN % Yoon ]
gbaci feci R 1299\, foNxs iy 0
%Y— ~4dc,con W N,CON
3 Yeon % Yoon ]
Oap: fa m]
4009p;i P.XS
-= £ 4 go/gX
v P,CON CON
S1E¥con  Yeon %
an . fa
C,i e’'C,XS
Sco2 v "~V ~9c,coN 9C/ Xcon

Ycon  Yeon



Table 4 Continued

Subst. Value

Unit

Sy 0N N xs u 0
i ——~__ ~9N,coN
“Hcon  Yeon ]

2 D0’Pi fea'P,XS

0

199, feTh,xs

$H20 28 oy

O
a _3
H,CON% 28

con  Ycon con  Ycon
_35%i _fefpxs O
i s conj
X, /Yo
Xcon 1
X

s fe/Ycon

(15) Hydrolysis:

S YHYD

SNHa 9N, xs-"HYDIN,sS
SHPoa 9P, xs-"HYDYP,SS

Oan,i - fean,xs

molesH / 9XcoN

u]
_aN,CON%

molesH 20 / 9XcoN

9% / Xcon

9Xcon ! Xcon
9Xs/Xcon

955/ 9Xg
gN/ IXg
gP/ gXS

0. 0.8 0
Sz H0,xs-YHYDY0, 550~ 8% H, x5 _YHYDY H, 5503 9 ¢, xs_YHYD? ¢, ssH0

12 0_ 40 0
+2 BN xs_YHyYDON, ssf a1 b xs_YHyD?P, sSH
Sco2  9c,xs-"HYDYC,sS

1 0, 2 O
SH 34 (N, xs—YHYDY N, ss* 31 P, x5 _YHYD? P, S5
1 0, 3 0
S120 3 B'H, xS-YHYDTH, ssO* 28 (' N, xS_YHYD? N, S5
-3 |
& Hp xs_YHyD P, ss

s -1

(16) Equilibrium SCOZ - %—iCOS:

Scoz 1 9C/gC Sicos 1
Sicos 1 gc/gC Sco3 1

§_| 1/12 molesH / gC §_| 1/12
SHZO -1 mol&HzO/gC

(18) Equilibrium SH20 ~SH * SoH: (29) Equilibrium SNH4 ~
Sy 1 gH / gH S\Ha -1
SoH 1 gH /gH SNH3 1
%420 -1 moIestO/gH SH 1/14
(20) Equilibrium § ;5564 — Sypoa:

SHpPo4 1 gP/gP Sca 1
Syopoa L gP/gP Scos 12/ 40

SH 1/31 gH/gP

(17) Equilibrium S1—|CO3 - SCO3:

gO/gXS
gC/gXS
mdeﬂ/gxs
mdeHZO/gXS
gXS/gXS

gC/gC

gC/gC

molesH / gC

SNH3'

gN/gN

gN/gN

gH /gN

(21) Equilibrium SCa + SCOS - SCaCOS:

gCa/gCa
gC/gCa
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Appendix 2: a numerical example
Thefollowing tables give examples for numerical values of the stoi chiometric parameters,
the kinetic parameters and for the resulting stoichiometric coefficients. The numerical
values given in these tables are not part of the river water quality model no. 1. Reasonable
values were estimated based on literature on the composition of organic material, on the
activated sludge models, on existing river water quality models, on the case studies
following this paper, and on the experience of the authors.

Table 5 Mass fractions of elements on organic compounds

SS s| XH le XNZ ><ALG XCON XS xl Unit
a. 057 061 052 052 052 036 036 057 061 gC/gOM
a, 008 0.07 008 008 0.08 0.07 0.07 0.08 0.07 gH/gOM
O, 028 028 025 025 025 0.50 0.50 0.28 0.28 gO/gOM
a, 006 003 012 0.12 0.12 0.06 0.06 0.06 0.03 gN/gOM
o, 001 001 003 003 0.03 0.01 0.01 0.01 0.01 gP/gOM
Table 6 Stoichiometric parameters
Symbol Value Unit Symbol Value Unit Symbol Value Unit
Y4 aer 0.60 gX,/gSg YNz 0.03 9gX\2/9SNooN  ficon 0.20 gX/g(Xg+X)
YHanoxnoz 0-50  9X,/gSg fiaLe 0.20 gX/g(Xg*X) Ycondeatn 0-62  9(Xg+X)/9Xcon
Yhanoxnoz  0-30  9X,/gSg YalGdeath 0-62 9(Xs+X)/gXa 6 Yivp 1.00 gSg/gXg
fieac 020 gX/9Xynin2  Ycon 0.20 gXcon/9XaLe
Yy 013 Xy /0Syu-N f, 0.40 gX/gXcon

Table 7 Chemical equilibria (Stumm and Morgan, 1981; Sigg and Stumm, 1994; modified, T in °C)

Symbol Value Unit Symbol  Value Unit

K 104470.99/(273.15+T)+12.0875-0.01706(273.15+T)  gHZ/m® K 102.891-2727/(273.15+T) gH/m3
eqw eq,

Kog1 1017.843-3404.71/(273.15+T)-0.032786(273.15+T)  gHy/m3 Kog p 10-346-219.4/(273.15+T) gH/m3
eq, eq,

Keq2 109-494-2902.39/(273.15+T)-0.02379(273.15+T) gH/m3 Keqso 1240 . 1019-87-3059/(273.15+T)-0.04035(273.15+T)  gCagC/m®
Table 8 Kinetic parameters (T is equal to 20°C)

Symbol Value Unit Symbol Value Unit Symbol Value Unit Symbol  Value Unit
kdeath,ALG,To 0.1 dt kresp‘H,anox,To 0.1 at KHPO4,H,aer 0.02 gP/m3 KOZ,H‘aer 0.2 gO/m3
Kgeatnconro 005 d? KrespnrTo ~ 0-05 at Khpoa,H,anox 0.02 gP/m® K,y 05 gO/m?
Kgoagto 20 dt Krespnzto 005 dt Kipoa,ne 002 gP/m® Kooy, 05 gO/M?
Kgro.conto  0-0002 m3/gCcoD/d Keg,1 100000 d-* Kipoanz 0.02 gP/m3 Kspaer 2.0 gCoD/m3
Kywopaerto 20 d-t Keg.2 10000 d-! Knao Knmaas 01 gN/M® Kgpon,, 20 gCOD/m3
KgroHanoxTo 16 d? Keqw 10000 m3/gH/d KN H,aer 0.2 gN/m® B g 0.046 °c™1
kgmvmvTO 0.8 d? kequ 10000 dt KNH4NL 0.5 gN/m® Booy 0.08 c°ct
Kgonzto L1 d1l Keqp 10000 d-? Knoa H.anox 05  gN/m® B, 0.07 c°ct
Khyd,To 3.0 dt Keg,s0 2 m3/gCa/d Kno2,H,anox 0.2 gN/m3 Brya 0.07 c°ct
kresp'ALG’TD 0.1 d? Kags - d? Knoznz 0.5 gN/m® - By, 0.098 °c?t
Kresp.conto  0-05 d? Kges - dt KozaLe 0.2 go/m® By, 0.069 °c-!
kresp,H,aer,To 0.2 d? Kiposag ~ 0.02 gP/m3 Koz.con 0.5 go/m® K, 500 W/m?




Table 9 Stoichiometric coefficients based on the parameters given in Tables 5 and 6.

S X
S NH4 NH3 NO2 NO3 HPO4 H2PO4 02 CO2 HCO3 CO3 H OH Ca H N1 N2 ALG CON S 1 P
¢} gN gN gN gN gP gP go gC gC gC gH gH gCa 9 9 [¢] 9 [¢] 9 9 gP
CcoD COD COD COD COD COD CcoD CcoD
(1a) Aer. Growth H NH4 -1.9 -0.012 —0.0083 -0.85 0.27 0.00035 1
(1b) Aer. Growth H NO3 -1.9 -0.012 -0.0083 -0.80 0.27 -0.0014 1
(2) Aer. End. Resp. Het. 0.071 0.017 -0.77 0.25 -0.0039 -1 0.23
(3a) Ano. Growth H NO3 -2.2 1.1 -1.1 -0.0062 0.39 - 1
0.00040
(3b) Ano. Growth H NO2 -3.7 -1.6 0.0021 0.86 -0.12 1
(4) Ano. End. Resp. Het. 0.071 -0.27 0.017 0.25 -0.023 -1 0.23
(5) Growth N1 -4.8 4.7 -0.019 -15 -0.32 0.68 1
(6) Aer. End. Resp N1 0.071 0.017 -0.77 0.25 -0.0039 -1 0.23
(7) Growth N2 -21 21 -0.019 -22 -0.32 -0.0065 1
(8) Aer. End. Resp. N2 0.071 0.017 -0.77 0.25 -0.0039 -1 0.23
(9a) Growth ALG NH4 -0.065 -0.011 1.0 -0.39 0.0039 1
(9b) Growth ALG NO3 -0.065 -0.011 13 -0.39 -0.0053 1
(10) Aer. End. Resp. ALG 0.058 0.0086 -0.60 0.26 -0.0036 -1 0.40
(11) Death ALG 0.029 0.0041 0.20 0.00 -0.0018 -1 0.96 0.25
(12a) Growth CON ALG 0.13 0.022 -0.15 0.32 -0.0078 -5 1 3.8
(12b) Growth CON XS 0.13 0.022 -4.8 15 -0.0078 1 -5.8
(12c) Growth CON XH 0.45 0.13 -3.8 1.2 -0.024 -8.7 1 3.8
(12d) Growth CON XN1 0.45 0.13 -3.8 1.2 -0.024 -8.7 1 3.8
(12e) Growth CON XN2 0.45 0.13 -3.8 12 -0.024 -8.7 1 3.8
(13) Aer. End. Resp. CON 0.058 0.0086 -0.60 0.26 -0.0036 -1 0.40
(14) Death CON 0.029 0.0041 0.20 0.00 -0.0018 -1 0.96 0.25
(15) Hydrolysis 1 0 0 0 0 0 -1
(16) Equil. CO2-HCO3 -1 1 0.083
(17) Equil. HCO3-HCO3 -1 1 0.083
(18) Equil.H20-H OH-H 1 1
(19) Equil. NH4-NH3 -1 1 0.071
(20) Equil. H2PO4-HPO4 1 -1 0.032
(21) Equil. Ca-CO3 0.27 1
(22) Adsorption of HPO4 -1 +1
(23) Desorption of HPO4 +1 -1
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