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Abstract

A simplified dynamic model of a hybrid wastewater treatment plant which combines activated sludge + biofilm carriers in a fluidized bed has been developed, based on information collected on a full-scale plant. High nitrification yield can be achieved but denitrification requires a tight dosing of external carbon, for which a PI controller has been implemented.  
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1. Introduction
Treatment of urban and industrial wastewater by activated sludge is widespread around the world. More stringent discharge regulations imply in many places retrofitting and extension of capacity. It might be difficult to maintain a classical activated sludge system with suspended biomass if available space is limited. Hybrid systems have been proposed to intensify the process with a limited footage requirement. They combine sections with fixed (on sand, plastic supports, etc.) and suspended biomass and sections where only the suspended biomass is circulating (Müller, 1998; Lee et al., 2002). The experience gained with such systems is still limited and model efforts are scarce (Fouad and Bhargava, 2005). In order to investigate the controllability of such a system, a dynamic model had to be developed. The methodology which has been followed is based on the Benchmark Simulation Models (BSM)’one (Copp, 2002; Jeppsson et al., 2008). The design parameters and the influent wastewater characteristics have been adapted from a full-scale wastewater treatment plant (WWTP) based on the Biolift® process (Nancy-Maxéville, France, 300000 equiv. inh).

2. Plant layout description
The global plant layout is present in Figure 1 and the biological reactor in Figure 2. It is composed of six compartments and has a total volume of 12000 m3. The fluidized section, which handles the fixed biomass, has a volume of 3000 m3. The volume occupied by the supporting material represents 10% of this volume. Upstream of this unit, there are two anoxic reactors (2000 m3 each). Downstream, after a degassing unit (volume = 1000 m3) there are also two anoxic reactors (2000 m3 each). External carbon (i.e. methanol) can be fed into the first of them to favor denitrification. The mixed liquor is partially recycled from the exit of the degassing unit to the inlet of the bioreactor. The clarifier has a volume of 6000 m3 and a depth of 4 m. Most of the sludge exiting the clarifier is recycled to the inlet of the bioreactor. The wasted part is thickened prior to anaerobic digestion together with the primary sludge collected from the 900 m3 primary settler. The present contribution is focused on the biological section of the wastewater treatment.
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Figure 1: Schematic plant layout. TSS = Total Suspended Solids
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Figure 2: Schematic biological reactor layout: A1 to A4: anoxic units, FBAS: fluidized bed + activated sludge unit (aerated), DG: degassing unit. Q0 and Qec are feedrates.
3. Model description
The activated sludge behavior is described through the Activated Sludge Model 1 (ASM1) (Henze et al., 1987) which is summarized in Figure 3. The same model is used for the fixed biomass but two new variables have been added: XB,Hf and XB,Af which represent respectively the heterotrophs and the nitrifiers (autotrophs) fixed on the supporting material. The concentration gradients in the biofilm around the supporting media are not taken into account explicitly (i.e. the substrates and metabolites concentrations are equal in the bulk and the biofilm). This choice has been made to keep the computation simple. To take into account the effect of limitation due to diffusion of substrates through the biofilm, some of the kinetic parameters (intrinsic heterotrophs and autotrophs growth and decay rates, ammonification and hydrolysis rates) are assigned lower values than the equivalent kinetic parameters in the bulk phase through a multiplying factor ( (Table 1). The effect of biofilm detachment due to shear in the fluidized section is taken into account by a transfer of heterotrophs and autotrophs from the biofilm to the bulk. The clarifier is modeled as in the BSM1 according to Takács et al. (1991).
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Figure 3 :  Schematic representation of the basic ASM1. See Table 2 for symbols
Table 1: Biological reactions main kinetic parameters ; ( ( [0.5, 1.]
	Kinetic parameter
	Activated sludge
	Biofilm

	Heterotrophs growth rate (d-1)
	4 
	4·(

	Autotrophs growth rate (d-1)
	0.5 
	0.5·(

	Heterotrophs decay rate (d-1)
	0.3 
	0.3·(

	Autotrophs decay rate (d-1)
	0.05 
	0.05·(

	Ammonification rate (m3 (g COD . day)-1)
	0.05 
	0.05·(

	Hydrolysis rate (g slowly biodegradable COD (g cell COD . day)-1)
	3.
	3. ·(

	Heterotrophs detachment rate (d-1)
	
	0.025

	Autotrophs detachment rate (d-1)
	
	0.025


4. Influent model

Two sets of constant influent flowrate and composition have been tested (Table 2). Set 1 is based on BSM1, with the flowrate adapted to the size of the simulated plant.  Set 2 is based on actual wastewater composition at the inlet of the Nancy-Maxéville wastewater treatment plant. It is much more diluted due to a high infiltration rate of groundwater in the sewer network. For that purpose the daily average values of COD, TSS, Kjeldahl nitrogen and ammonia corresponding to a 2.5 yrs period have been extracted for the plant historical data. A fractionation experiment of wastewater COD has been conducted (Lourenço et al., 2008): 2hrs-composite samples have been collected on the full-scale WWTP primary settler. Filtrated (1.2 µm) and raw aliquots of the samples have been placed in 500 mL aerated reactors. After inoculation with activated sludge, the biodegradation has been monitored for 21 days. The various wastewater COD fractions (SI, SS, XI and XS+XB,H) have been determined from the COD balance over the experiment. Nancy wastewater has a higher fraction of SI and XS and a lower percentage of SS than the BSM1 wastewater. 
Table 2: Steady-state wastewater flowrate and composition
	Variable
	Symbol
	Set 1
	Set 2
	Unit

	Flowrate
	Q0
	61920
	61920
	m3.d-1

	Soluble inert organic matter
	SI
	30.
	15.
	g O2.m-3

	Readily biodegradable substrate
	SS
	69.50
	21.
	g O2.m-3

	Particulate inert organic matter
	XI
	51.20
	48.9
	g O2.m-3

	Slowly biodegradable substrate
	XS
	202.32
	130.
	g O2.m-3

	Active heterotrophic biomass
	XB,H
	28.17
	10.
	g O2.m-3

	Active autotrophic biomass
	XB,A
	0.
	0.
	g O2.m-3

	Particulate products arising from biomass decay
	XP
	0.
	0.
	g O2.m-3

	Oxygen
	SO
	0.
	
	g O2.m-3

	Nitrate and nitrite nitrogen
	SNO
	0.
	0.
	g O2.m-3

	NH4+ + NH3 nitrogen
	SNH,
	31.56
	18.
	g N.m-3

	Soluble biodegradable organic nitrogen
	SND
	6.95
	4.
	g N.m-3

	Particulate biodegradable organic nitrogen
	XND
	10.59
	6.
	g N.m-3

	Alkalinity
	SALK
	7.
	7.
	moles.m-3

	Total Chemical Oxygen demand
	COD
	381
	207
	g O2.m-3

	Biological Oxygen Demand – 5days
	BOD5
	272
	96
	g O2.m-3

	Kjeldahl nitrogen
	NTK
	49
	28
	g N.m-3


Two dynamic files, describing the variations with respect to time of the wastewater flowrate and composition at the inlet of the biological reactor, have been then applied. The first one (Dyn1) is based on the BSM1 dry weather file with a linear adjustment of the flowrate so that  the average flowrate is equal to 61920 m3.d-1. For the second one (Dyn2) typical daily influent flowrate variations recorded on the Nancy-Maxéville WWTP have been collected and a typical pattern has been extracted with a 15 min period. A submersible UV-visible spectrophotometer (S:can Messtechnik, Vienna, Austria) has been installed for two weeks on the Nancy-Maxéville WWTP primary settler and total COD variations have been extracted from the spectra collected every 15 min.  The variations of the different wastewater fractions have been estimated from them and the fractionation experiment previously described.
5. Results

5.1. Steady-state

The oxygen mass transfer rate in the fluidized bed has been set to 480 d-1. High nitrification rates can be achieved but there are strongly dependent upon the efficiency of the bioreactions in the biofilm, which is parameterized by (. Figure 4 summarized the steady-state concentrations (obtained after 100 days of simulated time) in the fluidized bed (FBAS) and the last compartment of the biological reactor (A4) for a constant feed of external carbon (concentration = 400 kg COD.m-3) Qec = 5 m3.d-1. There is some nitrification still taking place in the degassing unit due to dissolved oxygen carried over from the fluidized bed. Efficient post-denitrification requires the addition of an external carbon source as most of the rapidly biodegradable substrate present in the wastewater is consumed in the first reactors.  Figure 5 shows the effect of Qec on the nitrates and ammonia concentrations in FBAS and A4. Increasing the external carbon increases also the anoxic growth of autotrophs and the production of ammonia through their death (Figure 3).
	In FBAS unit
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	In unit A4
	In unit A4
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	Figure 4: Effect of ( on nitrates and ammonia in FBAS and A4 units (Qec = 5 m3.d-1)
	Figure 5: Effect of external carbon feed on nitrates and ammonia in FBAS and A4 (( = 0.6) units


5.2. Dynamic behavior
Once the steady state achieved, dynamic simulations have been run (with ( = 0.6). Due to the importance of the external carbon feed, a PI control has been added (as on the full-scale plant) to manipulate Qec depending upon the nitrate concentration in A4. The controller has not been optimized however. The setpoint has been set to 10 mgN.m-3. In Figure 6a, a part of the influent file Dyn1 is shown. In Dyn1, the effect of the weekdays is considered with lower wastewater flowrate and concentration on Saturdays and Sundays.
	(a)
	(b)
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Figure 6: (a) Subpart of the Dyn1 file; (b) nitrate concentration in A4 under PI control

Figure 7a presents the daily variations of SS, XS and the flowrate for the Dyn2 datafile. As the wastewater is more diluted than in the Dyn1 case, a lower Qec flowrate is needed to maintain the nitrate concentration at the exit at its setpoint.
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Figure 7: (a) Subpart of the Dyn2 file; (b) nitrate concentration in A4 under PI control

6. Conclusions

A model for a hydrid system (activated sludge + fixed biomass) has been set up to study the dynamic behavior of the plant and its controllability with respect to various perturbations, especially related to wastewater composition and flowrate. The obtained behavior is in agreement with information collected on the full-scale treatment plant which inspired the model. The actual work is focused on the sensitivity of the model to parameters such as ( (biofilm bio-efficiency) and biocarrier volume and to the modeling of the full plant, i.e. including the sludge treatment.
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