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GREAT-ER |l - Chemical Fate Models

1. Preface

GREAT-ER 1.0 (1996 — 1999, a research project funded by ERASM and the UK EA). Has proven the
applicability of well-known exposure assessment models in a geo-referenced framework with a Monte-Carlo
approach to derive frequency curves of chemicals over space and time.

GREAT-ER Il is a software development project funded by CEFIC Long Range Research Initiative. The
project can be seen as the successor of GREAT-ER 1.0 with the following aims:

* Independent GIS user interface
e Database
* Flexible modeling framework considering exchange and enhancement of models.

To demonstrate the functionality of the new modeling framework the models of GREAT-ER 1.0 have been
reimplemented. To document these models the documentation of GREAT-ER 1.0 is used as a basis, with

minor corrections of typos and naming changes.

The work of Geert Boeije by writing this comprehensive documentation of the models covered by GREAT-
ER is thankfully acknowledged.

Entry points to the work on the GREAT-ER Model system are:

e http://ww. great-er.org
e http://great-er.intevation.org
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GREAT-ER |l - Chemical Fate Models

2. General Fate Pathway Structure

The general structure of the aquatic fate pathway within one segment which contains a waste water
emission point is shown in Figure 1. For a segment without emission, it is given in Figure 2. This structure
is identical for all complexity modes.

domestic non-domestic runoff
emission emission emission
Y
sewer
Y Y
WWTP untreated
Y

Figure 1. Fate pathway structure - with emission

L river T

Figure 2. Fate pathway structure - without emission

The sewer flow fraction entering the WWTP, fwwre, is given in the geo-reference parameter set for each
waste water emission point.
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3. Emission Models

3.1.1. Model

The emission models are identical in all complexity modes. For domestic emission:

®= ( M 3—1000 ) [(Pop
36524 (3600

Q= (W E 1 ) (Pop
100024 [3600

For other emissions (non-domestic and runoff), the chemical mass fluxes are taken directly from the
emission data. The flows are taken directly from the geo-referenced parameter set.

3.1.2. Required Parameters

M chemical market (sales) data kg/(cap.year)
Pop population cap

wW per capita water consumption L/(cap.d)
October 01, 2003 4/39
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GREAT-ER |l - Chemical Fate Models

4. Chemical Fate Models - Complexity Mode 1

Complexity Mode 1 allows GREAT-ER simulations with a minimal geographically referenced and chemical
input data set.

4.1. Sewer

4.1.1. Model

No in-sewer removal is assumed to occur:
Reewer= 0

4.1.2. Required Parameters

none
4.2. WWTP

Chemical elimination in a WWTP is described by a fixed removal efficiency, which depends on the type of
treatment:

4.2.1. Primary settler (=type 1)

Removal efficiency is taken directly from the chemical parameters set:

Rwwre = R1

4.2.2. Activated sludge (= type 2)

If no primary settler is present, removal efficiency is taken directly from the chemical parameters set:
Rwre = R2

Otherwise, it is calculated from the combination (in series) of both primary and secondary treatment:
Rwre = R1+ R2 - R1*R2

4.2.3. Trickling filter (= type 3)

If no primary settler is present, removal efficiency is taken directly from the chemical parameters set.
Rwre = R3

Otherwise, it is calculated from the combination (in series) of both primary and secondary treatment:

Rwrrr = R1+ R3- R1*R3

October 01, 2003 5/39

Great-er_model_equations.doc



GREAT-ER |l - Chemical Fate Models

4.2.4. Required Parameters

Chemical

R1 chemical removal in a primary settler -
R2 chemical removal in activated sludge -
R3 chemical removal in a trickling filter -

Geo-referenced

none
4.3. River
4.3.1. Model

Chemical elimination in rivers is described by first-order in-stream removal, assuming a fixed rate
coefficient:

—_ —-HRTK
RRIVER =1-€
The travel time HRT is calculated as:

HRT = V/(Q*3600) for lakes
HRT = L/(v*3600) for rivers

4.3.2. Required Parameters

Chemical

L -1
k chemical in-stream removal rate h

Geo-referenced

L stretch length m
v flow velocity nvs
\/ lake volume (only in case of a lake) m
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5. Chemical Fate Models - Complexity Mode 2

Complexity Mode 2 allows GREAT-ER simulations with a minimal geographically referenced input data set
for rivers. However, for WWTPs a detailed data set is needed, as well as a detailed chemical parameters
set.

5.1. Sewer

5.1.1. Model

In-sewer removal is assumed to be a fixed percentage, and is taken directly from the chemical parameter
set

Rsewer = from chemical parameters set

5.1.2. Required Parameters

Chemical

Reever chemical removal in the sewer -
Geo-referenced

none

5.2. WWTP

Chemical elimination in a WWTP is described by mechanistic mathematical models for primary settling and
for activated sludge. For trickling filter treatment, a simple percent removal model is used.

5.2.1. Primary settler (= type 1)

model identical to mode 3 - model and required parameters: see below
5.2.2. Activated sludge (=type 2)

model identical to mode 3 - model and required parameters: see below
5.2.3. Trickling filter (= type 3)

model identical to mode 3 - model and required parameters: see below

5.2.4. Required Parameters

see section on mode 3
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5.3. River
5.3.1. Model

Chemical elimination in rivers is described by first-order in-stream removal:

— —-HRTK
RRIVER =1-e
The rate coefficient is calculated as follows:

kzkdeg+fs|](sed+fd K.

(LG 1 1
‘¢ ¢ 1+C/C, 1+10°K, . [(BS
where c -
fe=—==1-f,
C’[
If Kd_river is not given, it is estimated as follows: K e = oo e (Ko

The travel time HRT is calculated as already mentioned in 4.3.1 for mode 1:

HRT = V/(Q*3600) for lakes
HRT = L/(v*3600) for rivers

5.3.2. Required Parameters

Chemical

Kd river @ dissolved / sorbed partitioning coefficient

Koc organic carbon / water partitioning coefficient

kdeg river: 1* order chemical degradation rate, in the dissolved phase
Ksed river: 1 order net suspended solids settling rate

kyol river: 1* order chemical volatilization rate

Geo-referenced

River Stretch

L stretch length

\% flow velocity

VvV lake volume (only in case of a lake)

River Class

foc_,iver river: suspended solids organic carbon fraction
S river suspended solids concentration

@ to override estimation

October 01, 2003 8/39

Great-er_model_equations.doc

m's

Oaw/ m



GREAT-ER |l - Chemical Fate Models

6. Chemical Fate Models - Complexity Mode 3

Complexity Mode 3 requires detailed parameters for rivers, for WWTPs and for the simulated chemical.

6.1. Sewer

6.1.1. Model

In-sewer removal is assumed to be a fixed percentage, and is taken directly from the chemical parameter
set (identical to mode 2).

Rsewer = from chemical parameters set

6.1.2. Required Parameters

Chemical

Reever chemical removal in the sewer -
Geo-referenced

none

6.2. WWTP

Chemical elimination in primary and activated sludge WWTPs is described by models derived from
SimpleTreat 3.0 (Struijs, 1996). For trickling filters, it is described by a fixed removal efficiency (identical to
mode 1).

6.2.1. SIMPLEBOX Approach

Mass balancing in the primary settler model and the activated sludge model is performed according to the
SIMPLEBOX method (van de Meent, 1993). For each box, a mass balance can be written as:

mass change = —elimination — outflux to other boxes— outflux out of system
+influx from other boxes+ influx into system
6
V djd% =-k [C ¥ _Z(ADVi,j + XCHi,j)[Cu _q)iout
j=1

or:

+ZG:(ADV” + XCH, ;) [T, + @,

=1

At steady state, continuous and constant influxes into and outfluxes out of the system are assumed. The
change in concentration dCi/dt is zero. Hence, the mass balance equation for box I becomes:

k [T, [V, +ZG:(ADVH + XCH, || [T, + @), —ZG:(ADV” + XCH,; ) [T, = &),
j=1

j=1

The chemical fluxes @, and gy only relate to inputs and outputs at the entire WWTP level. Transport to
or exchange with other boxes in the WWTP is described by the ADV and XCH terms. The latter are
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GREAT-ER |l - Chemical Fate Models

expressed as media volume flows (m3/5). When the latter are multiplied by concentrations (g/m3), the
corresponding chemical mass fluxes are obtained (g/S).

The chemical fluxes out of the system (out of box i) can be expressed as: ®,, = ADV, , [T,

Hence, using matrix notation, the set of all 6 mass balances can be written as:

Ci1 G2 - Cgp C1 q)iln 6
Ci Gy v G l|lCy| |®2 G, =k ¥ + Y (ADV,; + XCH, ) + ADV, ,

where =1

| | . ‘ ' . =—(ADV.. + XCH..
C6,1 C6,2 C6,6 CG q)ﬁ] q'l ( ji ],I)

or COEF [C = PHI

The concentrations in each box, C;, can now be obtained by solving this set of equations, as follows:

\ —

— 1
C= (COEF) CPHI

6.2.2. Primary settler (= type 1)

The Mode 2 Model is based on the settler model of SimpleTreat 3.0 (Struijs, 1996).

System Analysis

A ‘4-box model’ was implemented (Figure 3). The system is divided into the different phases (air, dissolved,

adsorbed to suspended solids, adsorbed to settled solids). In Figure 3, both the box names and numbers
are given.

0
1 .
— air 7
3 primary settler : S
- dissolved = ,
S % —> advective transport
= > > diffusive exchange
< . [ JE » liminati
3 primary settler 3 elimination
adsorbed to SS %_
primary settler
settled
primary waste sludge
Figure 3. Primary Settler 4-box model
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Influent

The influent consist of a dissolved and an adsorbed chemical fraction. A complete equilibrium between
both phases is assumed. Note that this assumption may not be valid when sewer residence times are short.
The influent enters the treatment system into box 2 (dissolved phase) and box 3 (adsorbed phase). The
incoming mass fluxes are obtained as follows:

i 1

- into primary settler (dissolved): ®2 = Py
p y ( ) in n 1+ 10—6 [&mge D((jsamage
. 107° [BS (K %
- into primary settler (sorbed): ®3 =Py —— d —
1+107 [BS,, 54 (K™
Advective Transport
Air advection
- into / out of area above settler: ADV,, = ADV,, = hy, D L Ay
Water volume flow rate
- into / out of settler: ADV,, = ADV, , = Q"™
Solids volume flow rate
S .
- into settler: ADV, , = — € __[yprimay
0,3 106 w;ﬁ:vjsge n

- primary sedimentation + waste: ADV,, = ADV,, = R?im [LADV, ;
- settler to primary effluent: ADV;, = (1— R;Sim) LADV, 5

Diffusive Exchange

Derivation of partition coefficients

The sludge-water exchange coefficients for sewage is estimated from the chemical's octanol-water
partitioning coefficient and the solids’ organic contents.

Ko = £ 2% [K

ow

The air-water exchange coefficient (dimensionless Henry coefficient) is calculated as:

P
with H estimated as: H = —=2

Rt +273) Sw
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Calculation of fugacities and box volumes

Fugacities

Expressions for fugacities were obtained from Mackay and Paterson (1982).

air: Z. = !
' ROt +273
1
- water: 2 = —
water H
KsaNage sewage
- primary sludge: Zprim_sludge = dT%"ds
Box Volumes
- air above the settler: V) = Ay [y,
- primary settler (water): V, =Vyim
- primary settler (solids): Vs =V, B = Vain B e
10 |$solids 10 |$solids

Note that the volume of compartment 4 (primary sludge thickening layers) need not be known by the model.

Media volume flow rates

The diffusion coefficient for chemical exchange between two boxes i and j is expressed in terms of first
order kinetics, after Mackay and Paterson (1982).

Sludge / Water exchange

Between the dissolved and adsorbed phase in the primary settler, non-equilibrium partitioning is described
in terms of (de-)sorption kinetics (first order), after Mackay and Paterson (1982). The applied kinetic rates
are given in Table 1.

ksorb
— —_ prim
D2,3 - D3,2 - 1 1
+
V2 |:Zwater V3 |:Zprim.s|udge
D D
- 2,3 — 2,3
- XCH, ; = — XCH,, = —=—
water primsudge
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Table 1. Sorption/desorption kinetics in primary settler

half-life 1* order rate
() (s
primary settler k;’i'nli 3600 192.510°

Air / Water exchange

Surface volatilization is the only considered type of air-water exchange (Mackay et al., 1985).

D,, =D, = 1 Aprim 1
+
Kair |:Zair Kwater |:Zwater
D D
- XCH,, = z: XCH,, = —ZW:;

Primary Settler Efficiency

The suspended solids removal efficiency of settlers generally decreases with increasing hydraulic load (e.qg.
Pflanz, 1969). Lessard and Beck (1993) used the following equation to relate the effluent suspended solids
concentration (of a secondary clarifier) to the flow:

$ou’r = al + 02 [Qsettler

From this equation, the following was derived:

S = S5, EQl— Rs?[ler) =0, + 0, Qe

s _a ta,[Q s  _ a a
=1- Rsettler =1 2 <l = Rsettler =1- . __Zl:qgsettler
SSH SSHENSH
_ _ _ ss a, _ s
al - |$OUt|Qsenler:O - |$out|m'n - $n [ql_ ‘Rsettler‘n_ax) = $ - 1_‘Rsettler‘n_ax
n
Hence:
s —1-(1-|RS -9
Rsettler - ‘Rsettler‘mx g [Qsettler
n
Q a treated
s _|pss . _ Yo Bawt
= Rater = ‘Rsettler‘mx = U ttier E’%.S& With Qe = ———
dwf $n
For the primary settler, this becomes:
primary
SS _|pss
Rprim - ‘Rprim mex - asettler &l:teated
wf
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GREAT-ER Il - Chemical Fate Models
Effluent - Removal Efficiency

The primary settler’s effluent chemical mass flux and water flow are given by:

SS
q)prin‘ery — C +C D$salvage [ql Rprlm) mprimy
out 2 3 106 wsa/vage out
solids
primary - primary
out in

The primary settler’'s removal efficiency can be derived as:

C,+C, e - RE)) e

t

primary 10° vage o
* q)out solids
Rl - q)primary - q)primary

in in

An additional output of the primary settler model is the fractionation between the dissolved and adsorbed
chemical in the effluent:

fdprimary - C2 [q < ) fsprimary - 1_ fdprimary
$sewa e 1_ R rim
C,+C, 0O 109’6 e
DD lids

SO

In case further (secondary) treatment follows the primary sedimentation, these dissolved and sorbed
fractions are required for a correct calculation of the secondary influent.

6.2.3. Activated sludge (= type 2)

The Mode 2 Model is based on SimpleTreat 3.0. For a complete description of this model, reference is
made to Struijs (1996). However, a number of modifications were made.

If no primary settler is present, removal efficiency is calculated as such:

*

Rwre = R2

Otherwise, it is calculated from the combination (in series) of both primary and secondary treatment:
Ruwre = Rl + R2 - RL*R2’

System Analysis

Only the ‘6-box model’ (i.e. not including a primary settler) was implemented, with a number of
modifications (Figure 4). The activated sludge system is divided into different compartments, based on the
two sub-processes (aeration tank, secondary settler) and the different phases (air, dissolved, adsorbed to
suspended solids, adsorbed to settled solids). In Figure 4, both the compartment (‘box’) names and
numbers are given.

October 01, 2003 14/39
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GREAT-ER |l - Chemical Fate Models

The following modifications were made, compared to Struijs (1996). The boxes were re-numbered, as only
the 6-box model concept is used. Boxes 2 and 3 (representing the mixed liquor tank) were each subdivided
into 3 redox zones (for nutrient removal plants). The chemical degradation rate is boxes 2 and 3, as well as
the stripping rate in box 2, were modified to take this into account. An additional advective term from box 2
out of the system was included, to deal with chemical losses through aerosol formation. Sludge recycling
was modified to take into account the dissolved phase of the recycle sludge (i.e. from box 4 to box 2).

0
1 .
—_— air —T
v v v
8.’ — 2 anaé;obic anoii;: aerobic 4secondary settler
S . . > dissolved 3
= aeration tank - dissolved
LS 4 1=
g2 T A7 o
= . = = =
'§ — 3 anaerobic  anoxic aerobic Ssecondary settler
aeration tank - adsorbed to SS adsorbed to SS
6
secondary settler
settled
— > advective transport +
- diffusive exchange secondary waste sludge
""" > elimination

Figure 4. Modified 6-box model

Influent

The influent consist of a dissolved and an adsorbed chemical fraction. The influent enters the treatment
system simultaneously into box 2 (aeration tank, dissolved phase) and box 3 (aeration tank, adsorbed
phase). All other boxes receive no influent flux. The incoming mass fluxes are obtained as follows:

Without Primary Settler

If no primary settler is present, the dissolved and sorbed fraction of the influent are assumed to be in
complete equilibrium. It has to be noted that this assumption may not be valid when residence times in the
sewer system are short.

1
- into aeration tank (dissolved): ®2 = psuke g =
1+10° (85, (K
10°° 8BS [K >0
- into aeration tank (sorbed): ®3 = psuke g —— d
1+10° (85, (K
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With Primary Settler

If the primary settler model is connected in front of the activated sludge model, the dissolved/sorbed
fractionation of the settler model are used to calculate the secondary influent partitioning.

- into aeration tank(dissolved): D2 = etsiwoe [ primery

- into aeration tank(sorbed): 3 = etsiwioe [ Primery

Advective Transport
Compared to SimpleTreat, the sludge recycling concept was modified. In SimpleTreat, only the solids

phase of the sludge is recycled; the dissolved phase of the recycle sludge is not taken into account. In the
GREAT-ER WWTP fate model, the terms ADV,, and ADV, 4 were modified, as well as ADV;3s.

Air advection

- into / out of area above WWTP: ADV,, = ADV,; =, g L At sudge T Ase

Water volume flow rate

- into / out of WWTP: ADV,, = ADV,, = Qe suge
- sludge recycle flow: ADV,, = RED,iCt'S'“dge
- sludge propagation: ADV, , = (1+ R) mglf;ct.sludge

An additional advective flow term was added. This term describes the transport of water droplets out of the
activated sludge tank, through aerosol formation. There are indications that chemical elimination from the
aeration tank may occur through the formation of aerosols (Carducci et al., 1995; Sawyer et al., 1996;
Marcomini, 1997). However, thorough research on this topic has not yet been conducted, the process is not
yet well understood. Hence, a conservative approach was selected, and this chemical elimination route was
not included in the model:

- aerosol formation: ADV,, =0

Solids volume flow rate

SS
- influent to aeration tank: ADV,, , = — o [
10 |Jgsolids
SS
- aeration tank to secondary settler: ADV, ;= — ML [Qyactsuee [ﬂ1+ R)
10 |Jgsolids
- secondary sedimentation: ADV,, = RS CADV,
- secondary settler to effluent: ADV;, = (1— RSS:C) LADV; ¢
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GREAT-ER |l - Chemical Fate Models

SS
- secondary waste sludge: ADVG’ 0= wrply\li
10° CPgigs
- recycle sludge: ADV; ; = ADV; ¢ — ADV,,

Diffusive Exchange

Derivation of partition coefficients

A pH correction (as used in SimpleTreat 3.0) is not implemented, as information on pH control in WWTPs
will generally not be available on a regional level. Hence, pH control to a neutral set-point (pH 7) was
assumed.

The sludge-water exchange coefficients (for sewage and for mixed liquor) are estimated from the chemical’s
octanol-water partitioning coefficient and the considered solids’ organic contents.

KM = £ K

ow

The air-water exchange coefficient (dimensionless Henry coefficient) is calculated as:

H P
with H estimated as: H = —=<

=R, +273) Su

Calculation of fugacities and box volumes

For the calculation of the diffusive exchanges, the fugacity approach is applied. The fugacities of the
different media have to be known, as well as the volumes of the different compartments. Expressions for
fugacities were obtained from Mackay and Paterson (1982).

Fugacities
- air: Zair = ;
R t,, +273)
1
- water: Z =
water H

K ML wML
- mixed liquor (aeration tank sludge): ~ Z,, =—4———2ld

H
Box Volumes
- air above the WWTP: V, = (Aact_s|udge + Asec) h,,
- aeration tank (water): V, =Vax sudge
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S SS
- aeration tank (solids): V;, =V, [-Iei’\"k/IL :Vact.s!udge ["eiMkAL
10 |$S()|ids 10 |$solids
- secondary settler (water): V, =V,

- secondary settler (solids):

_ E(l_ ng) [BS,, _ gl_ R:) [ES,,
Vs =V, 6 ML _Vsec 6 ML
10° Lp, 10° [Pgjigs

solids ol

Note that the volume of compartment 6 (secondary sludge thickening layer) need not be known by the
model.

Media volume flow rates

The diffusion coefficient for chemical exchange between two boxes i and | is expressed in terms of first
order kinetics, after Mackay and Paterson (1982):

kdiff
PamPutT 1
+

VZ VL

1 I I

Then, the exchange from box i to | is calculated as:
)

D,
XCH, =i
Zi

Sludge / Water exchange

Between the dissolved and adsorbed phase in the primary settler, the aeration tank and the secondary
settler, non-equilibrium partitioning is described. Chemical exchange between both phases is expressed in
terms of (de-)sorption kinetics (first order), after Mackay and Paterson (1982).

- aeration tank (mixed liquor):

K s
D,;=D;, = 1 = 1
+
V2 |:Zwater V3 |:ZML
D D
- XCH,, = 2% XCH,, =22
water ZML
- secondary settler:
kS
D,s5=Ds, 1 1
+
V4 |:Zwater V5 |:ZML
October 01, 2003 18/39
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D

4,5

D
. XCH, = —25 XCHy, =~
ML

ater

The applied kinetic rates for sorption / desorption are given in Table 2 (from Struijs, 1996).

Table 2. Sorption/desorption kinetic rates

half-life 1* order rate
(s) )
aeration tank kasft'_zudge 360 1.925 10
secondary settler ke 3600 192.510°

Air / Water exchange

Two types of air-water exchange are considered: surface volatilization (without impact of aeration) and
stripping (due to aeration). Stripping can be either by surface aeration or by of (submerged) bubble
aeration. The modeling approach is based on a two-layer model (Liss and Slater, 1974; Mackay and
Leinonen, 1975).

For the secondary settler, only surface volatilization was taken into account - stripping at the weir was not
considered. The expressions for the transfer coefficients D;; are taken from Mackay et al. (1985). It can be

shown that these expressions are equivalent to the standard diffusive exchange equations, which are
applied for the sludge-water exchange, and for volatilization and stripping from the aerator.

- secondary settler:

D,,=D,, = 1 A 1
+
Kair |:Zajr Kwater |:Zwater
D D
- XCH,, = 21’4 XCH,, =—*%
air water

- aeration tank:

For the aeration tank, stripping due to aeration is an additional fate process, next to surface
volatilization. In this case, the standard exchange equation of Mackay and Paterson (1982) is
applied. In nutrient removal plants (with anoxic and anaerobic zones) only the aerobic fraction of
the activated sludge tank is aerated. Hence a correction factor for the tank volume which
undergoes stripping is taken into account.
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1 1

V. GM (7. (fa?aiﬂdge Wz) Z ke

1
Aact .dudge + A%ec o

+ K,
1 1

+
0 Aact.sludge Z. V2 Z

V. water
1 + air
Aact .dudge A%ec

D D
- XCHL2 = 21'2 XCHZ’1 =__21
ar water
* volatilization:
1L Ky
ky is derived as: k, = h""" hact-sludge
vV 1 KH
—+
Kaif Kwater

* stripping:

ks depends on the type of aeration: surface aeration versus bubble aeration. Note that in
the calculations below, activated sludge tank HRTs / volumes were replaced by the

corresponding aerobic values. Also note that the oxygen requirement (OXReq) estimation
was modified compared to SimpleTreat 3.0 (see below).

- surface aeration (after Roberts et al., 1984; Munz and Roberts, 1989):

r OXRG:]
ke = W [GPC
N 3600 I:q faircgs:gdge D_lRTact .s|udge) EGDO%V[ - DO)

H2250 2 _ GPC=1
m“mol
ksa
T - “NH
H <2502 :Gpc:kkLa 040K,
a
L

- bubble aeration (after Hsieh et al., 1993):

bble _ _ OxReq
kgrbb' =08910° Df e [y,

aerobic act .sludge

|:|H 104

Note that the Oxygen Requirement (OXReq) concept (as for surface aeration) is
used, rather than the per capita aeration rate (G**) which is used in SimpleTreat.
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GREAT-ER |l - Chemical Fate Models

* aerosol formation:

Chemical elimination through the formation of aerosols is not described as a diffusive
exchange, but as an advective transport of water droplets out of the activated sludge tank.
Note that this term is currently set to zero, as the link between chemical fate and aersol
formation is not yet well understood.

Degradation in the Activated Sludge Tank

An approach similar to Cowan et al. (1993a) is used as the default within GREAT-ER. However, a double
first-order approach is used, both to concentration and to biomass. The ‘standard’ SimpleTreat approach
which only considers dissolved phase degradation, is merely a specific case of this more general method.
Alternatively, Monod kinetics can be used.

The presence of anoxic and / or anaerobic tanks / zones in nutrient removal plants is taken into account by
means of an oxygen correction factor.

Pseudo First-Order

A standard degradation rate is to be supplied, valid for the combined biological and non-biological
degradation in the dissolved phase. Together with this, a sorbed phase correction factor is to be used. The
effect of temperature can be taken into account by means of a Q10 factor, which is equivalent to but more
transparent than the method used in SimpleTreat 3.0.

- aeration tank (dissolved): k, = (kb\?gﬁg (8 oo + kmsdeg) [ ey
- aeration tank (sorbed): Ky = ( Koty [&redox + kmsdeg) (& L7

The 1* order biodegradation rate is derived from a double first order rate, taking into account the biomass
level in the reactor. Note that a correction factor is applied to convert mixed liquor suspended solids to
active biomass.

WWTP __ |, standard
kb - kb |:$ML |]),act Sludge

iodeg iodeg

Monod

As non-biological degradation or other non-biological processes can not be described using this approach, it
should only be used with chemicals that are mainly removed by biodegradation way.
k, =k, =k

'monod

The pseudo 1* order biodegradation rate is derived from Monod kinetics as follows:

C 1 C 1
kmn - |n( |nfluentj D - |n influent
o Cst . H RTact udge (1 +b [E?T) EKS H RTact udge
SRT Y K, —b) -1
CD ia;]ct .dudge
Cmfl uent = Qact .sudge
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This is corrected for short sludge retention times as follows (after Birch,1991):

-1
Y
SQT < (( E(n:xz:m:mﬂumt _ bj = kmonod — O

influent

The maximal degradation rate, Kyax, is derived from a standard value after correction for temperature and
oxygen:

— |, standard
kmax - kmax |jyteﬁp |jyredox

Corrections for Temperature and Oxygen

ty—20
- temperature effect: Qierp = Qo 10
. — § act.dudge act.dudge act.dudge
- oxygen: aredox - faerobic EI'+ fanoxic manoxic + fanaerobic manaerobic

Secondary Settler Efficiency

The suspended solids removal efficiency of settlers generally decreases with increasing hydraulic load (e.g.
Pflanz, 1969). Lessard and Beck (1993) used the following equation to relate the effluent suspended solids
concentration (of a secondary clarifier) to the flow:

$ou’r = 0’1 + 0’2 [Qsettler

From this equation, the following was derived:

S = S5, EQl— Rj;tler) =0, + 0, Qe

a, +a, [Q s a a
:>1_Rs§tl =12 =l :>Rsettler:1_ . __ZEQsettler
’ SSH s, S5,
_ _ _ s a, _ s
al - |$OUt|Qsenler:O - |$out|m'n - $n [ql_ ‘Rsettler‘mx) = $1 - 1_‘Rsettler‘mx
n
Hence:
s =1-(1-]rS,| )--2
Rsettler - ‘Rsettler‘mx gmsettler
n
Q a treated
S _|ps . _ Yo Bawt
= Rsettler - ‘Rsettler‘mx _asettler E’%.S& with asettler _T
dwf n

For the secondary settler, this becomes:
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act.dudge
‘ Rsec ‘ [_lgout
A ettier treated
Qut

Estimation of Operation Parameters

Oxygen Requirement

In SimpleTreat, it is assumed that the requirement for oxygen input into the activated sludge tank is equal to
the biological oxygen demand in the influent. This does not take into account oxygen requirement for
endogenous respiration of the biomass, the oxygen needed for nitrification, and the oxygen which can be
recuperated by denitrification. Hence, an alternative calculation of OXReq is used in GREAT-ER:

Ppop [{1-133L0Y)

OxReq = Qe (organics oxydation)
1
act dudge |:$ML end BBGOW)
+ Qs (endogenous respiration)
o, -Y[d 3%) [(4.33[k,, —2.86 L&, [k e e
+( & zoe %E@mudge N v Zon) (nitrification / denitrification)
(OXpd D
no primary settler: ) —__"BOD o, =—N
primany " 360024 N 3600024

with primary settler: o) :&D\I [@1 RBOD) o) =im [@1— RN )
' 5P 360024 prim N 3600024 prim

Saturation Oxygen Concentration

The saturation dissolved O, concentration can be calculated as a function of temperature (Verstraete,
1992), taking into account a correction for salinity:

DO, = (14.65— 041M,, +7.99010°,,* -7.780107° [ﬂMf) ({1-900° sl )

Surplus sludge production
SS act .dudge BOI _ BOD act s|udge
q)wrplus - EQBOD |:Ract .sludge w $effluent) BOD ct s|udge Qn effluent
St = Sy [f1-RS)
effluent ML

RS uge = 0818-0.0422In B, (Mikkelsen, 1995)
Y =0947+00739(InB, (Mikkelsen, 1995)
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Effluent - Removal Efficiency

The plant’s effluent chemical mass flux and water flow are given by:

Ss,, [1- RS
qucmt.dudge = C4 + C5 D MLGEQ MLRsec)
10 |Jl)solids

[qgact .dudge
out

act.dudge — act.dudge
Qout - Qn

The plant’s removal efficiency can be derived as:

_ PSS
$M L [ql RSGC ) act.sludge
C4 + C5 B 6 ML |:qgout
CD act.sludge 10 wsol ids
Ra =1 — —out —
ct.dudge act.sludge act.dudge
CD in CD in

6.2.4. Trickling filter (= type 3)

If no primary settler is present, removal efficiency is taken directly from the chemical parameters set.
Rwwre = R3

Otherwise, it is calculated from the combination (in series) of both primary and secondary treatment. Note
that the mode 1 primary settler model is used, NOT its mode 3 equivalent. This is to ensure that the entire
trickling filter treatment plant (including primary and secondary settling) is modeled using a consistent model
complexity. Hence, R1 is taken directly from the chemical parameter set.

Rwrr = R1+ R3- R1*R3

6.2.5. Required Parameters

Chemical

b competent biomass cell decay rate st

H® Henry's law coefficient Pa.m’.mol™
k;‘gg;‘;"‘ double 1* order biodegradation rate (standard conditions) (Gaw/?) st
k:;xnda'd maximal biodegradation rate (Monod kinetics - standard conditions) S !

kmsdeg 1% order rate for non-biological degradation in the WWTP st

Ko @ solids/liquid partitioning coefficient for sewage L/KQawt

Kd'vIL @ solids / liquid partitioning coefficient for mixed liquor L/kQaw

Ks Monod kinetics half-saturation constant g/m3

Kow octanol / water partitioning coefficient -

Pyagor chemical vapor pressure Pa

Q1o degradation rate change per 10 °C -

R1 chemical removal in a primary settler -

R3 chemical removal in a trickling filter -

Sw chemical water solubility mol/m®
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Y

S

anoxic

Q Q Q

anaerobic

competent biomass yield coefficient
correction factor for sorbed phase degradation

correction factor for anoxic degradation
correction factor for anaerobic degradation

Geo-referenced

aeration type
Bx
DO

f act.dudge
aerobic

f act.dudge
anoxic

f act.dudge
anaerobic

hact.s| udge
hpri m

type of aeration in the aeration tank
sludge loading rate
actual dissolved oxygen concentration in the aeration tank

aerated (aerobic) fraction of the activated sludge tank
anoxic fraction of the activated sludge tank

anaerobic fraction of the activated sludge tank
activated sludge tank depth

primary settler depth

secondary settler depth

number of people connected to the WWTP
endogenous respiration rate

sludge recycle ratio

maximal primary settler suspended solids removal efficiency

maximal secondary settler suspended solids removal efficiency

mixed liquor salinity
mixed liquor (act. sludge) suspended solids concentration

biomass yield coefficient
empirical parameter (effect of flow / DWF on solids removal)
correction factor for biomass activity

efficiency of denitrification
efficiency of nitrification

Non Geo-referenced

sewage
f oc
ML
f oc
hai r

sorb
kact .dudge

sorb
kprim

k sorb
'Sec
kea/k a
Kai r
KV\fcltef
Vuind
BOD
Rpri m
N
Rpri m

%a/\age

tair

October 01, 2003

sewage solids organic carbon fraction

mixed liquor solids organic carbon fraction

air mixing height

first-order (de)sorption rate in the activated sludge tank

first-order (de)sorption rate in the primary settler

first-order (de)sorption rate in the secondary settler

ratio of chemical mass transfer rates in air and water (40)
mass transfer coefficient in air (2.78 10°%)

mass transfer coefficient in water (2.78 10°)

wind speed above the WWTP

BOD removal efficiency in the primary settler
N removal efficiency in the primary settler

influent suspended solids concentration
air temperature
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twe mixed liquor temperature T
e density of sewage (influent) solids KQawt/ L
Do daily per capita BOD emission flux Osop.cap -.d
PP daily per capita N emission flux gn.capt.d
SS,EMQe influent suspended solids concentration gdwt/m3
e density of sewage (influent) solids KQawt/ L
ol density of mixed liquor (act. sludge) solids KQawe/ L
Y surface aeration empirical constant (0.6) -

@ to override estimation
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6.3. River

6.3.1. Model

Mode 3 is a further expansion of Mode 2. The separated individual fate processes, which are considered as
black boxes in Mode 2, are described by means of mechanistic models. A hybrid approach is possible:
depending on the available data or on chemical properties, some processes can be described in Mode 2,

while others can be described in the more detailed Mode 3.

Degradation is further split up into three sub-processes. The chemical’s water solubility is also taken into
account. It is assumed that sedimentation only occurs with sorbed chemical. Only the dissolved chemical
can volatilize. The non-soluble chemical fraction is not taken into account for further reactions or processes.

Chemical elimination in rivers is described by first-order in-stream removal.

solubility:
Co < Sy MM = Ciita = Co
G 2 §, (MM = Ciita = Sy (MM

C, = Cyyua & FHIRT

C
=1--=
RRIVER C

0

The travel time HRT is calculated as already mentioned in 4.3.1 for mode 1:

HRT = V/(Q*3600) for lakes
HRT = L/(v*3600) for rivers

The rate coefficient is calculated as follows:

k:kdeg+fs|](sed+fd K.

¢ G- 1 1
¢ ¢ 1+C/C, 1+10°K, . [(BS
where c -
fo==2=1-f,
Ct

It Kd_river is not given, it is estimated as follows: K e = oo e (Ko

First, a correction is made for

The rate coefficients of the different sub-processes are calculated in individual sub-models.

Degradation

kdeg = khydrolysis + kphotolysis + kbiodeg
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hydrolysis

The hydrolysis model was taken from SMPTOX4 mode 3 (EPA, 1995). This model makes a differentiation
between neutral, acid and basic hydrolysis.

K = K, JOH ]+ K, + K, [JH*] = K, 0™ + K +K, 10"

hydrolysis

photolysis

The model for photolysis was taken from SMPTOX4 mode 3 (EPA, 1995). The model takes into account the
light extinction in the water column, using a 1* order extinction rate and the river depth.

1k il _ e—kz

photolysis ph,0 k m
v4

k

biodegradation

For biodegradation, the following aspects are taken into account: different degradation rates in the sorbed
and dissolved phase (as in ROUT, Cowan et al., 1993b); influence of dissolved oxygen on biodegradation;
temperature correction of the biodegradation rate; 1% order kinetics to both concentration and biomass,
river’s self-purification potential.

Kinetics are assumed to be first-order to both chemical concentration and biomass concentration. From the
standard ‘double first-order’ rate, a pseudo-first-order rate is derived by multiplying the former with the
biomass level. Also, the specific river's self-purification potential (biodegradation potential) can be taken
into account, by means of a correction factor. This factor allows the model to deal with different river types
in a pan-European framework. How this river-class dependent factor should be determined is still an open
question. It could e.g. be derived from BOD removal rates in the river (fast BOD removal correlated with
fast chemical removal), or from river geometry (higher rates in small natural rivers with a lot of biofilm
material). It could also be derived from BOD levels in the river, assuming that high BOD levels will result in
a higher biomass activity.

kbiodeg = kt?c?g:gard [X qud + fs Ij:ys) Ij:),DO Ij:yterrp Lar,

river

aDO = DO + KDO Ij:yanaerobic
Kpo + DO Kpo + DO

t 20

water —

10

emp ~ <10

Sedimentation

Chemical elimination through sedimentation is directly related to suspended solids settling. A suspended
solids settling rate can be given as such, as a river-specific property, or it can be derived from a settling
velocity and the river's depth. In its turn, the settling velocity is estimated from annual sediment growth and
sediment porosity and density (cf. CemoS, Trapp and Matthies, 1996).
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Ky, = "Tsed
" - (Ve [3171&0‘“);@106 Pss) {1~ £

Volatilization

Volatilization is modeled using the approach followed in CemoS (Trapp and Matthies, 1996). This method is
based on the two film theory (Whitman, 1923). A complete mixing, due to turbulence, of both the river
water column and the atmospheric compartment is assumed. On the other hand, the two boundary layers
are considered to be laminar, and are assumed to control the exchange rate between water and air. This
exchange rate is calculated from the chemical's Henry's law constant (i.e. the air / water partitioning
constant), the conductance of the gaseous and liquid films, and the river's depth. For the estimation of
these conductances, two distinct approaches are applied. For lakes, the method described by Mackay and
Yeun (1983) is used. For rivers, the approach of Southworth (1979) is applied. Both approaches are also
described and compared in Trapp and Harland (1995). A similar volatilization modeling approach is
followed in SAMS (Matthies et al., 1992), RIVMODEL (ECETOC, 1994), as well as SMPTOX4 (EPA, 1995).

1 1
B ——
(kl KH Eng

if pH and pKa are known, the following correction is applied:

* 1
=K, 0——
Ky Ky 1 + 1Q30pH-pKa)

for acidic dissociation: a=1
for basic dissociation: a = -1

Note that Ky can be estimated as Ky = "
Rt,, +273)
R/ or
and H can be estimated as H="=
Sw
for rivers: after Southworth (1979)
18
— -3
k, = 316010°[fv +v, | e
/0269 7 vV, <19m/s: F =1
Kk = 65.31010° [F Uoes Ql—— F= na.01-19)
d™™ VMM 5>v, 219ms; F = g%t
01 10 3 :
Vi = Vying2o 110g—— / log— z, =10 °maboverivers
% %
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for lakes: after Mackay & Yeun (1983)

1

k, =107 +4620107° N, ——
3/9C 2

k =10+ 0 Wy, ” B—
| shear \/§|

1 Vg <03MVs
03ms<svy,, <1lnm/s

Vgew = 003591, ; 1%

D—:— &:I:—:

g

1400° n 10010°°

222 18 D, 172800°°
. q/MM .

6.3.2. Required Parameters

Chemical

H®
Ka

Ko
Kd_river
Koo
Kn

Koc

Kon,o

kbstandard
iodeg

MM
I:)vapor
pKa

Quo
Sw

anaerobic
abo
Qhiver

as

®

Henry’s law constant

acid hydrolysis rate

base hydrolysis rate

dissolved / sorbed partitioning coefficient

oxygen saturation constant for aerobic biodegradation
neutral hydrolysis rate

organic carbon / water partitioning coefficient
near-surface photolysis rate

double 1* order biodegradation rate (standard conditions)

chemical molar mass

chemical vapor pressure

chemical acid / base dissociation constant

biodegradation Q10 factor (rate change factor per 10°C)
chemical solubility in water

rate correction for anaerobic biodegradation
biodegradation rate correction for dissolved oxygen

rate correction for biodegradation in the specific river type
rate correction for biodegradation in the sorbed phase

Geo-referenced

River Stretch

d

L
%
Vv

October 01, 2003

river depth

stretch length

river flow velocity

lake volume (only in case of a lake)
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River Class

DO

fOC

ke
lakelriver
pH

dissolved oxygen concentration
suspended solids organic carbon fraction
light extinction coefficient

is the stretch a lake or a river ?

acidity

suspended solids concentration
sediment growth velocity

lumped river biomass level (suspended and in biofilms)
rate correction for biodegradation in the specific river type
sediment porosity

sediment solids particle density

Non Geo-referenced

tvw:\ter

Viind,10

October 01, 2003

water temperature
wind speed (at 10 m height)
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8. Notation

ADV;; advective flow rate from compartment i to compartment
Aact sudge surface area of the activated sludge tank

Aprim primary settler surface area

Asec secondary settler surface area

b competent biomass cell decay rate

By sludge loading rate

Cij advection / exchange / conversion coefficient

Cq dissolved chemical concentration

G chemical concentration in compartment i

Cinitial true concentration at the start of the river stretch
Cinfluent chemical concentration (total, in influent)

Co theoretical concentration at the start of the river stretch
Cs sorbed chemical concentration

Cas. chemical concentration (total, at steady-state in mixed liquor)
C total chemical concentration

Cx concentration at the end of the river stretch

C concentrations vector

COEF coefficients matrix

Cq dissolved chemical concentration

Cs sorbed chemical concentration

C total chemical concentration

d river depth

Di; interphase transfer (diffusion) coefficient from box i to box |
Dy diffusion coefficient in air

D, diffusion coefficient in water

DOgt saturation dissolved oxygen concentration

DO dissolved oxygen concentration

f 2ctdudge aerated (aerobic) fraction of the activated sludge tank
f 2ot dudge anoxic fraction of the activated sludge tank

f 2ot dudge anaerobic fraction of the activated sludge tank

fq dissolved chemical fraction

f primery primary settler’s effluent - dissolved fraction

f primery primary settler’s effluent - sorbed fraction

foc, foc_river river: suspended solids organic carbon fraction

fo('l"L mixed liquor solids organic carbon fraction

fo o sewage solids organic carbon fraction

fs sorbed chemical fraction

F correction factor for high wind speeds

GPC surface aeration gas phase correction

hact_s.udge activated sludge tank depth

Nair air mixing height

Porim primary settler depth

H Henry's law coefficient

HRT hydraulic residence (travel) time

HRT act sudge hydraulic residence time in the activated sludge tank
k chemical in-stream removal rate
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kdi ff
ki
Kaeg
Keed
kvoI
kstr

surface
kstr

bubble
kstr

kv
kealk a

sorb
kact .dudge

sorb
kprim

sorb
ksec

kbi odeg

kbstandard
iodeg
WWTP
kbi odeg
kWWTP
nonbiodeg

Kaeg

WWTP
K deg

Ky

khydrol ysis

ki
K

kphotol ysis

Kon,o

standard
kmax

kmonod
Ksed

kvol

October 01, 2003

first-order diffusive transfer kinetics rate

first-order chemical elimination rate in compartment i

river: 1* order chemical degradation rate, in the dissolved phase
river: 1 order net suspended solids settling rate

river: 1* order chemical volatilization rate

first-order rate constant for stripping in the activated sludge tank
first-order rate stripping rate - surface aeration

first-order rate stripping rate - bubble aeration

first-order rate constant for volatilization in the activated sludge tank
ratio of chemical mass transfer rates in air and water (40)

first-order (de)sorption rate in the activated sludge tank
first-order (de)sorption rate in the primary settler

first-order (de)sorption rate in the secondary settler
1* order chemical biodegradation rate
double 1* order biodegradation rate (standard conditions)

1% order rate for biological degradation in the WWTP
1* order rate for non-biological degradation in the WWTP

1* order chemical degradation rate
first-order degradation rate in activated sludge

conductance of gaseous film

1* order chemical hydrolysis rate

conductance of liquid film

maximal biodegradation rate (Monod kinetics)

1* order chemical photolysis rate

near-surface photolysis rate

maximal biodegradation rate (Monod kinetics - standard conditions)

pseudo-first-order biodegradation rate based on Monod kinetics
1* order net suspended solids settling rate

1* order chemical volatilization rate

light extinction coefficient

acid hydrolysis rate

base hydrolysis rate

neutral hydrolysis rate

mass transfer coefficient in air (2.78 10°%)

mass transfer coefficient in water (2.78 10°)

solids / liquid partitioning coefficient

solids / liquid partitioning coefficient for mixed liquor

solids/liquid partitioning coefficient for sewage

oxygen saturation constant for aerobic biodegradation

air / water partitioning coefficient (dimensionless Henry coefficient)
organic carbon / water partitioning coefficient

octanol / water partitioning coefficient

Monod kinetics half-saturation constant

stretch length

chemical market (sales) data

chemical molar mass
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N
OxReq
pH
pKa
I:)vapor

PHI
Pop
I:)vapor

Q
Qo

Qact .dudge
in

Qact .dudge
out
primary
in
primary
out
treated
dwf

Qsettl er
R

R

lend
RSEV\ER
RRI VER

Rwwre

R1

*

*

R1
R2
R2
R3
Roim
R
R

L=
Rs?tl er

BOD
t.sludge

BOD
Rpri m

max

R:)\Iri m
salu,
Ly
C
Sw
SRT
S
SSout
SSuL
$sevw;\ge
Sw
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number of people connected to the WWTP
oxygen requirement in the activated sludge tank
acidity

chemical acid / base dissociation constant
chemical vapor pressure

system in-/outflux vector

population

chemical vapor pressure

flow

biodegradation Q10 factor (rate change factor per 10°C)
influent flow

WWTP effluent flow

primary settler influent flow

primary settler effluent flow

treated flow, under dry weather conditions

flow through settler

universal gas constant (8.314)

sludge recycle ratio

endogenous respiration rate

chemical removal in the sewer

chemical removal in the river

chemical removal in the WWTP

chemical removal in a primary settler

predicted chemical removal in a primary settler
chemical removal in activated sludge
predicted chemical removal in activated sludge
chemical removal in a trickling filter

primary settler suspended solids removal efficiency

maximal primary settler suspended solids removal efficiency

secondary settler suspended solids removal efficiency

maximal secondary settler suspended solids removal efficiency

settler suspended solids removal efficiency

BOD removal efficiency in the activated sludge tank
BOD removal efficiency in the primary settler
N removal efficiency in the primary settler

mixed liquor salinity

Schmidt number in air

Schmidt number in liquid

chemical solubility in water

sludge residence time

suspended solids concentration

settler effluent suspended solids concentration

mixed liquor (act. sludge) suspended solids concentration
influent suspended solids concentration

chemical water solubility
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air temperature

mixed liquor temperature

water temperature

flow velocity

friction velocity (wind speed at 10 cm height)
sediment growth velocity

suspended solids settling velocity
shear wind velocity (lakes)

wind speed above the WWTP

wind speed (at 10 m height)

lake volume

volume of compartment i

volume of the activated sludge tank
primary settler volume

secondary settler volume

river width

per capita water consumption

river stretch length

lumped river biomass level (suspended and in biofilms)

diffusive exchange flow rate from compartment | to compartment

competent biomass yield coefficient

roughness height

fugacity capacity of box |

fugacity capacity of medium X

empirical parameter (minimal SS level in effluent)
empirical parameter (effect of flow on effluent solids level)
correction factor for biomass activity in activated sludge
correction factor for anoxic degradation

correction factor for anaerobic degradation

degradation correction factor for different redox zones
rate correction for biodegradation in the specific river type
correction factor for sorbed phase degradation

empirical parameter (effect of flow/DWF on solids removal)
degradation correction factor for temperature

biodegradation rate correction for dissolved oxygen
sediment porosity
efficiency of nitrification

efficiency of denitrification

kinematic viscosity coefficient for air
kinematic viscosity coefficient for water
chemical mass flux

chemical mass flux into the system (into box i)

chemical mass flux from box i out of the system
influent chemical mass flux

WWTP effluent chemical mass flux

primary settler influent chemical mass flux

primary settler effluent chemical mass flux
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GREAT-ER |l - Chemical Fate Models

CDSS[SHP,US surplus mixed liquor (waste sludge) suspended solids flux Jawt/S

Poop influent BOD flux Oson/S

Do daily per capita BOD emission flux Osop.cap -.d

(O influent N flux NS

(ke daily per capita N emission flux gn.capd

Fss sediment solids particle density KQawe/ L
e density of sewage (influent) solids KQawt/ L

o density of mixed liquor (act. sludge) solids KQawe/L

Y surface aeration empirical constant -
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