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Abstract

:

Mature landfill leachates are characterized by high levels of ammoniacal nitrogen which must be reduced for discharge in the sewer system and further treatment in municipal wastewater treatment plants. The use of anammox-based processes can allow for an efficient treatment of ammonium-rich leachates. In this work, two real scale sequencing batch reactors (SBRs), designed to initially perform partial nitritation/anammox (PN/A) and simultaneous partial nitrification and denitrification (SPND) for the treatment of ammonium-rich urban landfill leachate, were modelled using BioWin 6.0 in order to enable plant-wide modelling and optimizing. The constructed models were calibrated and validated using data from long- and short-term (one cycle) SBR operation and fit well to the main physical-chemical parameters (i.e., ammonium, nitrite and nitrate concentrations) measured during short-term (one cycle) operations. Despite the different strategies in terms of dissolved oxygen (DO) concentrations and aeration and mixing patterns applied for SBR operation, the models allowed for understanding that in both reactors the PN/A process was shown as the main contributor to nitrogen removal when the availability of organic carbon was low. Indeed, in both SBRs, the activity of nitrite oxidizing bacteria was inhibited due to high levels of free ammonia, whereas anammox bacteria were active due to the simultaneous presence of ammonium and nitrite and their ability to recover from DO inhibition. Increasing the external carbon addition, a prompt decrease of the anammox biomass was observed, with SPND becoming the main nitrogen removal mechanism. Models were also applied to estimate the production rates of nitrous oxide by aerobic ammonia oxidizing bacteria and heterotrophic denitrifiers. The models were found to be a robust tool for understanding the effects of different operating conditions (i.e, temperature, cycle phases, DO concentration, external carbon addition) on the nitrogen removal performances of the two reactors, assessing the contribution of the different bacterial groups involved.
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1. Introduction


Mature landfill leachates are heterogenous liquid streams generally characterized by a low content of biodegradable organic carbon and high concentrations of organic and inorganic contaminants [1]. Among these, total ammonium nitrogen (TAN) can reach concentrations of several thousands of mg L−1 [2,3], posing a serious challenge to downstream wastewater treatments. As a result, ammonium-rich landfill leachate must undergo a pre-treatment for nitrogen removal before entering the municipal wastewater treatment plant (WWTP). Physical-chemical methods for nitrogen removal such as ammonia stripping and chemical precipitation require a large amount of chemicals, i.e., sulfuric, hydrochloric or phosphoric acids, for NH3 absorption in stripping columns [4] or magnesium and phosphate salts for TAN precipitation as struvite [5], leading to high operational costs. Biological processes are less expensive and result in the efficient removal of both nitrogen and organic carbon. However, treatment of ammonium-rich landfill leachate by conventional nitrification and denitrification processes requires organic carbon supplementation to satisfy carbon demand for denitrification, as well as a high oxygen supply, resulting in reduced economic advantages and potential secondary pollution [6]. For wastewaters with low carbon-to-nitrogen ratio (C/N), anaerobic ammonium oxidation (anammox) coupled with nitritation process (i.e., ammonium oxidation to nitrite) is regarded as a more sustainable and cost-effective biological process than conventional nitrification and denitrification [7], due to its lower demand for aeration and organic carbon.



The anammox process implies ammonium (NH4+) oxidation coupled to nitrite (NO2−) reduction to nitrogen gas (N2) by autotrophic anaerobic ammonium oxidizing bacteria (AAO) (1). Thus, for the treatment of ammonium-contaminated wastewaters, the anammox process needs to be enabled by the ammonium conversion to NO2− through partial nitritation (PN) carried out by ammonium oxidizing bacteria (AOB) (2), while NO2− oxidation to nitrate (NO3−) by nitrite oxidizing bacteria (NOB) must be inhibited, being a parasite process consuming the electron acceptor required for anammox bacteria.


NH4+ + 1.32 NO2− + 0.066 HCO3− + 0.13 H+→1.02 N2 + 0.26 NO3− + 2.03 H2O + 0.066 CH2O0.5N0.15



(1)






NH4+ + 0.79 O2 + 1.14 HCO3−→0.010 C5H7NO2 + 0.43 NH4+ + 0.56 NO2− + 1.09 CO2 + 1.68 H2O



(2)







NOB inhibition can be achieved by operating the bioreactors at high pH (>7.5) and temperatures (>25 °C) [8,9], low sludge retention time (SRT) (<4 days) [10], low dissolved oxygen (DO) concentration (<2 mg L−1) [11] and by maintaining the concentrations of free ammonia (FA) and free nitrous acid (FNA) within certain ranges being inhibitory for NOB and tolerable by AOB [12,13].



The PN/anammox (PN/A) process can be successfully performed in a single sequencing batch reactor (SBR) under the alternation of aerobic and anoxic phases, which is controlled by monitoring specific parameters such as phase duration, pH, oxidation-reduction potential (ORP), SRT, DO level and nitrogen concentrations [14,15].



An alternative to the anammox process for the treatment of ammonium-contaminated streams is represented by simultaneous partial nitrification and denitrification (SPND) [10,16,17]. Similarly to the PN/A process, the SPND process requires the inhibition of NOB activity and results in lower oxygen and organic carbon consumption compared to conventional nitrification denitrification process [18].



Both PN/A and SPND guarantee significant advantages compared to conventional nitrification and denitrification in terms of energy consumption and operational costs. However, these processes are more sensitive to operational changes than conventional nitrogen removal, as they rely on the selection and maintenance of specific microbial communities. For instance, real-scale SBR commonly experience fluctuations of feeding and operational conditions due to seasonal variation of temperature and of carbon and nitrogen loadings, resulting in challenging reactor operation since they can lead to variations in microbial community composition, which should be monitored to maintain the reactor performance stable.



Due to the slow growth of the autotrophic bacteria involved, investigating nitrogen removal processes demands long and expensive experiments. Indeed, mathematical modelling represents an effective tool to predict reactor performance under varying input conditions and can help plant operators to avoid reactor failure and respect effluent standards. Moreover, mathematical modelling may allow to reduce costs and time for experiments and is useful for researchers and engineers to design, analyse and optimize wastewater treatments, especially when full-scale data are provided for model calibration and validation.



Although mathematical modelling of anammox-based processes has attained a degree of maturity in recent years [19], Baeten et al. [20] recommended to perform full scale model validation studies, in order to prevent system control problems and optimize biological removal.



The present study models the performances of two full-scale SBRs operated with the aim of achieving two different nitrogen removal bioprocesses, i.e., PN/A and SPND, for the treatment of mature landfill leachate contaminated by high concentrations of ammonium. By using the software BioWin, different operational conditions were simulated with the aim of investigating the related impacts on process performances and the contribution to nitrogen removal of the involved bacteria, i.e., AOB, NOB, AAO and ordinary heterotrophic bacteria (OHO). The two SBR models developed in this study were applied for optimizing the operational conditions of the leachate treatment plant under investigation.




2. Materials and Methods


2.1. Leachate Treatment Plant Description and Operation


The reference full-scale treatment plant is located in Lavis, Trento, Italy (Supplementary Material, Figure S1), and treats the leachate originating from the surrounding municipal solid waste landfills. The geographical origin of the leachate depends on rain seasonal regime, storage capacity of each landfill, leachate collection system and specific local management needs. During the monitoring campaign, the influent leachate was a mixture of streams coming from the different sections of each landfill.



Lavis landfill leachate treatment plant was originally designed as a chemical-biological plant for the removal of nitrogen and metals and has been in operation since 2012 to treat a maximum inflow capacity of 300 m3 d−1. The plant configuration consists of screens (1 mm), leachate storage tanks (510 m3), organic carbon storage tanks (110 m3), a chemical-physical section for heavy metals removal, a loading tank (30 m3) and two parallel SBR units (each one with a maximum operating volume of 906 m3) performing nitrogen removal through anammox-based processes, followed by a nitrifying/denitrifying membrane bioreactor (MBR) with an operating volume of 69.3 m3.



Due to low metal concentrations in the influent leachate and relatively high nitrogen removal efficiency in the SBRs, both the chemical-physical section and MBR have never been put into operation.



Nevertheless, the envisaged and developed SBR treatment system implemented with DEMON® technology [21] to perform the PN/A process could not allow a stable nitrogen removal efficiency. Thus, since 2015, the two SBRs have been operated differently. One SBR (SBRA) has been operated in a PN/A mode, with a different control logic than DEMON® technology, while the other reactor (SBRB) has been operated in SPND mode. The treated leachate is then withdrawn, in accordance with the standards for discharge into municipal public sewers, to the municipal WWTP to undergo further biological treatments before final discharge into the Adige river. The schematic diagram of the leachate treatment plant is reported in Supplementary Material (Figure S2).



The SBRA was inoculated with the PN/A biomass cultivated in the previous DEMON® process (micro-granules were present since the start-up), while activated sludge of the Lavis WWTP was used to inoculate the SBRB. At the time of this study, the SBRA was operated with an ammonium-nitrogen loading rate (NLR) of 0–0.069 kg N m−3 d−1 and an average exchange volume per cycle of approximately 29.7 m3, resulting in a volume exchange ratio of 3.3% and an average hydraulic retention time (HRT) of 15.2 days. The SBRB was operated with a NLR of 0–0.050 kg N m−3 d−1, an average exchange volume per cycle of approximately 21.5 m3 and an average HRT of 20.5 days. Small micro-granules were observed also in the SBRB at the time of this study.



Each SBR is equipped with a feed pump (3.7 kW), two 3.3 kW stirrers, and a sprinkling system for foam control. Both SBRs are covered to reduce heat loss and the aeration is performed by membrane-type fine bubble air diffusers (Aquastrip panels—ASCO POMPE SRL, Italy—and MESSNER Aeration Panel®—RMU RUDOLF MESSNER UMWELTTECHNIK AG, Germany—for SBRA and SBRB, respectively). The aeration unit is equipped with inverter technology compressors (Robuschi, Italy): one 14.2 kW compressor for SBRA and two 13.6 kW compressors for SBRB, respectively. Each SBR is further equipped with a telescopic decanter, controlled by water level, allowing the discharge from the upper part of the reactor after sludge sedimentation (the volume discharged per cycle is in the range of 2.5–7.0% of the reactor volume). During this study, the hydrocyclone (2.8 kW)—previously used operated with DEMON® technology to retain the anammox granules (heavier material) in the system under gravimetric forces while wasting the lighter portion of biomass—is only used in the SBRA for separating heavy particles of material from lighter particles, without any actual biomass discharge. Both SBRs are controlled by a programmable logical controller and a supervisory control and data acquisition (SCADA) system as interface for the operator. The systems are equipped with online sensors to monitor and control the water level, air flow, temperature, pH and ORP.



During this study, a time-based control logic was applied to both SBRs by defining a fixed number of daily cycles and a fixed time for each process phase according to the efficiency observed in previous cycles. For a more effective nitrogen removal, one/two cycles per day were expected for both SBRs, each cycle typically lasting between 10 and 12 h. The cycle included an initial non-aerated feeding, which was time-controlled either (a) depending on the availability of leachate to be treated, (b) when the maximal fill level of the reactor was reached or (c) when a maximal TAN concentration was reached (e.g., 85 mg TAN·L−1). The stirring unit was switched on during feeding and other process phases except the settling phase. The cycle comprised one or several aeration phases followed by one or several mixing phases to perform the PN/A process in SBRA, and the SPND process in SBRB. In SBRA, an initial feeding phase of an external organic source (i.e., buttermilk) was sometimes provided, together with an additional mixing phase, in order to allow the consumption of residual nitrate or nitrite from the previous cycle by means of heterotrophic denitrification. In SBRB, the feeding of an external organic source was always provided between each aeration and mixing phases to obtain better heterotrophic denitrification performances.



The aeration and mixing phases were stopped once the set durations were reached. In particular, in both SBRs the duration of the aeration phases was manually adjusted with the aim of not exceeding the value of 20 mg NOx−-N·L−1, as sum of concentration of nitrite and nitrate after the aeration. The duration of the mixing phases was set to achieve the full consumption of the NOx− produced during the previous aeration phase. The number of aeration and mixing phases was also manually adjusted in order to not exceed the concentration of 50 mg TAN·L−1 at the end of the cycle.



The aeration phase was conducted under oxygen limitation in the SBRA (0.8 < DO < 1.2 mg L−1) to both obtain PN and avoid AAO inhibition, while oxygen in the SBRB was maintained at 2–3 mg O2 L−1 to better support the nitrification process. A final mixing phase was expected in both SBRs to ensure the completion of denitrification. A time-controlled sedimentation phase, followed by a discharge phase, was finally provided, its duration being fixed based on sludge characteristics.



Table 1 reports the main operational parameters of the two SBRs and the details of the applied process cycles during the observed periods. The average temperature in the two SBRs was 23.3 ± 1.5 °C in Period I, 17.1 ± 1.5 °C in Period II, and 10.5 ± 2.0 °C in Period III.




2.2. Data Collection


A long-term sampling campaign was carried out on the full-scale leachate treatment plant for a period of five months (29 August 2016–30 January 2017). The monitoring campaign has been split into three periods of about 1.5 months each. The first period (Period I) from 29 August to 20 October 2016, the second period (Period II) from 21 October to 9 December 2016, and the third period (Period III) from 10 December 2016 to 30 January 2017. The main differences among the three periods were in the external temperature, leachate characteristics and some changes made to the operational conditions of the treatment plant. During these periods, biweekly measurements of TAN in the influent and effluent of the leachate treatment plant and periodical TNN and NO3—N analyses were carried out.



Furthermore, three intensive sampling campaigns were conducted at the end of each monitoring period, i.e., track studies. During the track studies, SBR samples were collected at the beginning and end of each phase of the cycle to evaluate the concentrations of TAN, total nitrite nitrogen (TNN), NO3−-N, and soluble chemical oxygen demand (sCOD). Mixed liquor samples were also collected for total suspended solids (TSS) and volatile suspended solids (VSS) analyses.




2.3. Landfill Leachate Characteristics


The chemical composition of the influent raw leachate treated during the different simulation periods is summarized in Table 2. It can be observed that in Periods I and II the leachate was characterized by a low biochemical oxygen demand (BOD5)/COD (<0.1), indicating a scarce biodegradability level (as typical of mature leachate [22]). On the contrary, in Period III the leachate was characterized by a higher biodegradability (BOD5/COD = 0.40) due to the opening of a new area in one of the landfills.




2.4. Buttermilk Characteristics


The buttermilk used as a supplemental source of organic carbon for the two SBRs was a by-product of a nearby dairy butter industry. The average values of the parameters during the whole monitoring campaign were: 52 g total COD (tCOD) L−1, 43 g sCOD L−1, 980 mg total Kjeldahl nitrogen (TKN) L−1, 280 mg TAN L−1, 0.04 mg TNN L−1, 140 mg NO3−-N L−1, 470 mg total phosphorus (TP) L−1, 50 mg PO4-P L−1, 1460 mg CaCO3, 0.99 mg TSS L−1, 0.90 mg VSS L−1.




2.5. Model Set-Up


2.5.1. Modelling—Biokinetic Model


The biological nitrogen removal was simulated by using the BioWin software version 6.0 (EnviroSim Associates Ltd., Canada) [23], based on the Activated Sludge/Anaerobic Digestion model (ASDM). The BioWin ASDM is composed of 174 processes acting on 83 state variables, able to describe the typical chemical and biological processes occurring in a WWTP [24]. The overall model includes: activated sludge process, anaerobic digestion processes, sulfur conversion processes, chemical precipitation reactions, pH and alkalinity variation, modelling of industrial components and general parameters. In this work, the most relevant biological processes are those related to carbon and nitrogen degradation: growth and decay of OHO, growth and decay of AOB, growth and decay of NOB, growth and decay of AAO. Therefore, only the kinetic and stoichiometric parameters related to these processes have been used in the calibration under aerobic and anoxic conditions.




2.5.2. Modelling—Plant Configuration


Figure 1 shows a simplified flow scheme of one single treatment line of the leachate treatment plant as built in the BioWin environment. The influent leachate (“COD influent” element) and the external carbon source, i.e., buttermilk, (“state variable influent” element) were separately represented. Each SBR was modelled using a “single-tank SBR” bioreactor element (without pre-zones) where filling, settling and decanting phases occur in one zone without baffles. Finally, the model configuration comprises the “effluent” and the” sludge” elements. In the full-scale SBRA plant configuration, unlike the DEMON process, the hydrocyclone has not been used to recover the anammox biomass from the waste sludge stream, but only to separate flocs and granules, without any biomass wastage. All fluxes from the hydrocyclone are recycled back to the SBR. In the BioWin model, in both SBRs, the “separator-cyclone” element has been employed to increase the sedimentation efficiency of the anammox biomass and it has been inserted in the effluent line as a stratagem, taking into account the higher settleability of the micro-granular biomass.



The sludge effluent was set to 0 m3 d−1 for both SBRs because no sludge extraction was carried out during the entire monitoring campaign. In the calculation of SRT, the TSS washed out with the effluent have been considered.



SBR dimensions (i.e., volume, depth and minimum decant level), operational conditions (i.e., cycle length, filling, reaction, settling and decanting periods, local temperature), initial settings for the SBR element, concentrations and volume, power specifications for mechanical mixing, SBR overflow behaviour and model options (such as settling phase behaviour, kinetic parameters, aeration and diffuser model settlings, etc) were employed in accordance with the full scale application.



The BioWin Controller was employed to simulate the aeration process in the SBRs, consisting in an on/off control based on oxygen monitoring. In SBRA, the air supply started at 0.8 mg O2 L−1 and stopped at 1.2 mg O2 L−1 while in SBR B it started at 2.0 mg O2 L−1 and stopped at 3.0 mg O2 L−1.



The input parameter values of the flow rate, nitrogen inflow concentrations (TAN, TNN, NO3−-N), COD, phosphorous, alkalinity and pH of both leachate and buttermilk were set in each conducted simulation in accordance with monitoring data.



Leachate fractions of tCOD, TKN, TP and sulphur (S), used in the BioWin model in the different simulation periods are reported in Table 3. The degradability of the organic matter was assessed by fractionation experiments. The numerical values not analytically measured were estimated based on literature monitoring and experimental studies on leachate composition. In order to account for the much higher soluble fraction of the organic matter in the landfill leachate in Period III as compared to Period I and II (Table 2), readily biodegradable COD (Fbs) was increased, while unbiodegradable soluble COD (Fus) was decreased.



The initial biomass values were calculated through the repeated execution of a typical cycle of the two SBRs until obtaining the convergence on stable values of the concentrations of the different types of biomass present in the reactor.




2.5.3. Model Calibration and Validation


The iterative procedure applied to calibrate and validate the model is based on 6 steps, as proposed by Rieger [25] (Supplementary Material, Figure S3): (1) identification of different simulation periods for both calibration and validation processes; (2) initial model run based on BioWin defaults kinetics and stoichiometric parameters values, in order to define a first output and draw a comparison with measured data; (3) selection of the most sensitive parameters for the model calibration process and definition of their acceptable range of variation, based on expert knowledge and literature data; (4) calibration of the model until the admissible error limits are respected, for the selected data period; (5) validation of the model through the comparison between simulation results and observed data on a different data period; (6) discussion with the stakeholders (i.e., leachate treatment plant owner and manager) and their approval.



Model calibration was carried out using the monitoring data collected during Periods I and II (Table 4). The validation step was then carried out with the calibrated model by using the monitoring data collected during Period III, characterized by different inflow conditions and SBR operational conditions (Table 4).




2.5.4. Chemical Analyses and Physical Data


During the long-term monitoring campaign, samples of influents and effluents collected from the two SBRs were filtered through Whatman GF/F filters (0.45 micron). The filtrate was analyzed spectrophotometrically for TAN, TNN and NO3−-N concentrations according to the Standard Methods [26]. The organic matter content of the wastewater expressed as tCOD, sCOD and BOD5 as well as TSS, VSS, TP and S concentrations in the mixed liquor and effluent were further determined according to the Standard Methods [26]. Other variables such as influent flow rate, aerator operational data (aerator working frequency), online DO and pH data were obtained from plant operators.






3. Results and Discussion


The developed model successfully simulated the nitrogen removal processes occurring in the two real SBR treatment systems. The model contributed to better understand the role of the biomass involved in the processes. In the following sections, the nitrogen removal efficiencies together with calibration and validation results are presented and discussed. Further, results on biomass contribution to nitrogen removal and nitrous oxide (N2O) emission are presented.



3.1. Nitrogen Removal Performance


The SBR performances in terms of nitrogen removal slightly varied during the monitoring periods, mainly due to temperature decrease moving from Period I to Period III. Overall, both SBRs achieved high nitrogen removal efficiencies.



SBRA was characterized by higher NLRs and a lower variability of TAN removal efficiencies compared to SBRB. However, TAN removal efficiencies over 88% were achieved in both SBRs.



In SBRA, operated with NLRs of 26 ± 7 (Period I), 34 ± 17.5 (Period II), and 33 ± 16 kg N d−1(Period III) (Table 1), TAN removal efficiencies were in the range of 93.1–99.0% (96.0 ± 1.4%) in Period I, 90.4–97.3% (93.8% ± 1.7%) in Period II, and 88.2–95.5% (92.1% ± 2.5%) in Period III. The corresponding average TAN concentrations in the effluent were 19 ± 6, 28 ± 7, and 47 ± 15 mg TAN L−1, while the effluent TNN concentrations were 0.14 ± 0.07, 0.98 ± 0.65, and 2.9 ± 1.77 mg TNN L−1, respectively in Period I, II and III. Nitrate effluent concentrations were always lower than 5.0 mg NO3−-N L−1. Moving from Period I to Period III, in order to compensate for the lower kinetics of AOB at lower temperatures, the cycle duration was increased from 10 to 12 h and aeration phases were prolonged. An increasing fraction of buttermilk was added during the first mixing phase when nitrite concentration in the effluent of the previous cycle was higher than 2.0 mg TNN L−1, mainly in Period III, in order to reduce nitrite accumulation in the SBR by means of denitrification, thus preventing anammox inhibition in the PN/A process [21].



The SBRB was operated with a 13%, 45% and 25% lower NLR compared to SBRA in Period I, II and III, respectively. TAN removal efficiencies were in the range of 89.7–99.0% (95.7% ± 2.6%), 89.4–97.9% (93.6% ± 2.6%), and 90.2–98.0% (93.6% ± 2.3%) in Period I, II and III, respectively. The corresponding average TAN concentrations measured in the effluent were 21 ± 11 (Period I), 28 ± 11 (Period II), and 41 ± 15 (Period III) mg NH4+-N L−1, while the effluent nitrite concentrations were 0.3 ± 0.2 (Period I), 2.8 ± 4.8 (Period II), and 4.5 ± 8.2 (Period III) mg TNN L−1. Similarly to SBRA, nitrate effluent concentrations were always lower than 5.0 mg NO3−-N L−1. Again, moving from Period I to Period III the cycle duration was increased from 10 to 12 h and aeration phases were prolonged to compensate for the lower kinetics of AOB at lower temperatures. In SBRB, buttermilk was dosed immediately after the aeration phases and was gradually increased from Period I to Period III to favor denitrification in the SPND process, thus optimizing nitrogen removal.



As described in the following section, the model simulations showed that both SBRs were based on anammox processes, where NOB were inhibited and with different contributions of denitrification to nitrogen removal. Nhat et al. [27] reported similar TAN removal performance by a two stage PN/A system for the treatment of old landfill leachate, but under higher NLRs (4.2–8.3 kg N m−3 d−1) compared to those applied in this study (0–0.069 kg N m−3 d−1). The reason for this might be the much higher biomass content in the two reactors, that allowed to increase the loading rates. Indeed, in their one-stage SBR treating leachate by means of simultaneous PN, anammox and denitrification, Wang et al. [28] obtained lower TAN removal efficiencies under NLRs of 0.118–0.280 kg N m−3 d−1.




3.2. Model Calibration


The model calibration targeted the estimation of the best-fit parameters for a specific given set of real data acquired from the monitored leachate treatment plant. Data for Periods I and II were used for calibration. The simulations were started with the default values of the model which were later adjusted to match the observed results collected from the full-scale SBRs. Table 5 compares the kinetic parameters used for model calibration of both SBRA and SBRB performances to their default values in BioWin [24] and literature data. The parameters used for model calibration have been selected based on local sensitivity evaluations. Several runs were performed adjusting the selected kinetic and stoichiometric parameters (Table S1) to obtain the best matching between model output and the plant effluent quality data.



The calibrated parameters were the same for both SBRs, except for the DO half saturation constant of AOB and NOB. The lower values used for SBRA compared to SBRB can be justified by the significantly lower oxygen concentrations in SBRA compared to SBRB, as such conditions may promote the selection of more efficient bacteria at lower DO levels [32,43]. AOB maximum specific growth rate (1.0 d−1) was slightly increased compared to the BioWin default value (0.9 d−1). Contrary to mainstream nitrogen removal systems, there are only a few studies about determination of the decay rate of nitrifiers and anammox bacteria in side-stream systems treating high-strength ammonium-contaminated wastewater (i.e., landfill leachate). In this study, the aerobic and anoxic decay rates of AOB, NOB and AAO were decreased as compared to BioWin default values as a result of model calibration. However, the values fell within the literature ranges. Concerning AOB, Munz et al. [34] showed that the decay rate is very sensitive to DO concentration, reaching values as low as 0.031 d−1 under anaerobic conditions. Low aerobic decay rates for NOB have been fixed in accordance with previous research that reported values of 0.04 d−1 for NOB biomass, where, like in this study (data to be published), Nitrospira spp. was the dominant genus [38]. The similar decay rates of AOB and NOB found in this research are in agreement with the findings by other researchers [33,36,38]. Finally, the decay rate of AAO was justified by microbial analysis that showed the presence in both SBRs of Candidatus Scalindua (data to be published), which is characterized by decay rates (0.006 d−1) lower than BioWin default values (0.019 d−1) [41].



The ammonia half saturation constant of AOB was significantly increased from 0.7 to 26.6 mg N L−1 in accordance with the fact that the high ammonia levels in both SBRs allowed for selecting a biomass with low affinity for the substrate [44]. This was further confirmed by a specific microbiological characterisation of nitrifying bacteria that identified Nitrosomonas spp., which are characterized by high values of the ammonia half saturation constant, as the main AOB genera in both reactors (data to be published).



Figure 2 shows the track studies simulated by the calibrated model for SBRA (Figure 2a,c) and SBRB (Figure 2b,d). The comparison between the measured and simulated effluent nitrogen concentrations showed a similar trend and was considered satisfactory for both SBRs. The models also successfully reproduced the sCOD values at the end of each cycle for both SBRs. The average percentage difference between simulated and measured data in sCOD was −4% and +11% in SBRA and SBRB, respectively (Table S2). When performing long-term term simulations in Period I and II between the track studies, the models acceptably reproduced the effluent nitrogen concentrations (Figure S4).




3.3. Model Validation


After calibration, the model was validated using experimental data from Period III. All stoichiometric and kinetic parameters were set to the values identified within the calibration step. The influent stoichiometric fractions (Table 3) and the influent leachate quality were set to the average values of the third experimental period (Table 2). The results of the model validation confirmed a good data reproduction for both reactors. Figure 3 shows the track studies simulated by the validated model for SBRA (Figure 3a) and for SBRB (Figure 3b). Effluent nitrogen concentrations measured during the long-term sampling campaign in Period III could be satisfactorily reproduced by models (Figure S4).



The calibrated models performed well in describing the biological processes at the leachate treatment plant both in SBRA and SBRB.




3.4. SBR Cycle Analysis


Figure 2 and Figure 3 show the profiles of nitrogen species during the track studies performed with both SBRs, distinguishing the aerobic and the mixing phases. From the analysis on the graphs an almost similar pattern can be identified for all investigated track studies.



At first, during the leachate feeding phase, TAN concentration increased in both SBRs reaching maximum values in the range of 50–85 mg TAN L−1, corresponding to FA concentrations ranging from 0.48 to 1.74 mg NH3-N L−1 [45] depending on the Period (Table 6), which could negatively affect NOB activity. Indeed, Kim et al. [46] reported that NOB related to Nitrospira spp. were inhibited at 0.04–0.08 mg NH3-N L−1.



This phase was followed in the SBRA by the addition of an external carbon source and by an anoxic mixing phase of variable duration, that allowed a slight reduction of the residual nitrate and nitrite from the previous cycles. In the SBRB, the leachate filling phase was directly followed by an anoxic mixing phase or an aerobic phase.



Then, a proper reaction phase started in both SBRs. The SBRA was characterized by short aerobic and anoxic repeated phases to promote the PN/A process, while in the SBRB one longer aerobic phase was carried out, followed by one longer anoxic phase to promote the SPND process. In both SBRs, during the aerobic phases, a decrease of TAN concentration, with a resulting TNN concentration increase due to AOB activity, could be observed. NOB were inhibited in SBRA due to the high FA concentrations reached at the beginning of the SBR cycles (Table 6) and to the low DO concentrations [45], thus nitrate concentrations did not increase during the aerobic phases. In SBRB, where FA concentrations were also high but DO concentration was not inhibitory, nitrate concentration slightly increased due to a low NOB activity.



Nevertheless, the model showed that peaks of FA in SBR cycle decreased from Period I to Period III. This was attributed to the decreasing temperatures and lower pH values (<6.5) in both SBRs (Table 6) as a consequence of the addition of younger leachate characterized by a lower alkalinity/ammonia ratio, being insufficient for nitrification. The inhibition factor (INH3) for NOB, calculated as KiNH3/(KiNH3 + NH3) with KiNH3 (inhibition constant) equal to 1.05 mg N L−1, was in the range of 0.65–0.73, meaning that NOB activity was inhibited by about 27–35% in both SBRs. In Period III, the INH3 increased in both SBRs (Table 6), meaning that the inhibition of NOB by FA was lower, but pH values below 6.5 likely caused the complete inhibition of the NOB activity [47], half-inhibiting the AOB activity [48].



During the anoxic phase in SBRA, a simultaneous decrease of TAN and TNN concentrations was observed in all tested periods at temperatures of 23.3 ± 1.5 °C, 17.1 ± 1.5 °C and 10.5 ± 2.0 °C, respectively, which was referred to the anammox activity. Nitrate profile did not increase during the anoxic phases, meaning that denitrification was coupled with the anammox process.



In the SBRB, the anoxic mixing phases were preceded by the addition of an external carbon source to promote denitrification. However, when temperature higher than 17.1 ± 1.5 °C (Periods I and II) occurred, the required carbon dosage was minimum and a decrease of TAN concentration during the anoxic phase was also observed in the SBRB, meaning that the anammox process was also active, despite the DO values of 2–3 mg O2 L−1 in the aerobic phases. Anammox bacteria, as obligate anaerobes, are inhibited by exposure to DO, with 50% inhibitory concentrations ranging from 0.03 to 3.8 mg O2 L−1 [49]. This variability in the reported DO inhibitory levels can be due to inter-genera differences [50], potential adaptation towards oxygen stress, and protection by oxygen consuming bacteria in small aggregates [51]. In particular, Scalindua species, as those detected in this study, were shown to withstand the increase of oxygen concentration in the system [52]. Furthermore, various observations from engineering applications have shown that anammox bacteria can “reversibly” recover from DO inhibition [53]. Lotti et al. [54] showed that the presence of oxygen (up to 5 mg L−1) completely inhibited the conversion of ammonium and nitrite during the exposure phase, but anammox biomass was still active in the following anoxic phase, with an activity reduction of less than 10% compared to bacteria not exposed to oxygen. Recent studies showed that recovery of anammox after oxygen exposure was previously overlooked and it is recommended to account for this effect in the intensification of PN/A [49].



During Period III, as a precaution for the low temperature (10.5 ± 2.0 °C), aeration phases were prolonged in both SBRs (Figure 3), and a higher carbon dosage was provided to the plant. The external carbon dosage was higher in SBRB. Thus, as could be seen by the TAN profile during the anoxic phase, the anammox activity was significantly reduced due to the competition between anammox and denitrifying bacteria (Figure 3b).



Finally, at the end of the cycle, in both SBRs, a mixing phase was carried out, but no significant variation in concentration of the monitored parameters was observed.




3.5. Biomass Concentration Trend


Biomass concentration trends for all the experimental periods in both SBRs are shown in Figure 4.



The fluctuations of OHO biomass correspond very well to the variation of external carbon source (i.e., buttermilk) dosage in the reactors (Table 1). In both reactors, buttermilk addition was significantly incremented in winter months (Period III) with the aim of compensating with heterotrophic denitrification any anammox activity decrease caused by the lower temperatures. The presence of organic matter, either high COD concentrations or high COD/N ratio, is reported to affect the PN/A process adversely [55,56]. The buttermilk dosage was higher for SBRB and, correspondingly, a higher increase of the heterotrophic biomass was observed in this reactor.



In both SBRs, the AOB biomass trends are quite constant, with a gradual slight growth in Period III caused by a slight increase of nitrogen load, despite a partial inhibition of AOB by pH values lower than 6.5 as a consequence of younger leachate addition. Growth inhibition of NOB was induced in SBRA by setting a low DO concentration in the aeration phases [57], but due to the high concentrations of FA at the beginning of each reaction phase in SBR cycle (Table 6) it was successfully obtained also in SBRB [45,58]. As reported in Section 3.4, during Period III, the complete inhibition and washout of NOB was likely achieved in both SBRs by pH values lower than 6.5.



AAO concentrations were significant in both reactors, as also detected by microbial analysis, which showed, similarly to Azari et al. [59], the presence of Candidatus Scalindua in both SBRs (data to be published). At the end of Period III, AAO concentrations had a decrease, almost complete in SBRB but also notable in SBRA, due to the competition with OHO bacteria for nitrite [60]. It is evident that the higher organic matter concentration negatively affected the growth of anammox bacteria. Therefore, an increase in the influent COD/N ratio becomes a concern when conducting anammox-based processes.




3.6. Contribution to Nitrogen Removal of AAO and OHO Biomass


Model simulations allowed to calculate the total contribution to nitrogen removal (measured as N2 production) by both AAO and OHO biomass (Table 7). As expected, in SBRA there was a significant activity of AAO biomass and the N2 production by means of anammox bacteria was always predominant compared to that of OHO. Nevertheless, AAO biomass contribution in SBRB, where the DO was set at 2–3 mg O2 L−1, was higher than that expected, due to the fact that anammox bacteria are characterized by a high variability of 50% inhibitory concentrations and further, they can reversibly recover from DO inhibition.



During winter period (Period III), in correspondence with the increased buttermilk dosage and the discussed decrease of AAO biomass (Section 3.5), N2 production related to AAO activity decreased in both SBRs, although it remained the main contributor to nitrogen removal in SBRA. On the contrary, in SBRB the contribution of denitrification with respect to the anammox process was higher. This suggests that SPND could occur in SBRB during Period III.



Furthermore, by the employing of the model, the exact contribution to nitrogen removal (evaluated in terms of N2 production, g N2 m3reactor) of the AAO biomass during the track studies was reproduced for both reactors and is shown in Figure 5. The contribution of AAO bacteria was significant in both SBRs, with a peak at the beginning of the anoxic phases. In the first track study (Figure 5a), a significant growth of AAO activity was observed during the anoxic phases following each aerobic phase, when both TAN and TNN are available for their metabolism. In both SBRs the AAO activity was very high despite the different aeration patterns (three shorter aeration phases for SBRA, a single longer one for SBRB), showing that both patterns are compatible with the PN/A process. Moreover, during the aerobic phase in the SBRA a low AAO activity can be detected due to the low oxygen concentrations.



In the second track study (Figure 5b), while the AAO activity in SBRA only slightly decreased compared to the first track study due to lower temperatures, the AAO activity in SBRB was halved also due to the higher dosage of buttermilk as compared to the first track study, that implied an increasing competition between AAO and OHO for NO2−. The last track study (Figure 5c), carried out at the end of the study, shows a much lower AAO activity in SBRA compared to previous periods, mainly due to both lower temperatures and OHO competition with AAO. An almost inexistent AAO activity was detected in SBRB in Period III due to both climatic conditions and strong competition with OHO bacteria for nitrite, as discussed above.




3.7. N2O Production


During nitrogen transformations in biological processes, some of the removed nitrogen is emitted to the atmosphere as N2O, which is an anthropogenic greenhouse gas (GHG). As the anammox process does not emit N2O [61], in the studied SBRs N2O can be produced by both OHO and AOB biomasses [62]. Heterotrophic N2O production occurs when N2O reductase is inhibited [63,64,65,66] by high TNN concentrations in the bulk liquid [67,68], or by organic carbon limitations [69]. AOB biomass can produce N2O performing autotrophic denitrification under oxygen-limited conditions, high nitrite and low ammonia concentrations [70,71]. Furthermore, N2O can be produced by AOB via hydroxylamine oxidation at high ammonia and low nitrite concentrations, and in combination with a high metabolic activity of AOB at 2–3 mg O2 L−1 [69]. Emissions of N2O from the PN/A and SPND processes are of concern and their evaluation is important to determine the carbon footprint of the processes. Recently, some studies showed that in PN/A approximately 70–80% of N2O was produced during aerated phases by AOB, while the remaining 20–30% was produced during non-aerated phases by OHO [72,73]. N2O emission from SPND of real mainstream wastewater in an intermittently aerated SBR accounted for 5.2% of removed TN and was mainly linked to build up of NO2− in the system at the end of the aerated portion of the cycle [18].



The BioWin ASDM model includes the three mechanisms for potential N2O production, two mediated by AOB and one by OHO. Thus, in this study, the N2O emissions from AOB and OHO were estimated, linking emissions to data on observable activities (Table 8). However, no N2O measurements were carried out in this study causing uncertainty in model output results.



The overall N2O emissions in SBRA were estimated to be 0.117, 0.165 and 0.699 kg N per cycle, respectively, in track study I, II and III, corresponding to 0.5–3.7% of the influent N load. In SBRB, the N2O emission were higher and equal to 0.214, 0.368, 1.779 kg N per cycle in track study I, II and III, respectively (0.8–10% of the influent N load). Similar results have been reported by Vasilaki et al. [74] by treating an anaerobic supernatant in a nitritation-denitritation process.



AOB contributed for 78% and 68% to N2O emission in SBRA during Period I and II, respectively, while only for 20% in Period III. Denitrification contribution in SBRA increased in Period III as a consequence of the higher addition of external carbon source.



In accordance with results on N2 production, data shows that N2O emission in SBRB by means of heterotrophic denitrification was higher than in SBRA, due to a higher involvement of OHO biomass with respect to anammox in nitrogen removal process. AOB contributed for 34%, 32% and 5% in N2O emission in SBRB in Period I, II and III, respectively.



In this study, in both SBRs, AOB denitrification played a higher role in N2O emissions as compared to the direct N2O production from hydroxylamine oxidation.



In order to outline a clearer picture of N2O emission from anammox-based process further evaluations and real measurements are needed to validate modelling results.




3.8. Results Evaluation


The model has allowed to better understand the kinetic behaviour of the different bacterial groups involved in nitrogen removal. Interestingly, simulations showed that full-scale operation, contrary to what was designed, led to the development of an anammox-based process in both SBRs.



Despite the different operational strategies in terms of DO concentrations and aeration and mixing patterns adopted, in both SBRs the NOB were inhibited by the high FA concentrations, while anammox bacteria were active due to the simultaneous presence of TAN and TNN and the ability of anammox bacteria to recover from DO inhibition. The only operational condition that negatively affected the anammox activity, promoting the SPND process, was the external carbon dosage, favouring OHO in their competition for substrate (nitrite) against AAO.



The SBRA operated in a PN/A mode was characterized by higher NLRs and a lower variability of TAN removal efficiencies compared to SBRB as well as by a lower DO consumption and a lower external carbon dosage. All this considered, it was recommended to operate both SBRs with the same operational strategies of the SBRA, minimizing the external carbon dosage, also in the winter period. This control strategy allows to both achieve higher and more stable nitrogen removal efficiencies and lower operational costs.





4. Conclusions


A mathematical model of anammox-based processes in SBRs treating raw mature landfill leachate has been successfully built, calibrated and validated using historical seasonal data on leachate quality, temperature, operational conditions and effluent quality. The development of this model has been carried out following a systematic guideline. The calibrated model can reproduce the behaviour of the main physical-chemical outputs (TAN, TNN, NO3−-N and sCOD concentrations) with a good accuracy. The model allowed to understand the effects of different operating conditions (i.e: temperature, cycle phases, DO concentration, external carbon addition) on the nitrogen removal performances, demonstrating the effectiveness of the PN/A process to treat mature leachate.



Future work will be addressed in terms of the evaluation of the interaction of different factors (aeration and mixing patterns, feed COD/N, presence of inhibitors, etc.) and their impact on the process performance in regards to nitrogen removal and energy saving, making the anammox-based process in SBR easier to maintain, more cost-effective and environmentally sustainable.
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Figure 1. Schematic flow diagram for the leachate treatment plant as implemented in BioWin. 
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Figure 2. Comparison of measured (TAN, TNN, NO3−-N) and simulated ( [image: Processes 09 01443 i001] TAN,  [image: Processes 09 01443 i002] TNN,  [image: Processes 09 01443 i003] NO3−-N) and simulated ( [image: Processes 09 01443 i004] TAN,  [image: Processes 09 01443 i005] TNN,  [image: Processes 09 01443 i006] NO3−-N) nitrogen effluent concentrations during the track studies for SBRA (a,c) and SBRB (b,d) calibration.  [image: Processes 09 01443 i007] DO values. 
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Figure 3. Comparison of measured ( [image: Processes 09 01443 i001] TAN,  [image: Processes 09 01443 i002] TNN,  [image: Processes 09 01443 i003] NO3−-N) and simulated ( [image: Processes 09 01443 i004] TAN,  [image: Processes 09 01443 i005] TNN,  [image: Processes 09 01443 i006] NO3−-N) effluent nitrogen concentrations during the track studies for SBRA (a) and SBRB (b) validation.  [image: Processes 09 01443 i007] DO values. 
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Figure 4. Simulated biomass trend in SBRA (a) and SBRB (b). 
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Figure 5. N2 production (g N2 m−3reactor) by AAO biomass in SBRA ( [image: Processes 09 01443 i008]) and in SBRB ( [image: Processes 09 01443 i009]) in the I (a), II (b) and III (c) track study. ( [image: Processes 09 01443 i010]) Duration of aeration and mixing phases in SBRA, ( [image: Processes 09 01443 i011]) Duration of aeration and mixing phases in SBRB, ( [image: Processes 09 01443 i012]) Duration of filling, settle and draw phases in both SBRs. 
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Table 1. Operating characteristics of SBRs.
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Parameter

	
Period I

	
Period II

	
Period III






	
SBRA

	
Average Vfill (m3 d−1)

	
53.5 ± 13.3 (0–109.4)

	
57.9 ± 26.8 (0–117.8)

	
54.1 ± 26.7 (0–113.1)




	
NLR (kg N m−3 d−1)

	
0.029 ± 0.008 (0–0.052)

	
0.037 ± 0.019 (0–0.064)

	
0.036 ± 0.017 (0–0.068)




	
HRT (d)

	
16.3 ± 1.2

	
16.3 ± 7.4

	
17.2 ± 6.6




	
n cycle per day

	
2

	
1–2

	
2




	
TSS (g L−1)

	
1.6 ± 0.4

	
1.5 ± 0.1

	
2.0 ± 0.2




	
VSS (g L−1)

	
1.3 ± 0.4

	
1.4 ± 0.1

	
1.7 ± 0.1




	

	
Typical SBR cycle




	
SBR cycle (h)

	
(10)

	
(10)

	
(12)




	
Leachate Fill (min)

	
(70)

	
(70–75)

	
(40–70)




	
Buttermilk Fill (m3/cycle)

	
0.036 ± 0.100 (0–0.30)

	
0

	
0.310 ± 0.150 (0–0.60)




	
Initial Mixing (min)

	
(140)

	
(90–140)

	
(90–150)




	
Aeration (min) • number of aeration

	
(20–22) • 3

	
(20–26) • 3

	
(20–26) • 6




	
Buttermilk Fill

	
-

	
0.01 ± 0.03 (0–0.10)

	
0.01 ± 0.03 (0–0.10)




	
Mixing (min) • number of mixing

	
(55–60) • 3

	
(50–60) • 3

	
(40–66) • 6




	
Final mixing (min)

	
(100)

	
(100–140)

	
(20–140)




	
Sedimentation (min)

	
(40)

	
(40)

	
(40)




	
Draw (min)

	
(15)

	
(15)

	
(10)




	
SBRB

	
Average Vfill (m3 d−1)

	
46.8 ± 14.9 (0–87.4)

	
42.4 ± 21.8 (0–104.6)

	
38.2 ± 15.5 (0–73)




	
NLR (kg N m−3 d−1)

	
0.025 ± 0.008 (0–0.042)

	
0.021 ± 0.011 (0–0.050)

	
0.027 ± 0.010 (0–0.047)




	
HRT (d)

	
16.8 ± 8.0

	
19.8 ± 7.2

	
24.7 ± 9.3




	
n cycle per day

	
2

	
2

	
2




	
TSS (g L−1)

	
1.87 ± 0.1

	
1.01 ± 0.06

	
1.53 ± 0.1




	
VSS (g L−1)

	
1.46 ± 0.1

	
0.98 ± 0.04

	
1.46 ± 0.04




	

	
Typical SBR cycle




	
SBR cycle (h)

	
(10)

	
(10–12)

	
(10–12)




	
Leachate Fill (min)

	
(60–70)

	
(30–65)

	
(30–60)




	
Buttermilk Fill (m3/cycle)

	
0

	
0

	
0




	
Initial Mixing (min)

	
(140–150)

	
(140–150)

	
(100–230)




	
Aeration (min) • number of aeration

	
(45–75) • 1

	
(30–130) • 1

	
(60–200) • 1




	
Buttermilk Fill (m3/cycle)

	
0.042 ± 0.050 (0–0.10)

	
0.084 ± 0.093 (0–0.3)

	
0.330 ± 0.136 (0.10–0.60)




	
Mixing (min) • number of mixing

	
(150–230) • 1

	
(180–230) • 1

	
(200–250) • 1




	
Final mixing (min)

	
(60–100)

	
(90–120)

	
(80–120)




	
Sedimentation (min)

	
(40)

	
(40)

	
(40–100)




	
Draw (min)

	
(15)

	
(15)

	
(10–15)








Data are expressed as mean ± s.d., and [min–max]; Vfill = Filled volume of leachate per day.
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Table 2. Characteristics of the influent raw leachate in each experimental period.
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	Parameter
	Period I
	Period II
	Period III





	BOD5 (mg L−1)
	57 ± 4 (54–60)
	47
	330



	sCOD (mg L−1)
	693 ± 227 (431–838)
	557 ± 113 (431–649)
	814 ± 234 (649–980)



	TAN (mg L−1)
	507 ± 132 (406–656)
	466 ± 61.3 (408–530)
	608 ± 111 (530–686)



	NOx--N (mg L−1)
	6.1 ± 0.4 (5.5–7.1)
	6.0 ± 0.6 (5.2–7.1)
	5.4 ± 0.1 (5.1–5.6)



	BOD5/COD
	0.07
	0.08
	0.40



	COD/TAN
	0.94- 2.1
	0.94–1.45
	1.22–1.43



	TP (mg L−1)
	5.1 ± 0.9 (4.3–7.2)
	5.2 ± 1.1 (3.5–7.2)
	8.8 ± 1.4 (6.4–11.2)



	pH
	(7.8–8.2)
	(8.1–8.2)
	(8.1–8.2)



	Alkalinity as CaCO3 (mg L−1)
	2000
	2000
	2000







Data are expressed as mean ± s.d. and [min–max].













[image: Table] 





Table 3. Leachate fractions used in BioWin models.
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	Components
	Unit
	Period I
	Period II
	Period III





	Fbs—readily biodegradable organic matter (including acetate) *
	g COD g tCOD −1
	0.0150
	0.0150
	0.1500



	Fac- acetate *
	g COD g rbCOD−1
	0.0001
	0.0001
	0.0001



	Fxsp—Non colloidal slowly degradable
	g COD g sdCOD−1
	0.7500
	0.7500
	0.7500



	Fus—Unbiodegradable soluble COD *
	g COD g tCOD−1
	0.8240
	0.8240
	0.6890



	Fup—unbiodegradable particulate COD *
	g COD g tCOD−1
	0.003
	0.003
	0.003



	Fcel—Cellulose fraction of unbiodegradable particulate
	g COD g tCOD−1
	0.5000
	0.5000
	0.5000



	Fna—Ammonia *
	g NH4-N gTKN−1
	0.9400
	0.9400
	0.9400



	Fnox—Particulate organic nitrogen
	g N g Organic N−1
	0.5000
	0.5000
	0.5000



	Fnus—Soluble unbiodegradable TKN
	g N gTKN−1
	0.0200
	0.0200
	0.0200



	FupN N:COD ratio for unbiodegradable part. COD
	g N g tCOD−1
	0.0700
	0.0700
	0.0700



	Fpo4—Phosphate
	g PO4-P gTP−1
	0.5000
	0.5000
	0.5000



	FupP—P:COD ratio for unbiodegradable part. COD
	g P g tCOD−1
	0.0220
	0.0220
	0.0220



	Fsr—Reduced sulfur [H2S]
	g S g S−1
	0.1500
	0.1500
	0.1500



	FZbh—Ordinary heterotrophic COD fraction
	g COD g tCOD−1
	0.0200
	0.0200
	0.0200



	FZbm—Methylotrophic COD fraction
	g COD g t COD−1
	0.0001
	0.0001
	0.0001



	FZao—Ammonia oxidizing COD fraction *
	g COD g tCOD−1
	0.001
	0.001
	0.001



	FZno—Nitrite oxidizing COD fraction *
	g COD g tCOD−1
	0.001
	0.001
	0.001



	FZaao—Anaerobic ammonia oxidizing COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZppa—Phosphorus accumulating COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZpa—Propionic acetogenic COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZam—Acetoclastic methanogenic COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZhm—Hydrogenotrophic methanogenic COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZso—Sulfur oxiding COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZsrpa—Sulfur reducing propionic acetogenic COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZsra—Sulfur reducing acetotrophic COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZsrh—Sulfur reducing hydrogenotrophic COD fraction
	g COD g tCOD−1
	0.0001
	0.0001
	0.0001



	FZe—Endogenous products COD fraction
	g COD g tCOD−1
	0
	0
	0







* Modified from BioWin default values; rbCOD = readily biodegradable COD; sdCOD = slowly degradable COD.
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Table 4. Monitoring periods for model calibration and validation.
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Process

	
Reactor

	
Periods

	
Date






	
Calibration

	
SBRA

	
Period I

	
29 August 2016–19 October 2016




	
Track study I

	
20 October 2016




	
Period II

	
21 October 2016–6 December 2016




	
Track study II

	
7 December 2016




	
SBRB

	
Period I

	
29 August 2016–19 October 2016




	
Track study II

	
20 October 2016




	
Period II

	
21 October 2016–8 December 2016




	
Track study II

	
9 December 2016




	
Validation

	
SBRA

	
Period III

	
8 December 2016–25 January 2017




	
Track study III

	
26 January 2017




	
SBRB

	
Period III

	
10 December 2016–29 January 2017




	
Track study III

	
30 January 2017
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Table 5. Parameter values adjusted during model calibration.
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	Parameters
	Unit
	SBRA
	SBRB
	BioWin Default
	Literature Range
	Reference





	Max. spec. growth rate, AOB
	d−1
	1.0
	1.0
	0.9
	0.33–1.02
	[29]



	Substrate (NH4) half sat, AOB
	mg N L−1
	26.6
	26.6
	0.7
	12.2–46.2
	[30,31,32]



	Aerobic decay rate, AOB
	d−1
	0.035
	0.035
	0.17
	0.02–0.17
	[29,33,34,35]



	Anoxic decay rate, AOB
	d−1
	0.035
	0.035
	0.08
	0.02–0.11
	[29,33,34]



	Aerobic decay rate, NOB
	d−1
	0.07
	0.07
	0.17
	0.07–0.17
	[35,36,37,38]



	Anoxic/anaerobic decay rate, NOB
	d−1
	0.07
	0.07
	0.08
	0.07–0.15
	[36,37]



	Aerobic decay rate, AAO
	d−1
	0.0095
	0.0095
	0.019
	0.0048–0.016
	[39,40,41,42]



	DO half sat, AOB
	mg O2 L−1
	0.125
	0.25
	0.25
	0.04–0.48
	[43]



	DO half sat, NOB
	mg O2 L−1
	0.25
	0.50
	0.50
	0.17–4.33
	[32]
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Table 6. Peak of NH3 concentration in each SBR cycle and INH3 values in SBRA and in SBRB.
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SBRA

	
SBRB






	

	

	
Peak of NH3 concentration in each SBR cycle [mg N L−1]

	




	

	
Min

	
Avg

	
Max

	
pH range

	
Min

	
Avg

	
Max

	
pH range




	
Period I

	
0.044

	
0.572

	
1.74

	
7.3–7.9

	
0.038

	
0.525

	
1.70

	
7.4–7.9




	
Period II

	
0.043

	
0.387

	
1.21

	
7.3–7.5

	
0.057

	
0.539

	
1.22

	
7.3–7.5




	
Period III

	
0.001

	
0.069

	
0.480

	
4.7–7.2

	
0.001

	
0.139

	
0.479

	
5.0–7.4




	

	

	
Peak INH3 value in each SBR cycle *

	




	

	
Min

	
Avg

	
Max

	

	
Min

	
Avg

	
Max

	




	
Period I

	
0.96

	
0.65

	
0.38

	

	
0.97

	
0.67

	
0.38

	




	
Period II

	
0.96

	
0.73

	
0.46

	

	
0.95

	
0.66

	
0.46

	




	
Period III

	
1.00

	
0.94

	
0.69

	

	
1.00

	
0.88

	
0.69

	








Min = minimum, Avg = Average; Max = maximum; * Where 1.0 means no inhibition.
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Table 7. Nitrogen removal predicted as N2 production in SBRA and in SBRB.
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SBRA

	

	
SBRB




	

	
N2 Production by AAO Bacteria (kg)

	
N2 Production by OHO Bacteria (kg)

	

	
N2 Production by AAO Bacteria (kg)

	
N2 Production by OHO Bacteria (kg)






	
Period I

(52 days)

	
1238

	
185

	
Period I

(52 days)

	
991

	
282




	
Period II

(47 days)

	
1044

	
109

	
Period II

(49 days)

	
815

	
165




	
Period III

(49 days)

	
1186

	
435

	
Period III

(51 days)

	
489

	
663
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Table 8. N2O production in SBRA and SBRB by AOB (via autotrophic denitrification), AOB (via hydroxylamine oxidation) and OHO.
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SBRA

	
SBRB






	

	
N2O production by (kg N2O kg Nremoved−1)

	
N2O production (kg N2O kg Nremoved−1)




	
AOB via autotrophic denitrification

	
AOB via hydroxylamine oxidation

	
OHO

	
AOB via autotrophic denitrification

	
AOB via hydroxylamine oxidation

	
OHO




	
Track study I

	
0.0021

	
0.0010

	
0.0009

	
0.0014

	
0.0013

	
0.0053




	
Track study II

	
0.0046

	
0.0017

	
0.0030

	
0.0036

	
0.0020

	
0.0117




	
Track study III

	
0.0075

	
0.0007

	
0.0329

	
0.0049

	
0.0013

	
0.1099
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