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ABSTRACT

Application of mass balance models are widespread in designing wastewater treatment processes,
where the emphasis is on the biokinetics and transport processes of the biomass. Reactor
hydrodynamics is often idealised applying completely stirred tank reactor (CSTR) or plug flow reactor
(PFR) based models. If internal recirculation (IR) is required to be applied for pre-denitrification, these
models predict the mass transfer appropriately, but hydrodynamics are not simulated and thus the
reactor models remain unchanged. In this research the effect of IR on reactor models was investigated
by introducing virtual reactor number applied in the simulation system. GPS-X 6.5 commercial tool
was used to perform the calculations and the model was calibrated by field measurement. After the
evaluation of the results it could have been seen that in basins with plug flow the application of IR did
not modify the reactor model significantly, whereas in CSTRs the virtual reactor numbers shall be
modified.
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1 INTRODUCTION

Wastewater treatment technologies are responsible for degradation of organic materials and
nutrients in order to reduce the pollutant load of the receiving water body. Treatment stages
can be separated into mechanical, biological, tertiary and quaternary treatment. Basically the
first two stages are enough to meet effluent quality requirements, but sometimes higher
degree of treatment is necessary, e.g. removal of hormones [1]. Conventional technologies
apply suspended biomass, which is a group of specific microorganism flocs. Success of
biological treatment is based on the floc formulation mechanisms, the stability of the cells
and re-flocculation of the detached material [2]. These flocks should be evenly distributed
within the reactor volume having approximately 3.5—4.5 g/L concentration in activated
sludge system.

Design of wastewater treatment process formulates mass balance equations of the main
wastewater constituents consisting process kinetics, but hydrodynamic conditions are
generally simplified. Idealised reactor models (e.g. CSTR: Completely Stirred Tank Reactor
or PFR: Plug Flow Reactor) cannot capture the actual flow conditions of the biological
reactor leading discrepancies between the calculated and measured data. Hydrodynamics
directly influences the process performance; therefore the knowledge of the flow field is
necessary for evaluation of a technology or process. For example, the removal of organic
matter requires different flow conditions compared to nitrogen removal [3].

Improvement of the reactor model can be achieved by applying RTD (Residence Time
Distribution) technique and with the help of a tracer the reactor flow regime can be
determined [4]. The exit age distribution of a tracer gives information on hydraulic residence
time and thus the dead-zones and hydraulic short cuts could be revealed. Furthermore, the
tank-in-series model could be extended as a subset of the gamma distribution and it removes
the problem of quantisation, if the reactor number tends to one [5]. While tank-in-series
model has no limitation, the axial dispersion model is sensitive to the boundaries. For a high
dispersive system with closed boundaries, a combination of the tank-in-series and axial
dispersion model can be introduced [6].
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Internal recirculation (IR) aiming nitrate transport from aerobic to anoxic reactor could
have effect on reactor hydraulics since the discharge may vary from two to four times of the
plant influent flow. IR is responsible for denitrification, but as a side effect the less
concentrated influent could nitrify at increased efficiency due to dilution [7] and improve the
oxygen transfer [8]. Due to presence of the IR (and also the returned activated sludge) tracer
tests are difficult to interpret; for the determination of longitudinal dispersion empirical
formulae are used [9]. In a system with IR the exit age distribution gained by RTD analysis
is different compared to a system without recirculation. The initial part of the curve has a
periodicity with decaying amplitude the rest show exponential decay with a long tail
indicating the entrapped tracer in the recycle stream [5].

Generally, in process design tools the reactor models have limited capacity, fine tuning is
achieved by manual adjustments by setting the reactor number, which is not necessarily the
actual reactor number, just a virtual mean to reflect the actual hydrodynamic behaviour of
the basin. In this research the effect of IR on tank-in-series reactor model is investigated with
the aim of determining the virtual reactor number difference caused by introducing IR.
Section 2 describes the methodology used, Section 3 details the results achieved and Section
4 summarizes the research.

2 MATERIAL AND METHODS

In this research a 1 MLD Wastewater Treatment Plant (WWTP) was investigated. Chemical
oxygen demand (COD) of the average plant influent was 610 mg/L, the total suspended solid
(TSS) was 345 mg/L, the total Kjeldahl nitrogen (TKN) — organic and ammonium-nitrogen
—was 92 mg/L, whereas the total phosphorus was 14 mg/L in the raw sewage. The minimum
wastewater temperature of 15°C was assumed during the simulation. Effluent quality
requirements were the following: COD: 125 mg/L, BODs: 30 mg/L, TSS: 35 mg/L, TN: 20
mg/L, TP: 2 mg/L. To achieve the TN limit, full nitrification was required.

Biokinetic modelling was used to predict the plant performance under various operational
conditions. The calculations were performed with GPS-X 6.5 commercial software and the
process was simulated with ASM2d model, which is a type of Activated Sludge Model family
solving 21 transport equations for the model components. The model approach gives back
the results of the processes of organic degradation and nutrient (N, P) removal accurately if
the raw sewage originates from municipal source, pH neutral and the temperatures is in the
range of 10-25°C [10].

Mathematical modelling is based on the mass transport equation of the model components
(state or composite variables). The fate of the component is determined by the flow (reactor
model) and reaction kinetics, which can be further decompose to biokinetic process groups
such as degradation of organic matter and nutrient elimination. Each process can be described
by the reaction rates of sub-processes and applying stoichiometric constants. In other words,
a certain process kinetics can be composed by sum of the weighted model variables, where
the weighting factors are the process rates. Only one example process of the mathematical
description is shown, the heterotrophic growth, the rest can be found in literature [10]. The
process rate of this process is the following:

DO ss
Hu KH,02+D0 Kpss’

(M

where:
pu: maximum specific growth rate [1/d],
DO: dissolved oxygen concentration [g/L],
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K 02: half-saturation coefficient of oxygen [g/L],
SS: soluble substrate concentration [g/L],
K ss: half-saturation coefficient of soluble substrate [g/L],
Xu: heterotrophic biomass concentration [g/L].
The transport equation for the soluble solid uses the aerobic heterotrophic yield (Yu) as
follows:

() s @

KH,02+D0 KHss

The heterotrophic biomass growth is described by the following equation:

d
= G s o Xy, 3
H, )

The oxygen consumption can be determined:

%0=(1—i)'uy'—'—'XH- 4)

KH,02+D0 Kgss

As the eqns (2) and (3) show parallel to biomass growth the soluble solid concentration
decreases, which consumes oxygen. The process equations of the autotrophic biomass, the
nutrient removal (chemical and bioP) can be found in [10]. In ASM2d there are more than
60 conversional and stoichiometric model parameters in different groups: yields, half-
saturation coefficients, process rate coefficients and also can be found in the above cited
source [10]. The partial differential equations are solved using numerical solver built in GPS-
X 6.5 software environment and the calculation follows the Runge-Kutta-Fehlberg method.

Process scheme of the plant and the model layout can be seen in Fig. 1, which shows the
unit processes and the connectivity between them, where each line represents a mass flow.
Raw wastewater discharges to the pre-treatment units including coarse, fine screens and grit
chamber. Then the water is pumped to an equalisation tank, which allows the continues feed
to the biological basins when it is required. Biological treatment consists of anoxic and
aerobic compartments.

The biological treatment follows the pre-denitrification process, the Modified Ludzack-
Ettinger (MLE) configuration, which is designed to use nitrate produced by the aeration zone
as an oxygen source for facultative bacteria in the breakdown of raw wastewater in the anoxic
basin [11]. Phase separation of sludge and treated wastewater takes place in a clarifier. Some
part of the sludge (WAS) goes to sludge management for volume reduction. During these
processes centrate and filtrate streams are directed back to the biological reactor.

Fig. 1 also shows the model layout, where the raw wastewater discharges directly to the
biological reactors. This could be an acceptable approach since pre-treatment units do not
have effect on the observed parameters e.g. COD, BOD, TN and the continuous flow setup
can be done under the process unit labelled as Influent in the model layout . The compartment
number of the biological tanks has to be set a priori. Although the layout does not reflect how
many sub-volumes are set, thus it cannot be seen in Fig. 1, but it is used in the calculations.
It also can be observed that four different kinds of recycle streams reach the anoxic tank:
recycled sludge (RAS), IR, centrate and filtrate from sludge line.
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Figure 1: Process scheme of the plant (above); biokinetic model layout (below).

As it is mentioned the reactor numbers used in anoxic and aerobic compartments can be
set in the model easily and all of the sub-volumes behave like CSTRs, but in the physical
plant this kind of cascading requires that the basin is built in such a way that real well-mixed
zones are created. In order to ensure the proper mixing of these sub-zones baffle walls should
be applied with alternating position of cross flow section (bottom openings are followed by
openings at the top and top openings are followed by openings at the bottom).

Starting point of the simulation was the influent characterization; the determination of
chemical oxygen demand (COD) fractions, which were the following: (i) particulate slowly
biodegradable (Xy), (ii) particulate non-biodegradable (X;), (iii) soluble biodegradable (Sy)
or (iv) inert soluble (S;) [12]. The removal of latter one would require chemicals to be added
since it is non-biodegradable and phase separation cannot be used for soluble matter. The
fractionation can be done using laboratory measurements (e.g. NUR test [13]) or empirically
using typical ratios for a certain geography. The average value of COD was 610 mg/L, from
which the soluble content was 160 mg/L and the particulate fraction was 450 mg/L
respectively. After influent characterization process the following COD fractions were
determined: Xp=368 mg/L, X;=80 mg/L, Sy=130 mg/L, S;=32 mg/L. Organic content of the
suspended solid was set by using VSS/TSS (VSS: Volatile Suspended Solid, TSS: Total
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Suspended Solid) ratio, which had a high value of 0.85. Particulate COD and VSS ratio was
1.55 (literature value for municipal wastewater is: 1.4-2.1 [14]).

After the COD fractionation and the influent setup, biological model parameters were
calibrated in order to achieve a good agreement between the model data and the
measurements. Calibration of models can be undertaken at various levels based on the actual
purpose. There is no consensus on the good practice of calibration process [15]. The limited
experience available regarding ASM2-type model calibration results that it could be
calibrated based on logical step-wise procedure by changing the lowest number of parameters
as possible. Based on the abundant number of parameters available it could be seen that the
system has a high degree of freedom, but actually it is reduced in practice, where many
couplings among these parameters exist.

Steady-state calibration process was performed by adjusting parameters to match the
effluent TSS, COD and NH4-N values. Volume weighted 24-hour composite samples were
taken from the influent and effluent of each reactor for a 7-day period. From the measurement
period it can be seen that the system was in quasi steady-state condition reaching a stable
level of biomass inventory. DO probes were installed in each reactor. The measurement data
are reconciled, plausibility checks were carried out checking the quality of the measurement
(e.g. unrealistic values, ratios not in the acceptable ranges).

These composite values do not reflect the diurnal pattern of the incoming wastewater load,
but it is satisfactory for a non-dynamic calibration. As diffusion limitation in the flocs due to
the high shearing of turbulence was not observed and the DO concentration was higher than
2 mg/L in all compartments thus oxygen also not limited the process, the heterotrophic
biomass calibration was based on biomass kinetics (yield and decay). Similarly, the
autotrophic calibration could be based on several parameters depending on the limiting
factors. In our case the ammonium-nitrogen and oxygen values are higher than the saturation
coefficient, the ammonia-oxidiser yield shall be changed. More advanced calibration process
was not available based on the measurement data and as the IWA TG suggests [16] with lack
of data the remaining parameters shall be untouched. With the help of the calibrated model
scenarios with various compartment number were simulated and the effect of IR was
investigated. The results are detailed in Section 3.

3 RESULTS

Applying the influent wastewater parameters and calculation methodology described in
Section 2 the calibration and process sizing were performed. In the calibration process most
of the stoichiometric and kinetic parameters are remained the same as the default value of
ASM2d model built in GPS-X 6.5. Small adjustments were done in case of aerobic
heterotrophic yield on soluble substrate (Y1), aerobic heterotrophic decay rate (kgecn) and
ammonia-oxidiser yield (Ynu3). Maximum specific growth rates and saturation coefficients
are not changed. The adjustment results can be seen in Table 1. Biomass yields are slightly
increased and decay heterotrophic biomass decay rate is slightly decreased.

Table 1: Model calibration results.

Parameter Default | Adjusted Unit
value value

Aerobic heterotrophic yield (Ys) 0.66 0.72 gCOD/gCOD

Aerobic heterotrophic decay 0.62 0.57 1/d

rate (Kgecp)

Ammonia-oxidiser yield (Ynm3). 0.18 0.21 gCOD/gN
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Mixed Liquor Suspended Solid (MLSS) concentration in the biological reactor was 3.5
g/L and the dissolved oxygen (DO) concentration was 2.5 mg/L. The wasted sludge flow
(Qwas) was 20 m*/d with a dry solid concentration of 0.67%. The calculated aerobic sludge
retention time (SRT) was 7.2 days which indicates full nitrification at 15°C. The recirculated
sludge flow was 1000 m?/d, whereas the internal recirculation flow from the last aerobic
reactor to the first anoxic reactor was 2000 m?/d.

In the full scale plant the aerobic reactor had only one compartment with a volume of
350 m? and the following dimensions: depth: 5 m, width: 4.5 m and the length: 15.6 m. The
anoxic volume ratio was 0.3. It was observable that it cannot be a CSTR since two
submersible mixers were installed to help mixing and provide even distribution of the MLSS
in the tank creating at least two circulating flow zones, therefore the total aerobic volume
was divided into two equal sub-volumes in the model by default. Table 2 shows the basic
influent and effluent parameters of the pilot plant and the model results. TKN=TN as there is
no detectable nitrite and nitrate-nitrogen in the influent. There is a good agreement between
the model results and the measured effluent.

As the calibration was accepted various model scenarios were investigated with varying
aerobic compartment numbers (1, 2, 3, 4, 5,10, 20) and by turning on/off the IR the effect of
the additional stream was observed. COD and NH4-N as indicator parameters of aerobic zone
performance were selected and evaluated in each scenario. It has to be mentioned that the
compartment numbers are virtual, reflecting the number of CSTR tank in series. If this
number increases the flow tends to have plug-flow behaviour. Fig. 2 summarizes the effluent
COD values at different compartment numbers. It can be observed that small reactor numbers
resulted higher effluent values, application of high number of reactor numbers gave lower
values, which means that cascading the system helps in increasing removal efficiency. The
effect of IR negligible at high compartment numbers, but if small reactor numbers are applied
(in other words: if the flow is close to a CSTR system) the difference in effluent data is higher.
In addition, it can be stated that IR helps in organic matter reduction. The explanation could
be the dilution effect of the additional flow introduced to the system.

Fig. 3 shows the effluent ammonium concentrations in mg/L in scenarios without and with
IR at different compartment numbers. The effluent concentration of NH4-N at the given
conditions in full scale plant was 1.1 mg/l, which is in good accordance with the fact that
mixers divides the aerobic volume to 2 or 3 sub-zones. Simulations performed gave us the
opportunity to investigate the effect of IR and compartment number without making any
modifications at the full scale plant.

Steady-state sensitivity analysis was performed revealing the effect of the small changes
in the calibrated parameters on COD and NHy4-N effluent. The analysis was carried out
applying GPS-X 6.5 Analyze function, where the effect of each parameter was evaluated
separately. The calibrated values were changed +10%, as a result the effluent concentrations
basically remained unchanged (COD: <2%, NH4-N: 5%).

Table 2: Effect of IR and compartment number on effluent NH4-N concentration.

Influent Plant effluent | Model effluent
COD 610 85 94
BOD:s 285 22 25
TSS 345 20 24
TN 92 18 16
NH4-N 69 1.5 1.2
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Figure 2: COD effluent using various compartment numbers.
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Figure 3: NH4-N effluent using various compartment numbers.

Based on the results it can be stated if reactor compartment number increases the effect of
IR on reactor model is negligible. In other words, if the aeration tank has plug flow, there is
no difference in the effluent ammonium concentrations. It can be also seen that the
application of 5, 10 or 20 compartments did not make any changes. If there is only one
compartment in aerobic region in the model, the calculation results suggest that there is no
effect of IR, which is not in accordance with the full scale plant observations. IR is a surplus
flow; thus more energy is available for mixing. If mixing efficiency is enhanced, it also means
better oxygen diffusion to the flocs resulting better nitrification. That phenomenon cannot be
captured in a simple CSTR tank, since it is completely mixed by definition: the IR flow,
which is originated from the same tank as it enters, the completely mixed system cannot be
more mixed. Figs 2 and 3 also shows that the IR modifies the virtual compartment number
and it shall be reduced if IR is introduced to the system.

4 CONCLUSIONS
Introducing IR in a pre-denitrification reactor configuration in wastewater treatment provides
nitrate transport to a reactor zone, which is abundant with substrate for heterotrophic
denitrifying microorganisms. As a side effect of IR, the surplus flow changes the
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hydrodynamic condition and it increases the mixing and thus the diffusion rate, which helps
in organic matter removal and in nitrification. In this research the effect of internal
recirculation on reactor model was investigated; the aerobic basin was divided to various
virtual compartments and the effluent COD and NH4-N concentration were compared in a
system with and without IR. The outcome of the simulations is that if the aeration tank has
plug flow, there is no difference in the effluent concentrations, whereas in CSTRs the virtual
reactor numbers shall be reduced if IR is present. It can be also observed that cascading the
system helped to increase removal efficiency. As a next step of this research numerical fluid
dynamic models is to be applied to reveal the actual flow conditions in reactors and our
intention is to couple it with mass balance modelling.
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