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Abstract

:

An innovative and integrated scheme that encompasses two well-established waste treatment technologies, the aerobic biological degradation of organic matter bioprocess via membranes and anaerobic digestion, was demonstrated as a zero-waste approach that may effectively treat wastewater and biowaste in an integrated and symbiotic manner. Aiming to create a tool for the design, monitoring, and control of the scheme, prediction models were developed, validated, and implemented for the process simulation of the integrated scheme. The minimization of selected objective functions led to the estimation of the models’ parameters. The activated sludge model no. 1 (ASM1) was adopted for the simulation of the aerobic membrane bioreactor. The kinetic parameters were calibrated using volatile suspended solids and total nitrogen as the objective functions permitting the model to simulate the bioprocess satisfactorily (Nash–Sutcliffe efficiency > 0.86) and to calculate the concentration of the active biomass. The predominance of heterotrophic bacteria (4300 to 9770 mg COD/L) over autotrophic biomass (508 to 1422 mg COD/L) was showcased. For the anaerobic process unit, a simplified anaerobic digestion model 1 ADM1-R4 was used, and the first-order hydrolysis constants (kch 0.41 d−1, kpr 0.25 d−1, kli 0.09 d−1) and microbial decay rate (kdec 0.02 d−1) were evaluated, enabling an accurate prediction of biogas production rates. A full-scale implementation of the integrated scheme was conducted for a decentralized waste treatment plant in a small community. Preliminary design calculations were performed in order to estimate the values related to certain process and technical parameters. The performance of this full-scale plant was simulated by the developed model, presenting clear benefits for practical applications in waste treatment plants.
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1. Introduction


Within the UN’s Sustainable Development Goals, environmental sustainability via waste treatment is a high priority. Additional pressure for sustainable waste and wastewater management via holistic and balanced approaches is posed by the increase in the Earth’s population, by intensive urbanization and global warming effects. Therefore, the adoption of integrated treatment schemes that meet environmental, safety, and cost standards at the same time are being sought. For his reason, integrated waste treatment schemes are more than essential [1].



The combination of aerobic and anaerobic bioprocesses is an auspicious approach. In this context, a holistic approach for the co-treatment of domestic wastewater and solid biowaste has been demonstrated on a pilot scale, including an aerobic membrane bioreactor (MBR) and an anaerobic digester (AD) combining the advantages of aerobic and anaerobic conditions in an integrated approach. Therefore, rapid aerobic biomass formation followed by anaerobic high-yield and zero-growth production is realized. This way, bioprocesses operating with an substantial overall yield and productivity can be obtained [2]. Moreover, such an integrated system that includes an MBR unit may benefit from the high quality and be free of suspended solids effluent. Via this integration, there are no residues to be treated further since the excess aerobic sludge is anaerobically co-digested and the liquid fraction of digestate is aerobically degraded. This “zero”-waste concept managed to showcase a high treatment efficiency, recovering energy, and materials. More specifically, it is suitable for small-to-medium-scale regions where an integrated solution for the treatment of biowaste and wastewater is required in order to fulfil (a) the landfill directive requirements for the diversion of biodegradable waste from landfills, (b) the water framework directive for the achievement of good-quality water resources, and (c) the renewable energy directive for the promotion of attaining electricity from renewable energy sources. This innovative system constitutes a promising solution for insular and/or isolated communities or units (e.g., hotels) since it provides an enhanced method for wastewater, sewage sludge, and biowaste treatment leading to (a) sustainable energy production by biogas combustion, to cover local electricity and thermal demands; (b) clean water supply for agricultural purposes; and (c) stabilized solid organic matter, which can be exploited as a potential fuel source or as organic fertilizer for land application. The replicability and upscaling of the proposed technologies highlight the need for the development of tools able to simulate the performance of the systems and optimize their efficiency. In this context, such models are necessary not only to simulate the performance of the processes, but also to assess the potential and the boundaries of the technological scheme. These models can bridge the gap between technological innovation and full-scale exploitation while supporting adopters and decision makers.



The most well-known mathematical representation of the bioprocesses for removing organic matter and ammonia is the activated sludge model 1 (ASM1), which was released by the IAWQ Task Group and has found numerous applications in the design, monitoring, and operation of wastewater treatment plants. The aim of this model is to mathematically describe the bioprocesses occurring in wastewater treatment schemes: the hydrolysis of organic compounds, aerobic growth and decay of autotrophs and heterotrophs, anoxic growth of heterotrophs, and ammonification of organic nitrogen. This well-established model was modified for aerobic membrane reactors by Baek et al. [3] and adopted in this study.



Similarly, for anaerobic digestion, the anaerobic digestion model 1 (ADM1) is proposed [4]. This model includes the main degradation paths and the respective kinetics, as well as the involved physico-chemical equilibria. ADM1 is applied to numerous substrates and anaerobic process configurations, and is successfully validated [5,6]. Nevertheless, model-based state observers and control techniques are scarcely utilized, despite the fact that the mathematical simulation and monitoring of AD processes have long been studied and used [7]. A common issue that arises is the lack of experimental data for the calibration of the model [8]. This reveals the need for less complicated simulation structures that can be easily used in industrial AD applications. One well-established simplified model is ADM1-R4 that combines the biodegradation of substrates and subsequent production of biogas in first-order sum reactions. The latter is adopted in the present study.



More specifically, in this study, a mathematical model simulating the performance of the integrated scheme, including an aerobic membrane-based process and anaerobic digestion, is developed based on raw experimental data collected from an integrated MBR-AD pilot system installed in the facilities of Ergates industrial area (Nicosia, Cyprus). These raw data have been previously published by the authors [9,10]. This tool identifies the main physico-chemical and biological processes for both aerobic and anaerobic bioprocess, determines the kinetic parameters for the biochemical processes, and evaluates the efficiency of the model developed via a comparison of the experimental results of the pilot plant with the values that are simulated from the model over a wide range of operating conditions. A full-scale implementation of the integrated scheme is conducted for a decentralized waste treatment plant in a small community. Preliminary design calculations are performed in order to the estimate values related to certain process and technical parameters. The performance of this full-scale plant is simulated by the developed model.




2. Materials and Methods


2.1. Integrated System


The design and operation of the integrated MBR-AD system was described in detail in previous studies [9,10]. The pilot plant was located within the facilities of Ergates industrial area (Nicosia, Cyprus). Briefly, it consisted of 4 process units (Figure 1):




	
An MBR treating the effluent of a primary settling tank of domestic wastewater from the wastewater treatment plant of Anthoupolis in Nicosia, Cyprus (primary effluent) and the liquid fraction of the digestate of an AD unit (liquid digestate).



	
An AD unit treating biodegradable organic waste and sewage sludge from the MBR.



	
A biogas treatment line for its purification and valorization via a cogeneration heat and power engine.



	
A digestate treatment system, where its separation into liquid and solid fractions occurred. The solid digestate was led to a solar dryer, whereas the liquid one was recirculated to both bioprocesses as dilution water.








MBR of a 6 m3 volume was composed of 3 compartments: anoxic, aerobic, and sedimentation, each one of a 2 m3 volume (working volume 1.5 m3). The polyethersulfone membrane module (siClaro FM 06) was submerged into the aerobic compartment. The pore size of the membranes was 0.1 μm with a 6.25 m2 surface area. The excess sludge was removed after sedimentation and fed to the anerobic unit (unit II). The AD unit included a 5.4 m3 anaerobic completely stirred reactor (CSTR) with a temperature control.



The integrated system operated continuously for a long period (nearly 400 d) seeking to test the system’s performance. Table 1 presents the MBR operational conditions where different substrates, solid retention times (SRTs) and hydraulic retention times (HRTs), were tested. In all stages, the oxygen concentration was controlled to 2 mg/L. The term “stage” was used for the MBR and the term “phase” for the AD unit.



The MBR was tested under different HRT and SRT conditions to achieve the greatest removal of nitrogen and organic matter from the primary effluent and the liquid fraction of the digestate that were fed into it. In the 1st and 2nd stages, the volumetric nitrogen loading rate (NLR) was kept low at 0.04 kgN/m3d. The introduction of liquid digestate increased the NLR to 0.05–0.06 kgN/m3d. The decrease in HRT in the 4th stage further increased the NLR to 0.11 kgN/m3d. The MBR system was operated for SRTs of 20, 30, and 40 days, with the main difference between the 4 SRTs being the amount of excess sludge removed from the bioreactor. The system solids’ residence times under consideration are typical for MBR systems. Through a literature review, SRTs longer than 60 days (60–100 days) were also considered and observed in several pilot MBR systems [11]. However, the application of such long SRTs was not considered to be of practical importance, mainly due to the diffusion problems of DO in bioflocs.



The AD module (unit II) operated in mesophilic conditions (39 °C) at an HRT of 36 d. Different biodegradable organic wastes were fed into the AD. The organic loading rate (OLR) ranged from 2.6 to 3.4 kg VSS/m3d. The total solids (TSs) content was set at 9.5–12.9% after the proper dilution of the influent raw material. The feeding schedule and OLR of each experimental phase of the anaerobic digester is presented in Figure 2.



The operation of the AD unit started after the MBR operation. As evidenced by Table 1 and Figure 2, these experimental phases did not coincide exactly with the MBR stages. This is why the term “stage” was used for the MBR and the term “phase” for the AD unit. In each experimental phase, the feedstock composition was changed in order to examine the biogas production for each mixture of feedstocks.



Sampling was performed twice a week from the influent and effluent of the MBR and AD systems and analyzed in terms of the total and volatile suspended solids (TSSs and VSSs), COD (chemical oxygen demand), ammonium (NH4-N), nitrate (NO3-N), total nitrogen (TN), and pH. Each biodegradable organic waste that was introduced into the anaerobic reactor was characterized in terms of TS, volatile solids (VSs), nitrogen, total organic carbon (TOC), carbohydrates, proteins, and lipids. Additionally, the biogas production and composition were measured daily. The full record of the performance data was presented by Solomou et al. [10] and served as the input data for the calibration and validation of the developed models.




2.2. Model Structure


2.2.1. Aerobic Membrane Reactor


This section introduces the model that enabled the simulation of the aerobic MBR bioreactor. As mentioned above, in this work, ASM1 was used. The Petersen matrix (Table 2) presented all the relevant involved components (columns) and processes (rows) allowing the build-up of mass balance equations.



Conventional aerobic CSTR modeling was adjusted to a membrane bioreactor assuming complete solid/liquid separation. It was assumed that organic carbon removal and nitrification were the only bioprocesses that occurred in the MBR. It was also assumed that hydrodynamic phenomena were negligible [13,14]. Thus, the reactor was considered as CSTR with sludge removal. Therefore, the SRT was controlled by the flow rate of excess sludge (Qw).



The mass balance ordinary differential equations of the CSTR aerobic MBR reactor (unit I, Figure 1) were set up based on the Peterson matrix (Table 2).



For each process component (Si), the mass balance equation is shown in the following equation:


  V     dS  i    dt   =  Q  in    S  i , in   −  Q e   S  i , e   −  Q w   S  i , w   + V   ∑   j = 1  9   p j   v  ij    



(1)




where the term     ∑   j = 1  9   p j   v  ij      is the sum of the specific kinetic rates for each process j multiplied by vij, as presented in the Peterson matrix (Table 2).



For the set-up of the model, the following were assumed:




	
The concentration of active biomass (XBH, XBA) and particulate substrate from cell decay (XP) in the influent and effluent of the MBR were neglected.



	
Given that nitrite nitrogen (SNO) was not detected in steady-state conditions, it was assumed that the bioconversion of ammonia to nitrate occurred in a single step.








As described above, the performance data of the MBR system in terms of TSS, VSS, COD, TN, NH4-N, NO3-N, and NO2-N for the influent and effluents were used for the set-up of the mass balances. Soluble substrate (Ss) was considered equal to the soluble COD experimental measurements. The concentration of VSS was considered to simulate the sum of active biomass (XBH, XBA) and particulate matter (Xp). The sum of nitrate and nitrite concentrations and ammoniacal nitrogen concentration simulated the parameters SNO and SNH, respectively.




2.2.2. Anaerobic Digester


In order to mathematically simulate the anaerobic digestion process included in the pilot plant, a model variation of ADM1 [15] was used. ADM1-R4, which we was used, was a simplified model that was described in detail by Weinrich and Nelles [5]. More specifically, in ADM1-R4, the carbohydrate, protein, and lipid degradation, as first-order reactions, served as the basis for the description of the AD process. A single group of bacteria (Xbac) was considered to biodegrade all components. Thus, the kinetic parameters included in the model were limited to three hydrolysis constants (kch, kpr, and kli) and the anaerobic decay coefficient (kdec). Since ADM1-R4 lacks any growth-limiting or inhibitory elements, it is unable to describe inhibitions in depth. All inhibitory effects were incorporated in the first-order hydrolysis constants. The model structure is presented in Table 3. The mass balances in the CSTR anaerobic digester (unit II, Figure 1) were constructed according to the respective matrix (Table 3) similar to the aerobic process simulation.



In accordance with the physicochemical characterization of the utilized substrates and feeding schedule (Figure 2), the input model variables were estimated for each operational phase (Table 4).





2.3. Objective Function—Optimisation Parameter


In order to determine the kinetic parameters of the bioprocesses’ models, as an optimization method, the objective function was selected. The sum of residuals between the measured data and the respective simulation values was estimated in a target value Jobj. By applying common optimization methods, the models’ parameters were adjusted aiming to achieve the best model fit. In the modeling of the bioprocesses, the objective function is typically expressed as the mean squared error (MSE) between the experimental data and respective simulation values [16,17].


   J  obj   = MSE =  1 n    ∑   i = 1  n       y i  −    y i   ^     2   



(2)







For aerobic process modeling, objective functions of VSS and total nitrogen were used. For the anaerobic process simulation, the measurements of daily biogas production were incorporated in the calculation of the respective objective function.




2.4. Model Efficiency


The simulation results were assessed by the original Nash–Sutcliffe efficiency (NSE) based on the square error, as described in Equation (3) [16]. This is a normalized statistic that determines the relative magnitude of the residual variance (“noise”) compared to the measured data variance (“information”).


  NSE = 1 −     ∑   i = 1  n       y i  −    y i   ^     2      ∑   i = 1  n       y i  −    y i   ¯     2     



(3)









3. Results


3.1. Aerobic Process


The influent and performance data for the first and second stages were used to calibrate the kinetic parameters using VSS and total nitrogen (TN) as the objective functions. The predicted and measured VSS and TN concentrations are presented in Figure 3 and Figure 4, illustrating that the selected objective functions ensured a satisfactory model fit of the VSS (NSE = 0.93) and TN (NSE = 0.91) concentrations in both stages. It is worth noting that the change in SRT in the system had a catalytic effect on both the properties of the sludge and the clogging of the membranes. Increasing the SRT for constant HRT contributed to increasing the TSSs and VSSs. During the operation of the system, four (4) significant foaming episodes occurred, namely, on days 123, 256, 263, and 271, resulting in significant sludge loss. In this case, the system was allowed to recover the sludge and return to the best permanent operating conditions.



Table 5 presents the calibrated values of kinetic parameters that were compared with the typical values of the literature for aerobic processes, as well as the values suggested by Baek et al. (2009) for aerobic MBR modeling. Most values are in accordance with literature, with small deviations. The calibrated maximum specific growth rates for both autotrophs (μA) and heterotrophs (μH) were higher than the literature values, implying the elevated population of active biomass as calculated and depicted in Figure 5.



In Figure 5, the concentration of the heterotrophic biomass ranges from 4300 to 9770 mg COD/L, following the respective pattern of VSS concentration. The concentration of autotrophic biomass was much lower, ranging from 508 to 1422 mg COD/L. The predominance of heterotrophic bacteria is evident, as is the case in the activated sludge systems. A sharp increase in heterotrophic bacteria can be observed in the initiation of the second operational stage, which could be attributed to the increase in SRT from 20 to 30 d. On the other hand, the population of autotrophic bacteria presented a very limited increase, which underlines the high nitrification potential of MBR processes under various operating conditions.



Moreover, the constructed model was utilized to simulate the system’s performance for the third and fourth stages in terms of the parameters’ effluent COD, NH4-N, TN, and VSS. Figure 6 presents the simulated and real values.



The COD concentration in the final effluent MBR (permeate) was successfully simulated (NSE = 0.87) taking into consideration the experimental data (Figure 6a). The same applied for ammonia (NSE = 0.89) and total nitrogen (NSE = 0.86) (Figure 6b,c, respectively), implying the nitrification was satisfactorily described by the developed model and the kinetic parameters estimated. The slightly higher differences between the simulated and experimental data for TN concentrations can be attributed to the assumption that the nitrification performed by autotrophic bacteria is a single-step process. Furthermore, the measured and predicted concentrations of VSS agreed well (NSE = 0.92) throughout the third and fourth experimental stages of MBR. The model managed to predict the gradual increase in VSS due to the increase in the organic load in the fourth stage.




3.2. Anaerobic Process


Based on the experimental data and the optimization process presented above, the first-order hydrolysis constants (kch, kpr, and kli) were estimated. During this optimization, numerical constraints were taken into consideration. More specifically, kch, kpr, and kli were limited within the range 0.001 and 10 d−1 [15,18]. The performance data of the first and second stages were used to calibrate the kinetic parameters, which are presented Table 6. The values of the rest of the constants were adopted based on Weinrich and Nelles [5]. The calibrated values were compared with the typical values in the literature for anaerobic digestion for both ADM1 and ADM1-R4. Most values were in accordance with the literature with small deviations for the case of high-rate mesophilic anaerobic digestion. However, the elevated carbohydrates’ constant can be attributed to the chemical pretreatment of the influent substrate.



Moreover, the constructed model was utilized to predict the system’s performance in terms of biogas production for the third, fourth, and fifth phases. Figure 7 presents the experimental values for all phases, as well as the calibrated (first and second phases) and simulated (third to fifth phases) values. It is evident that the third phase that led to increased volatile fatty acid concentrations, souring of the bioreactor (pH = 5.9), and thus failure, was poorly simulated. This fact can be attributed to the ADM1-R4 constraints, since this model did not include dissociation equilibria, the inhibition of bacterial growth at low pH levels, elevated ammonia concentration, or low nitrogen concentration. On the other hand, the fourth and fifth phases were adequately simulated achieving very satisfactory NSE values (>0.92).



Nevertheless, the simulated biogas composition for all treatment phases was almost constant, estimating a 51.2 ± 0.7% methane content. According to the experimental results, the methane content of the produced biogas is presented in Table 7. It seems that the methane content was persistently underestimated by the simplified ADM1-R4 model, as was also reported by Weinrich et al. [16]. The latter can be attributed to the fact that the carbonates’ equilibria were not included in ADM1-R4. Thus, biogas composition was merely determined by the stoichiometry of the included equations and by the substrates’ composition, considering the saturation of the liquid phase.





4. Design of Full-Scale Implementation


The developed models described in the previous sections simulated the system-level performances of both aerobic MBR and anaerobic CSTR digesters. The models were calibrated by the experimental data of the integrated pilot plant operation and were assessed for their prediction potential under various operating conditions. These results were employed for the design of a full-scale integrated treatment scheme.



In view of the full exploitation of the developed MBR-AD treatment scheme, it was crucial to develop a roadmap for a full-scale implementation. The goal of the present section was to present some guidelines on the methodology to be adopted in order to implement the integrated pilot plant system as a decentralized municipal waste treatment plant. The full-scale system will be designed for a small community of 10,000 residents, aiming to treat wastewater as well as source-separated biowaste. The municipal wastewater-quality characteristics were assumed according to [19], equal to 482 mg/L BOD, 12.5 mg/L TN, 1.4 mg/L TP, 964 mg/L COD, and 482 mg/L TSS, with a flow rate of 83 L/d/resident.



As for the characteristics of biowaste, it was assumed that around 0.23 kg/d/resident [20] of biowaste would be collected, comprising 9% lipids, 14% proteins, and 35% carbohydrates on a dry basis [21].



The integrated full-scale plant will include the following units:




	
MBR feeding tank: for the collection of waste water to be treated by the MBR unit.



	
MBR unit: for the biological treatment of the municipal wastewater using emerged membrane modules.



	
AD feeding and mixing tank: for the collection and homogenization of sewage sludge from MBR and biowaste.



	
Anaerobic digester: for the anaerobic digestion of the mixture (TS~10%).



	
Biogas production unit.



	
CHP unit.








In view of designing the MBR system, HRT and SRT values of 1 and 20 d, respectively, were assumed based on the performance of the pilot plant. Thus, an effective volume of the aerobic MBR was estimated equal to 950 m3 by taking into account a safety factor of 15%. The MBR tank is the basic unit where the biological treatment of the wastewater occurs. The unified construction should include three compartments. Wastewater will be introduced into the first compartment (anoxic phase), with an operating volume of 200 m3, which would be used for dissolved oxidation expansion and partial denitrification. Then, by overflowing, wastewater will enter the second compartment (oxidation phase: membrane module), with an operating volume of 400 m3, which will stand as the core unit of the MBR treatment. In this compartment, both the biological oxidation of the wastewater and membrane filtration will occur. Dissolved oxygen will be introduced mainly though the membrane module by a set of blowers. Air will be passed through the flat plate module and serve as back wash for the prevention of sludge buildup. The third compartment will serve as a sludge settling tank, where sludge recirculation will be performed in order to achieve the targeted SRT and excess sludge will be removed.



Regarding the anaerobic digester, we considered an HRT of 36 d. The equalization and homogenization tank of a 120 m3 working volume will be fed with sewage sludge from the MBR (41 m3/d with 12,000 mg/L VSS) and source-separated biowaste (23,000 kg/d). In this case, the effective volume of the anaerobic bioreactor will be 2800 or 3200 m3 with a 15% safety factor and a calculated organic loading rate of 2.16 kgVS/m3/d. Assuming a cylindrical vessel with a height to diameter ratio of 3:2, it was estimated that a reactor with a diameter of 10.9 m and a height of 34.8 m would be installed. It is advisable to install two treatment lines, including two bioreactors.



Via the implementation of the developed models, the performance of the full-scale plant under steady-state conditions was predicted. From the simulation of the aerobic process, it was predicted that a high COD and nitrogen removal rate could be achieved with a VSS concentration of 12,400 ± 118 mg/L in the bioreactor. The effluent flow rate will be 788 m3/d with COD and TN concentrations of 58 ± 2 and 12.5 ± 1.7 mg/L, respectively.



From the simulation of the anaerobic system, it was estimated that the daily biogas production would be 4300 m3/d with a 56% methane content. Thus, if a combined heat and power engine with 75% efficiency was included in the system, more than 18 MWh of power and 6 MWh of thermal energy could be produced. According to the model, 1750 kg/d solid digestate on a dry basis could be produced. The liquid fraction of the digestate will be recirculated in the homogenization tank of the AD process unit as dilution water.




5. Conclusions


The study explored anaerobic digestion technology (AD) integrated with membrane technology as an attractive option for the integrated management of organic waste and wastewater. Having as a main objective the demonstration of a sustainable bioconversion technological scheme that can simultaneously meet the requirements for waste management, this study focused on the innovative integration of anaerobic digestion and membrane bioreactor systems for the treatment of domestic wastewater and biowaste. In this context, a pilot study was constructed and operated under various conditions for nearly 2 years. The pilot plant operation demonstrated the technical feasibility of an innovative integrated system that would be able to produce biogas suitable for combustion (used as renewable electric and thermal energies), a stabilized solid fertilizer, and high-quality water that can be used either within the process or as irrigation water in agriculture. Mathematical models were developed by using the performance of the data of the pilot plant operation aiming to stand as a powerful tool for the design of full-scale plants and simulate their performance.



The mathematical model of the aerobic bioprocess provided a useful insight into the MBR performances, especially the quality characteristics of the permeate and the estimation of the active biomass in terms of autotrophic and heterotrophic bacteria concentrations in the MBR. The mathematical model proved that the membrane-based aerobic bioprocess effectively degraded soluble organic matter. The high removal efficiencies of organic matter and nitrogen were achieved over a wide range of operating conditions.



A model-based evaluation of anaerobic digestion by the ADM1 simplification model (ADM1-R4) revealed satisfactory simulation results with high accuracy (>0.86). The accurate estimation of the model parameters allowed for a precise prediction of biogas. Thus, the proposed simplified model can be used as a powerful simulator for bioprocess design, monitoring and controlling a full-scale plant operation. This was the case for the full-scale implementation.



The developed models both for aerobic and anaerobic bioprocesses tailored to the integrated systems can stand as powerful tools for the design and future monitoring of a full-scale implementation. This full-scale integrated scheme that combined the two well-established technologies in an integrated stand-alone and energy autonomous system followed a symbiotic zero-waste approach, in that the waste products of one technology constituted feedstock material for the other. Considering the simulation performance data and the beneficial environmental impacts associated with the full-scale demonstration of the system, it is evident that the MBR-AD approach constitutes a sustainable option for small communities.
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	Symbol
	Description



	AD
	Anaerobic digestion



	ADM1
	Anaerobic digestion model 1



	ASM1
	Activated sludge model



	bA
	Decay coefficient for autotrophic biomass



	bH
	Decay coefficient for heterotrophic biomass



	COD
	Chemical oxygen demand



	CSTR
	Continuously stirred tank reactor



	fp
	Fraction of biomass leading to particulate products



	HRT
	Hydraulic retention time



	iXB
	Mass of nitrogen per mass of COD in biomass



	ixp
	Mass of nitrogen per mass of COD in products from biomass



	Jobj
	Objective function



	ka
	Ammonification rate



	kch
	First-order hydrolysis constants for carbohydrates



	kdec
	Anaerobic microbial decay rate



	kH
	Maximum specific hydrolysis rate for slowly biodegradable COD



	KH,ch4
	Henry’s law equilibrium constant for methane



	KH,co2
	Henry’s law equilibrium constant for carbon dioxide



	KLa
	Gas–liquid transfer coefficient



	kli
	First-order hydrolysis constants for lipids



	KNH
	Ammonium half-saturation coefficient for nitrifying heterotrophic biomass



	KNO
	Nitrate half-saturation coefficient for denitrifying heterotrophic biomass



	KOH
	Oxygen half-saturation coefficient for heterotrophic biomass



	kp
	Pipe friction coefficient



	kpr
	First-order hydrolysis constants for proteins



	Ks
	Half-saturation coefficient for heterotrophic biomass



	KX
	Half-saturation coefficient for hydrolysis of slowly biodegradable substrate



	KOA
	Oxygen half-saturation coefficient for autotrophic biomass



	MBR
	Membrane aerobic bioprocess



	MSE
	Mean squared error



	ng
	Correction factor for μH under anoxic conditions



	nH
	Correction factor for hydrolysis under anoxic conditions



	NH4-N
	Ammonium nitrogen, charge +1



	NSE
	Nash–Sutcliffe efficiency



	NO3-N
	Nitrate nitrogen, charge-1



	OLR
	Organic loading rate



	patm
	Atmospheric pressure



	pch4
	Methane gas phase partial pressure



	pco2
	Carbon dioxide gas phase partial pressure



	pgas
	Pressure of biogas



	ph2o
	Partial pressure of water vapours



	pj
	Kinetic rate for process j



	Qe
	Flow rate of effluent wastewater



	Qin
	Flow rate of influent wastewater



	Qw
	Flow rate of excess sludge



	R
	Universal gas constant



	Sch4
	Liquid methane concentration



	Sch4,gas
	Concentration of methane gas in headspace



	Sco2,gas
	Concentration of carbon dioxide gas in headspace



	SI
	Soluble inert COD concentration in wastewater



	SIC
	Concentration of inorganic carbon



	SIN
	Concentration of inorganic nitrogen



	SND
	Soluble biodegradable organic nitrogen concentration in wastewater



	SNH
	Soluble “ammonia” nitrogen concentration in wastewater



	SNO
	Soluble nitrate nitrogen (charge-1) concentration in wastewater



	SO
	Concentration of dissolved oxygen



	SRT
	Solid retention time



	SS
	Concentration of readily biodegradable COD in wastewater



	T
	Temperature



	TN
	Total nitrogen



	TOC
	Total organic carbon



	TP
	Total phosphorous concentration



	TSs
	Total solids



	TSSs
	Total suspended solids



	Vgas
	Head space volume



	Vliq
	Liquid volume



	VSSs
	Volatile suspended solids



	XBA
	Active autotrophic biomass



	Xbac
	Group of bacteria



	XBH
	Active heterotrophic biomass



	Xch
	Concentration of particulate carbohydrates



	XI
	Inert suspended organic matter concentration in wastewater



	Xli
	Concentration of particulate lipids



	XND
	Slowly biodegradable organic nitrogen concentration in wastewater



	XP
	Particulate products from cell decay



	Xpr
	Concentration of particulate proteins



	XS
	Slowly biodegradable organic matter concentration in wastewater



	YA
	Yield for autotrophic biomass



	YH
	Yield for heterotrophic biomass



	μH
	Maximum specific growth rate for heterotrophic biomass



	μA
	Maximum specific growth rate for autotrophic biomass
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Figure 1. Simplified flow chart of the integrated MBR–AD system. 
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Figure 2. Feeding schedule and OLR of each experimental phase during the anaerobic digestion process. 
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Figure 3. Measurements and simulated values of VSS concentration derived from the calibration of the model. 
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Figure 4. Measurements and simulated values of TN concentration derived from the calibration of the model. 
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Figure 5. Active biomass concentration: heterotrophic XBH and autotrophic XBA as predicted from the model. 
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Figure 6. Measured and predicted values of (a) COD, (b) NH4-N, (c) TN, (d) VSS. 
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Figure 7. Experimental values of biogas production for all phases, as well as the calibrated (1st and 2nd phases) and simulated (3rd to 5th phases) values. 
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Table 1. Operational conditions of the aerobic MBR system.
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	Parameter
	1st Stage
	2nd Stage
	3rd Stage
	4th Stage





	Operating period (d)
	45
	89
	131
	34



	Type of feedstock
	Primary effluent
	Primary effluent and liquid digestate
	Primary effluent and liquid digestate
	Primary effluent and liquid digestate



	Qin (m3/d)
	1.5
	1.5
	1.5
	3.0



	SRT (d)
	20
	30
	40
	40



	HRT (h)
	24
	24
	24
	12
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Table 2. Petersen matrix of aerobic bioprocesses in accordance with ASM1 [3,12].
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	Component ij Process
	1 (SI)
	2 (Ss)
	3 (XI)
	4 (XS)
	5 (XBH)
	6 (XBA)
	7 (XP)
	8 (SQ)
	9 (SNO)
	10 (SNH)
	11 (SND)
	12 (XND)
	Process Rate (pj)





	1. Aerobic growth of heterotrophs
	
	   −  1   Y H      
	
	
	1
	
	
	   −   1 −  Y H     Y H      
	
	 − iXB
	
	 − iXB − fpiXP
	    μ H       S S     K S  +  S S           S O     K  OH   +  S O       X   B H      



	2. Anoxic growth of heterotrophs
	
	   −  1   Y H      
	
	
	1
	
	
	
	   −   1 −  Y H    2.86  Y H      
	 − iXB
	
	
	    μ H       S S     K S  +  S S           S O     K  OH   +  S O           S  NO      K  NO   +  S  NO        X   B H      



	3. Aerobic growth of autotrophs
	
	
	
	
	
	1
	
	   −   4.57 −  Y A     Y A      
	    1   Y A      
	 − iXB   −  1   Y A     
	
	
	    μ A       S  NH      K  NH   +  S  NH            S O     K  OA   +  S O       X  BA     



	4. Decay of heterotrophs
	
	
	
	1 − fp
	 − 1
	
	fp
	
	
	
	
	 − iXB − fpiXP
	bHXBH



	5. Decay of autotrophs
	
	
	
	1 − fp
	
	 − 1
	fp
	
	
	
	
	
	bAXBA



	6. Ammonification of soluble organic nitrogen
	
	
	
	
	
	
	
	
	
	1
	 − 1
	
	kaSNDXBH



	7. Hydrolysis of entrapped organics
	
	1
	
	 − 1
	
	
	
	
	
	
	
	
	    k H     X S  /  X  BH      K X     X S  /  X  BH              S O     K  OH   +  S O      +  n H       K  OH      K  OH   +  S O           S  NO      K  NO   +  S  NO        X   B H        



	8. Hydrolysis of entrapped organic nitrogen
	
	
	
	
	
	
	
	
	
	
	1
	 − 1
	    ρ 7     Χ  ND      X S      



	9. Sludge removal
	
	
	 − XI
	 − XS
	 − XBH
	 − XBA
	 − XP
	
	
	
	
	−XND
	    1  s l u d g e   a g e     
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Table 3. Model structure of the simplified ADM1-R4 model.
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Component i →

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11




	
j Process ↓

	
Sch4

	
SIC

	
Sin

	
Sh2o

	
Xch

	
Xpr

	
Xli

	
Xbac

	
Sch4,gas

	
Sco2,gas

	
Process Rate pj






	
1 Fermentation Xch

	
0.2482

	
0.6809

	
−0.0207

	
−0.0456

	
 − 1

	

	

	
0.1372

	

	

	
kch Xch




	
2 Fermentation Xpr

	
0.3221

	
0.7954

	
0.1689

	
−0.4588

	

	
 − 1

	

	
0.1723

	

	

	
kpr Xpr




	
3 Fermentation Xli

	
0.6393

	
0.5817

	
−0.0344

	
−0.4152

	

	

	
 − 1

	
0.2286

	

	

	
kli Xli




	
4 Decay Xbac

	
0.3247

	
0.7641

	
0.1246

	
−0.3822

	
0.18

	
0.77

	
0.05

	
 − 1

	

	

	
kdec Xbac




	
5 Phase transition Sch4

	
 − 1

	

	

	

	

	

	

	

	
      V  l i q      V  g a s       

	

	
KLa (Sch4 − 16KH,ch4 pch4)




	
6 Phase transition Sic

	

	
 − 1

	

	

	

	

	

	

	

	
      V  l i q      V  g a s       

	
KLa (SIC − 44KH,co2 pco2)




	
Algebraic equations

	

	

	

	

	

	

	

	

	

	

	




	
    p  ch 4   =  S  ch 4 ,  gas      RT   16     

	
    p  co 2   =  S  co 2 ,  gas      RT   44     

	
    p  gas   =  p  ch 4   +  p  co 2   +  p  h 2 o     

	
    q  gas   =  k  p    p  gas   −  p  atm          p  gas      p  atm       
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Table 4. Physicochemical characterization of the utilized substrates in all experimental phases.
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Phase




	
1st

	
2nd

	
3rd

	
4th

	
5th






	
TS (%)

	
9.69

	
10.18

	
12.49

	
10.29

	
11.62




	
VS (%TS)

	
90.61

	
94.05

	
94.03

	
93.08

	
93.25




	
Ash (%TS)

	
9.39

	
5.95

	
5.97

	
6.92

	
6.75




	
Carbohydrates (%TS)

	
4.10

	
65.52

	
65.43

	
60.22

	
60.61




	
Proteins (%TS)

	
2.41

	
12.35

	
12.38

	
13.51

	
13.32




	
Lipids (%TS)

	
1.92

	
22.10

	
22.07

	
18.14

	
19.85




	
NH4-N (mg/L)

	
0.57

	
0.27

	
0.14

	
0.29

	
0.52
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Table 5. Literature and calibrated values of kinetic parameters of the model describing the aerobic MBR reactor.
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	Parameters
	Typical Values

at 20 °C [12]
	Values Suggested by Baek et al. [3]
	Calibrated Values





	bA
	0.05
	0.048
	0.05



	bH
	0.22
	0.22
	0.20



	fP
	0.08
	0.08
	0.08



	iXB
	0.086
	0.088
	0.088



	ixp
	0.06
	0.06
	0.06



	ka
	0.08
	0.082
	0.075



	kH
	3
	3
	3.4



	KNH
	1
	0.94
	1.03



	KNO
	0.5
	0.45
	0.55



	KOA
	0.4
	0.1
	0.4



	KOH
	0.2
	0.19
	0.25



	KS
	20
	20.3
	18



	KX
	0.03
	0.04
	0.04



	YA
	0.24
	0.28
	0.17



	YH
	0.67
	0.69
	0.71



	ng
	0.9
	0.9
	0.9



	nH
	0.4
	0.4
	0.4



	μA
	0.8
	0.67
	0.83



	μH
	6
	6.9
	7.2
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Table 6. Literature and calibrated values of kinetic constants of the anaerobic process simulation.
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	Kinetic

Parameters
	Calibrated Values
	ADM1 Mesophilic High Rate [14]
	ADM1

Mesophilic

Solids [14]
	ADM1 Thermophilic Solids [14]
	ADM1-R4 [5]





	kch (d−1)
	0.41
	0.25
	10
	10
	0.25



	kpr (d−1)
	0.25
	0.2
	10
	10
	0.2



	kli (d−1)
	0.09
	0.1
	10
	10
	0.1



	kdec (d−1)
	0.02
	0.02
	0.02
	0.04
	0.02



	KLa (d−1)
	180
	200
	200
	200
	200
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Table 7. Methane content of produced biogas during anaerobic digester operation.
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Experimental Phases




	
1st

	
2nd

	
3rd

	
4th

	
5th






	
Methane content (%v/v)

	
56

	
58

	
56

	
59

	
59
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