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Abstract

A mathematical model for the aerobic part of a food industry wastewater treatment plant (WWTP) was developed and used to assess possible
upgrade options. This aerobic part of the WWTP treats two streams. The direct stream is treated in an anaerobic reactor after pre-treatment. The
bypass stream is sent directly from the production facility to the aerobic part of the WWTP, without anaerobic treatment. The plant upgrade consists
of installing additional volume for nitrification and denitrification, a so-called post-denitrification.

An influent characterization translated the available influent measurements into data useful for modelling.

It was shown by simulations with the developed model that the physical plant upgrade will result in a 99% decrease in effluent ammonium
concentration. In addition a 5% decrease in COD concentration was obtained. However, the effluent nitrate concentration and total nitrogen
increased drastically because of the upgrade. Additional control actions, more specifically the increase of the bypass flow rate, were necessary for
decreasing this effluent total nitrogen concentration. This was also demonstrated with the developed model.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mathematical modelling of wastewater treatment processes
is an elegant and cost-effective tool to study these treatment pro-
cesses [1]. Modelling offers the possibility to investigate certain
engineering questions without time-consuming and expensive
laboratory tests.

Different goals exist when a wastewater treatment plant
(WWTP) is modelled [2]. Simulations with WWTP models can
in the first place be applied in different ways to increase pro-
cess understanding. Brdjanovic et al. [3], for example, used a
model for better understanding of full-scale biological phos-
phorus removal. Models can also be used to evaluate different
design options. Salem et al. [4] for example used a model to
evaluate different alternatives for the upgrade of a biological
nitrogen removal plant.

Ladiges and Giinner [5] used the ASM1 model [6] to exam-
ine the upgrade options for the municipal WWTPs of Hamburg
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(Germany). Van Hulle and Vanrolleghem [7] used an extended
ASM1 model to model a chemical industry WWTP. First, an
alternative plant lay-out was investigated. Further, a large set of
possible production schedules in the chemical production site
were simulated. This allowed predicting which schedules meet
the effluent standards and which do not.

The study presented here tackles the model based optimi-
sation of a food industry WWTP treating water coming from
a frozen potato products producing enterprise located in West-
Flanders, a province in Flanders, the Northern part of Belgium.
This region is the European gravity point of the frozen food
industry as 25% of all frozen food products in Europe are pro-
duced in the region. Further, the region is one of the most
important potato producing regions in Europe.

The aim of the study was two-fold. First a reliable model
of the aerobic part of the WWTP was developed. Second, the
upgrade options of the aerobic part of the WWTP were inves-
tigated with the developed model, because the installation of
additional reactor volume is planned to further decrease the pol-
lutant discharge. As such, the aim of this study was to evaluate
this WWTP extension and to obtain more insight in the WWTP
operation.
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Nomenclature

ASM1 Activated Sludge Model nr. 1

BCODgypass influent  total biodegradable COD in the bypass
influent (mgBOD/1)

BCODpjrect influent  total biodegradable COD in the direct
influent (mgBOD/1)

BOD  biological oxygen demand

C1, Cy, C3, Cy, Cs, Cg constants used for influent charac-
terization

COD  chemical oxygen demand

CODg e, fuene filtered COD  concentration in  the
bypass influent (mgCOD/1)

CODE‘;%‘;SS influent  total COD concentration in the bypass
influent (mgCOD/1)

Centrifuged . . .
CODpjrectinfluent COD concentration in the centrifuged

_ influent (mgCOD/)
copfilered . filtered COD concentration in the direct
influent (mgCOD/1)
CODE‘i’;glct influent  total COD concentration in the direct
_ influent (mgCOD/)
CODE‘flé‘ffeeri filtered COD concentration in the effluent
(mgCOD/1)
CODE‘Eﬁﬁ‘}em total COD concentration in the effluent
(mgCOD/1)
DO dissolved oxygen (mgO»/1)
fBoD factor used to calculate the BCOD
Jos non-settleable fraction of the biomass

Kpop the first order rate constant of the organic matter
degradation during the BOD test

St non-biodegradable, soluble fraction of the COD

SNH ammonium concentration

SNO nitrate concentration

Ss biodegradable, soluble fraction of the COD

SVI Sludge Volume Index (ml/1)
TIC Theil’s inequality coefficient
WWTP wastewater treatment plant

X1 non-biodegradable, particulate fraction of the
COD
Xs biodegradable, particulate fraction of the COD
Vi simulated data points
Yim measured data points
2. Methods

2.1. Description of the WWTP

2.1.1. Existing design

The food industry WWTP treats on average 1550m’ of
wastewater coming from the production facility per day. This
wastewater is highly loaded with COD and ammonium. The
COD content of the wastewater is mainly removed in an anaero-
bic UASB reactor, to which the wastewater is first send after
pre-treatment (oil and grease skimmer, lamellar settling and
flotation). The optimisation of the UASB reactor is not the goal

of this study, as this study focuses on the optimisation of the
aerobic part of the WWTP. After treatment in the UASB reactor
the wastewater is sent to the aerobic part of the WWTP. This
stream will further be denoted as the direct stream.

A bypass exists to make sure that wastewater can be send
directly to the aerobic part of the WWTP after pre-treatment.
This stream is identical to the stream that is sent to the UASB
reactor and will further be denoted as the bypass stream. In the
present operation schedule, on average 50 m3/day is bypassed.
The effect of varying this bypass flow rate will be investigated
in this contribution.

Both streams, the direct stream and the bypass stream are
mixed before entering the aerobic part of the WWTP. This aer-
obic part of the WWTP consists of parallel trains. The first
train consist of two anoxic reactors, with a respective volume of
600 and 1000 m3, put in series before an aerobic reactor with a
volume of 3100 m>. This aerobic reactor is operated with inter-
mittent aeration: the aeration is put on for 5 h and the dissolved
oxygen concentration (DO) is controlled at 3 mgO,/1 after which
the aeration is put off for 5 h. Currently, about 40% of the influ-
ent flow is treated in this train. The second train was only started
on day 405 (of 630, see further) of this study and consists of one
anoxic reactor and one aerobic reactor, with respective volumes
of 541 and 2700 m3. After start-up this train, about 60% of the
flow is treated in this train. In both trains an internal circulation
exists from the aerobic reactor to the first anoxic reactor. The
flow rate of this internal recycle is, respectively, 400 m3/h for
the first train and 250 m>/h for the second train.

After the aerobic part of the WWTP the wastewater is sent
to a secondary clarifier. The effluent of this clarifier is partly
discharged after tertiary treatment and partly re-used in the
production facility. In this tertiary treatment flocculant and coag-
ulant is dosed to the waste stream after which the stream is sent to
an additional settler. In this settler the additional formed sludge
is separated from the effluent that will be discharged. The pur-
pose of this tertiary treatment is the removal of phosphate and
the further reduction of effluent COD.

The existing WWTP lay-out is presented schematically
in Fig. 1 (top). The WWTP was implemented graphically
in the modelling and simulation environment WEST® [8]
(www.hemmis.com) as shown in Fig. 1 (bottom). In the figure
return streams are indicated with dotted lines.

2.1.2. WWTP upgrade

The WWTP upgrade aims at increasing the WWTP capac-
ity and treatment efficiency. The following modifications are
planned. First, the two anoxic tanks of train 1 are combined to
one reactor with a volume of 1600 m3. Second, the volume of
the aerobic tank in train 1 is increased to 3600 m3. Third, the
recycle flow rate in train 1 is increased from 400 to 1400 m3/h.
Fourth, the water coming from train 1 and train 2 is sent to an
additional anoxic tank with a volume of 400 m?® and an addi-
tional aerobic tank with a volume of 200 m> in which the DO
is controlled at 3 mgO,/1. The goal of installing this additional
volume was to provide additional capacity for nitrification and
denitrification in this so-called post-denitrification in order to
increase ammonium and nitrate removal.


http://www.hemmis.com/

A. Vandekerckhove et al. / Chemical Engineering Journal 135 (2008) 185-194 187

v Train 1: Train 1: Train 1:
Direct influent . > > . Clarifier Effluent
anoxic 1 anoxic 2 aerobic 1
Train 2: Train 2:
Bypass influent >
447 anoxic aerobic
» Waste
o
Tran_1_mieenal_tecrculabion
\ -LDD_ccdmi_'l
Coerbinet_1 rm_‘_mx-_#lm_'l_m_- ran_1_setobic  DO_sensor_1 Spltter_2
R T T
Direct_nfluent  Tinflusnt_combinel Splitar_1 [ Combare_3 Clarifi Efflusnt
-*DU conticl_2 ] J |
— SN S s -
Bypass_influent Combiner_2 2_andec ran_2_asiobic DD sensor_2 Spitter_3 'Waste_splitter Waste

i‘hd;egtﬂcwm,:plﬂu

—~

(Tlmjrr\mml,lmcdm

<

de:ejcctcd.im

Fig. 1. The schematic lay-out of the WWTP under study (top) and the implementation in the modelling and simulation software WEST® (bottom).

Train 2 is left unchanged. The schematic representation of
the upgraded WWTP is presented in Fig. 2 (top). This upgrade
was implementation graphically in the modelling and simulation
environment WEST® as shown in Fig. 2 (bottom). In the figure
return streams are indicated with dotted lines.

2.2. WWTP modelling

The Activated Sludge Model nr. 1 [6] was chosen as the
standard model for the description of bacterial growth and
decay processes. The default values as proposed by Henze et
al. [6] were used for the different kinetic and stoichiometric
parameters. This is in contrast to several other studies such as
Van Hulle and Vanrolleghem [7], where parameter values were
adapted.

Temperature dependency of the biological reactions was not
considered as the WWTP temperature does not vary signifi-
cantly during the year because of the increased temperature of
the wastewater coming from the production facility.

All the WWTP reactors were considered as completely
mixed and are therefore modelled as completely stirred reactors
(CSTR).

An ideal point settler with a non-settleable fraction of the
biomass (fys) is considered as an appropriate model for the

secondary settler, similar to the work of Van Hulle and Van-
rolleghem [7]. The non-settleable fraction of the biomass (fys)
was set to 0.5%.An almost 2-year long historic data-set (630
days) was made available by the plant operators for modelling
and simulation purposes.

2.3. Influent characterization

Influent characterization is one of the dominant factors for
the quality of model predictions [9]. This influent characteri-
zation consists of translating the data available in the WWTP
to data that can be used in the model. For example, the total
COD concentration, a value frequently measured in treatment
facilities, needs to be divided into a biodegradable, soluble
COD fraction (Ss), a non-biodegradable, soluble COD frac-
tion (S7), a biodegradable, particulate COD fraction (Xs) and
a non-biodegradable, particulate COD fraction (Xy).

For the WWTP under study the available influent plant data
is presented in Table 1. As such, the goal of the influent charac-
terization is to translate this data into the variables used in the
Activated Sludge Model nr. 1 [6], which are also presented in
Table 1. Next to the influent data, also the effluent COD con-
centration was used for influent characterization, as proposed by

[9].



188

A. Vandekerckhove et al. / Chemical Engineering Journal 135 (2008) 185—194

Anoxic Aerobic

Effluent

Train 1: Train 1:
Direct influent L ‘ - ‘

anoxic aerobic

Train 2: Train 2:
Bypass influent Wy 4 >

anoxic aerobic

-

upgrade [—* upgrade

» Waste

Tran_1_intemal_recuculation

.

r‘%mn 1_asrobic_upgrade

ran_1_snowoc_1_upgade

CU control_1

DU sencq1

ﬂ

DO_control_3

Clariier ﬂllbenl

—

Direct_influent ‘Spurrf_1
] N?I-r\lw_cm
Jiy ]
Bypass_influent DU conhnl 2 Asrobic_upgrade DO_Sensod 3
Cornhner 2 tan_2_anowc | 1ain_ 2 serobic DU Rerdeler?

il -~

'égbdge_lcacda‘.m_;pﬂm

Shudge_receculabion

-Txm_Z_ruemal_lccrcddm

‘Waste_spliter  Waste

Fig. 2. The schematic lay-out of the upgraded WWTP (top) and the implementation in the modelling and simulation software WEST® (bottom).

The concentration of heterotrophic and autotrophic biomass
was notincluded in the table because it was assumed that the con-
centration of active biomass was negligible in the influent. Also
no organic nitrogen was considered in the influent, because the
Kjeldahl nitrogen concentration measured during the measure-
ment campaign almost equalled the ammonium concentration.

In this study influent characterization was supported by a
1-week measurement campaign. The influent characterization
was based on the physical-chemical method [9], but instead of
the proposed 0.1 pm filters, 0.45 pm filters were used. These

Table 1
Available influent plant data and necessary ASM1 model variables

Direct influent Bypass influent ASM
variables
COD Centrifuged COD Total COD Ss
Centrifuged Total
(CODpict infuent) (CODg s infuent)
S
Xs
X1
N Ammonium Ammonium SNH
Nitrate Nitrate SNO
Other Flow rate Flow rate Flow rate
SVI

filters are used to distinguish between soluble and particulate
material. All material that passes through the filter is considered
as soluble, while all material that is retained is considered as
particulate.

In this measurement campaign six direct influent, six bypass
influent and six effluent grab samples were analysed. The total
influent COD concentration, the centrifuged influent COD con-
centration, the filtered influent COD concentration, the total
effluent COD concentration, the centrifuged effluent COD con-
centration, the filtered effluent COD concentration and the
SVI were measured. For four out of these six measurements
also a BOD measurement was performed. All these measure-
ments were necessary to characterize the influent as discussed
below.

As two streams, the direct stream and the bypass stream, are
treated together in the aerobic part of the plant it is difficult to use
the proposed method directly. Hence, influent characterization
was also based on operator experience.

2.3.1. Direct influent characterization

In the historic data-set only COD concentrations of influent
samples that were centrifuged first are available. However for
ASM modelling the total COD values needs to be assessed. In
order to correlate total COD concentration and the centrifuged
COD concentration the following relation was used as proposed
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by the plant operators:

_ Centrifuged
- CODDirect influent

CODTOt‘dl

Direct influent

+ Cy SVI (1)

where CODot@l

Dirécct inﬁ‘f]uen(tj
influent, CODD?;S ;ﬁlem the COD concentration in the cen-
trifuged influent, SVI the influent Sludge Volume Index (ml/1),
which is determined on a daily basis and Cj is a constant.

The filtered influent concentration was correlated to the total

influent concentration by the following equation:

is the total COD concentration in the

CODFiltCl'Cd

Direct influent

— C2 (CODTO[al

Direct influent

— C1 SVI) 2)

Where CODFDiilgggf‘iinﬂuem is the filtered COD concentration in the
influent and C; is a constant.
The filtered effluent COD concentration was correlated with

the total effluent COD by the following equation:
CODffent = €3 CODgifyen 3)

where CODE}%{:S is the filtered COD concentration in the efflu-
ent, CODE%?}em the total COD concentration in the effluent and
C3 is a constant.

The total biodegradable COD (BCOD) in the influent was
determined from a BOD»g test. From such a test the total BOD
(BODyy) of the wastewater can be calculated by the following
equation:

BODyo = BOD;, )

1 — e—KBop,
where Kpop is the first order rate constant of the organic matter
degradation during the BOD test and BOD; is the evolution of
the BOD over time.

During the BOD measurement there is an interaction of
growth and decay of biomass, which resulted in the conver-
sion of a part of the biodegradable COD into an inert fraction
in long-term BOD measurement. Therefore, a correction factor
Jfeop (0.15) was used to calculate the BCOD (Eq. (5)):

1
BCOD = —————BODy (5
1 D

— fBo
The following equation was used to correlate the total influent
COD concentration and the total biodegradable COD (BCOD)
in the influent:
BCODpjrect influent = C4 CODTOtal (6)

Direct influent

where Cy is a constant.

Based on Eqgs. (1)—(6) the division of the total COD concen-
tration into Ss, S1, Xs and X1 can be performed according to
[10]:

5= 0 x COD o
Ss = CODgiilrlgcr:?(iinﬂuent -8 (3)

Xs = BCODDirect influent — S5 (9)

XI — CODTOtal

Direct influent

—8s — 81— Xs (10)

2.3.2. Bypass influent characterization

Values for the total influent COD concentrations of the
bypass influent (CODE‘;%‘;SS influent) WETE available in the historic
data-set, in contrast to the direct influent. The filtered influent
concentration was again correlated to the total influent concen-
tration by the following equation:
CODFiltered

Bypass influen

= C5 COD! (11

Bypass influent

where CODgi}l,fzfgfmﬂuem is the filtered COD concentration in the
bypass influent and Cs is a constant.

The total biodegradable COD (BCOD) in the bypass influent
was determined again from a BODy test similar to the direct
influent. From the measurement campaign a correlation between
the total influent COD concentration and the total biodegradable

COD (BCOD) in the influent was established:

BCODBYPaSS influent = Cé6 CODE‘;T)‘&]ISS influent (12)
where Cg is a constant.

The effluent COD concentration of the wastewater treatment
plant was not used for characterization of the bypass influent
as the bypass influent flow is too low (50 m3/day) compared to
the total influent flow. As such the contribution of the bypass
stream is not high enough. Hence additional data needs to be
collected for further characterization of the bypass influent. This
was done by estimating the Xs concentration in the bypass influ-
ent. Behaviour of the WWTP was simulated based on the initial
30 days of the historic data-set. The X5 concentration that yielded
the best agreement between the measured and simulated data was
1000 mgCOD/1 and hence this value was selected.

Based on Egs. (11) and (12) and the fact that the X5 concen-
tration was estimated to be 1000 mgCOD/1 the division of the
total COD concentration into Ss, St, Xs and X can be performed
for the bypass influent, similar to the direct influent:

Xs = 1000 mgCOD/1 (13)
Ss = BCODgypass influent — Xs (14)
St = CODEyS ettuent — S5 (15)
X1 = CODRY infiuent — S — St — Xs (16)

Daily measurements of the influent flow rate as well as the
influent ammonium concentration are available in the historic
data-set. Several grab samples revealed that the influent nitrate
concentration was also on average 2 mgN/l, while no nitrite was
detected. Hence for the flow rate and the nitrogen components
no additional measurements were necessary.

2.4. Chemical analyses

All chemical analyses, COD concentration, BODy( concen-
tration, ammonium concentration, nitrate concentration, oxygen
concentration and Sludge Volume Index (SVI) were performed
according to standard methods [10].
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3. Results and discussion
3.1. Influent characterization

Several correlations between values available in the data-set
and data necessary for the ASM1 model were established during
the measurement campaign. These correlations allowed calcu-
lation of the data necessary for the ASM1 model from the values
available in the 630-day data-set.

In Fig. 3 the influent flow rate, the total influent COD
concentration, the influent SVI and the influent ammonium
concentration of the direct influent are depicted together with
the total effluent COD concentration. In Fig. 4 the influ-
ent flow rate, the total influent COD concentration and the
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influent ammonium concentration of the bypass influent are
depicted.

3.1.1. Direct influent characterization

Table 2 lists the constants that were determined during the
measurement campaign for the characterization of the direct
influent. The values listed for the constants were calculated as
an average for the six measurements.

From this analysis it was determined that about 75% of the
total COD concentration was biodegradable and soluble (Ss),
about 6% was non-biodegradable and soluble (), about 13%
was biodegradable and particulate (Xs) and about 6% was non-
biodegradable and particulate (Xy).
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Table 2

Direct influent characterization constants

Constant Unit Value (£S.D.)
Ci mgCOD/ml 10.05 + 0.31
C - 0.69 + 0.05
C3 - 0.95 + 0.02
Cy - 0.88 + 0.07
BODyo¢ mgCOD/1 1782 £ 111
KBop day™! 0.21 £ 0.03

3.1.2. Bypass influent characterization

Table 3 lists the constants that were determined during the
measurement campaign for the characterization of the bypass
influent. The values listed for the constants were calculated as
an average for the six measurements.

From this analysis it was determined that about 36% of the
total COD concentration was biodegradable and soluble (Ss),
about 15% was non-biodegradable and soluble (S7), about 48%
was biodegradable and particulate (Xs) and about 1% was non-
biodegradable and particulate (Xy).

3.2. Simulation of the current situation

The developed model was used to simulate the behaviour of
the current plant lay-out (Fig. 1). In Fig. 5 the measured and
calculated COD concentrations in the aerobic reactors of both
WWTP trains is depicted. In Fig. 6 the measured and calculated
nitrate concentrations in the aerobic reactor of the first WWTP
train is depicted. It can be seen that an excellent agreement exists
between measured and calculated values.

In Fig. 7 measured effluent COD and nitrate concentration
are compared with simulated data. Again an excellent agree-
ment is obtained. This is however not the case for the effluent
ammonium concentration because of the low measurement fre-
quency compared to the dynamics of the production facility and
the WWTP (Fig. 8).

Calculated effluent suspended solids concentration was on
average 15 mg/l, which is very similar to the measured value
(data not shown). The suspended solids discharge limit was not
violated during the 630-day period.

The goodness-of-fit of the simulations was further quantified
by calculating Theil’s inequality coefficient (TIC [11]), which
is expressed as follows:

\/ Z,’(yi - yi,m)2
TIC = (17)

\/Eiyiz + \/Ziyfm

Table 3

Bypass influent characterization constants

Constant Unit Value (£S.D.)
Cs - 0.78 £ 0.06
Ce - 0.85 &+ 0.06
BODyo mgCOD/1 4682 + 1086
KBop day™! 0.59 + 0.11
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train 2).

where y; represents the simulated data points and y; m, represent-
ing the measured data points.

For the data available in this study a TIC value of 0.23 was
calculated. A value of the TIC lower than 0.3 indicates a good
agreement with measured data [12]. As such, the simulations
demonstrate the developed model describes the behaviour of
the WWTP properly and thus this model can be used for further
scenario and upgrade analysis.
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Fig. 6. Comparison between the measured (O) and calculated (-) nitrate con-
centration in the aerobic reactor of train 1.
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3.3. WWTP upgrade assessment

The performance of the upgraded WWTP was assessed by
means of simulation. First, the performance of the WWTP
was evaluated in case the operation of the WWTP remained
unchanged, with the exception of the above discussed upgrades.
Table 4 lists the relative change effluent COD, ammonium,
nitrate and total nitrogen concentration.

From this table it can be seen that a small improvement in
COD removal is obtained with the WWTP upgrade. A decrease
of 5% is attained.

The larger volume available for nitrification results in a
drastic decrease in effluent ammonium concentration. Both the
effluent nitrate concentration and the total nitrogen concentra-
tion are increased, although the recycle flow rate in train 1 is
tripled. This increase in recycle flow rate would normally lead
to an increase in denitrification. From this simulation it can be
concluded that simply upgrading the WWTP is not a guarantee

Table 4

Relative change in average effluent concentration (+: increase; —: decrease)
Component Change (%)

COD =5

Ammonium -99.9

Nitrate +121

Total nitrogen +86
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Fig. 8. Comparison between the calculated (-) and measured (A) ammonium
effluent concentration during the complete period of the historic data-set (top)
and comparison between the measured and calculated ammonium effluent con-
centration in the period from days 600 to 620 (bottom).

for decreased effluent concentrations. Additional control actions
will be necessary.

From a detailed analysis of the simulation results it became
clear that the amount of biodegradable COD was not sufficient
for complete denitrification. One way of dealing with this is
increasing the bypass stream as this stream has a high COD con-
tent. However, it is to be expected that an increase in COD load
to the WWTP will also result in a COD effluent concentration
increase as not all the COD can be treated. This study identified
which effect, an increase in denitrification or a decrease in COD
removal will have the most impact.

Two different scenarios were analysed. In scenario 1 an
increased production is simulated as the bypass flow is increased
with 50, 100, 150 and 200 m3/day, while the direct flow rate is
kept constant. In scenario 2 a constant production is simulated.
The bypass flow is increased with 50, 100, 150 and 200 m>/day
and the direct flow rate is decreased in such a way that the total
influent stays constant. Results from simulations with these two
scenarios are summarized in Table 5. In Table 5 the relative
change in effluent COD, ammonium, nitrate and total nitro-
gen concentration is listed compared to the original WWTP
lay-out.

It can be seen from Table 5 that increasing the bypass flow
rate has a positive effect on nitrogen removal on the condition
that the bypass flow rate, and consequentially the COD loading,
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Table 5
Relative change in average effluent concentration when bypass flow is increased
(+: increase; —: decrease)

Additional bypass Change (%)

flow rate (m3/day)

COD Ammonium Nitrate Total nitrogen

Scenario 1

50 3.9 -98.9 55.6 31.6

100 6.8 —98.8 7.8 —8.4

150 9.5 —98.6 —243 —34.8

200 12.1 —98.5 —44.7 —51.8
Scenario 2

50 3.1 —98.9 50.0 26.8

100 6.1 —98.8 —4 —-17.9

150 8.9 —98.6 —38.8 —47.2

200 12.3 —98.5 —60.5 —65.1

is higher than 100 m3/day. However, as predicted, the increase
in COD loading also results in an effluent COD concentration
increase. The total nitrogen discharge limit (15 mgN/1) is much
more stringent than the COD discharge limit (200 mgCOD/1).
Further, the tertiary treatment, which is not studied here, further
reduces the effluent COD concentration making sure that the
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Fig. 9. Decrease in average total nitrogen concentration (l) compared to
increase in average COD concentration () resulting from a bypass flow rate
increase (top: scenario 1; bottom: scenario: 2).

COD discharge limit is not violated in the final WWTP efflu-
ent. This was confirmed by measurements performed by the
Flemish government (www.vmm.be). Indeed, the COD concen-
tration in the effluent of the aerobic part of the WWTP was
on average 287 mgCOD/I during the period of this study, while
the COD concentration after tertiary treatment was on average
119 mgCOD/I1. Also at no point in time during the study was the
discharge limit violated.

As such, an increased effluent COD concentration in the
effluent of the aerobic part of the WWTP is preferred over an
increased effluent nitrogen concentration as a 60—65% decrease
of total nitrogen concentration can be obtained with only a 12%
increase in COD concentration. At an increased bypass flow rate
of 200 m3/day the total nitrogen discharge limit is even reached
by the average effluent concentration. This is illustrated in Fig. 9
where the average effluent COD and total nitrogen concentra-
tion are depicted as function of the increase in bypass flow rate.
As such, the combination of an upgraded WWTP with the con-
trol of the bypass flow rate yields an improved operation of the
WWTP.

4. Conclusions

A mathematical model was constructed and used to assess
the upgrade of an industrial WWTP.

Before simulations with the model were performed a detailed
characterization of these influent streams was performed. This
characterization translated the influent measurements available
in the plant to data useful for modelling. More specifically,
the total COD concentration was divided into a biodegrad-
able, soluble COD fraction (Ss), a non-biodegradable, soluble
COD fraction (S7), a biodegradable, particulate COD fraction
(Xs) and a non-biodegradable, particulate COD fraction (Xy).
For the direct influent it was determined that 75% of the
total COD concentration was biodegradable and soluble, 6%
was non-biodegradable and soluble, 13% was biodegradable
and particulate and 6% was non-biodegradable and particu-
late. For the bypass stream it was determined that 36% of
the total COD concentration was biodegradable and soluble,
15% was non-biodegradable and soluble, 48% was biodegrad-
able and particulate and 1% was non-biodegradable and
particulate.

Based on simulations with the developed model it could be
predicted that the physical plant upgrade, i.e. the building of
additional reactor volume which improves nitrogen removal,
will results in a 99% decrease in effluent ammonium concen-
tration. Ammonium is a component of environmental concern
in view of its role in eutrophication, i.e. undesirable growth of
aquatic plants and algae and its toxicity to aquatic organisms.
In addition a 5% decrease in COD concentration was obtained.
However the effluent nitrate concentration, and consequentially
the effluent total nitrogen concentration, increased drastically
because of the upgrade.

Additional control possibilities which should result in a
decrease of effluent total nitrogen concentration were investi-
gated. It was demonstrated with the mathematical model that
increasing the bypass flow rate, and consequentially increasing
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the COD load to the reactor, will result in a substantial decrease
of effluent total nitrogen concentration. This increased COD load
alsoresulted in an increased effluent COD concentration, but this
increase was not in proportion with the decrease in total nitrogen
concentration. Further additional, tertiary treatment ensures the
removal of this additional COD content.

It can be concluded that by combination a physical WWTP
upgrade and additional flow control the performance of the
WWTP can be increased. This performance increase was clearly
assessed with a mathematical model.
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