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Abstract

:

The present study evaluated different sludge-reduction mechanisms in the oxic-settling-anaerobic (OSA) process in terms of their effects on methane productivity by anaerobic digestion of sewage sludge. Two different layouts were investigated for the sludge return from an anaerobic side-stream reactor (ASSR) to the anoxic (scheme A) or the aerobic (scheme B) reactor of a pre-denitrification plant. Biochemical methane-potential (BMP) assays performed on the excess sludge revealed that scheme A promoted an overall increase of methane production in the OSA (20 mLCH4 gVSS−1d−1, +19%), although compared with a control CAS plant a significant decrease in the excess sludge production (31%) was obtained. Operating conditions in scheme A caused the occurrence of cell lysis and EPS hydrolysis, thereby increasing the biodegradability of sludge. In contrast, scheme B favoured the occurrence of uncoupling and a maintenance metabolism that did not involve sludge hydrolysis. Consequently, despite a higher reduction of excess sludge (82%), a significant decrease in methane productivity in the OSA (4 mLCH4 gVSS−1d−1, −41%) was observed. Based on the results, implementing the OSA process may allow high levels of methane production by anaerobic digestion to be maintained if specific sludge-reduction mechanisms are triggered in the waterline, also raising the possibility of co-digestion with other feedstocks.
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1. Introduction


Wastewater treatment plants (WWTP) produce sewage sludge as a byproduct of water treatment processes. Specifically, sludge production in biological treatment is due to the growth of heterotrophic and autotrophic bacteria, accumulation of inert solids contained in the raw wastewater, and accumulation of endogenous residue [1]. To maintain steady state conditions, the excess sludge must be regularly discharged from the system (usually from secondary clarifiers). Thereafter, the excess sludge is subjected to specific treatments in the sludge-handling units, including thickening, digestion, and dewatering, before being subject to disposal according to the current environmental regulations. Due to the potential contamination of soil and water, disposal of sludge could potentially be harmful to the ecosystem [2]. Moreover, sludge management has a significant impact in economic terms, since it can account for up to approximately 40–60% of the entire operating costs of a WWTP [3].



The large amounts of sludge produced and the requirement to implement reuse or recovery in compliance with the current European and national legislation, as well as the impending shift towards the principles of a circular economy, are crucial factors contributing to the urgency of solving critical issues relating to sewage sludge [4].



In accordance with the waste hierarchy established by Directive 2018/851/EC, prevention (e.g., waste minimization techniques), reuse (e.g., agronomic use), recycling (e.g., matter recovery), other recovery (e.g., energy recovery), and disposal (e.g., incineration or landfilling) should be carried out in this precise order [5]. Therefore, minimizing excess sludge is considered a priority to solve the sewage-sludge problem and reduce the operating costs of WWTPs. According to reports in the technical literature, several chemical-physical (e.g., ultrasound, ozonation, thermal treatments, etc.), or biological processes as well as their mutual integration, have been successfully applied to achieve reduction of excess sludge [2,6]. Among these, the oxic settling anaerobic (OSA) method is a biological-based process that has been proven very effective in reducing excess sludge production, while involving less economic impact on plants’ operating costs compared with other processes [7,8]. It involves the modification of a conventional activated sludge (CAS) scheme by inserting an anaerobic side-stream reactor (ASSR) in the return activated sludge (RAS) line [9]. Due to sludge holding under anaerobic fasting conditions, uncoupling metabolism, cell lysis, and destructuration of extracellular polymeric substances (EPS) occur, thereby limiting biomass growth and excess sludge production [10].



Alongside strategies for sludge minimization, the valorization of sludge through energy recovery represents a widely established practice in WWTPs. In this context, energy recovery from excess sludge by anaerobic digestion (AD) is the most common strategy for excess sludge valorization. AD entails the biological degradation of organic matter under absence of oxygen with a subsequent conversion of chemical energy in organic carbon into biogas [11]. AD is generally implemented in large WWTPs (>100,000 PE) instead of aerobic stabilization, since the higher capital costs due to the larger volume and higher complexity of the digestion facilities are compensated by lower operational costs related to biogas valorization.



Resource utilization of sludge is an effective way to avoid secondary pollution. Sludge-based ceramsite can achieve the stabilization of heavy metals and reduce pollution by heavy metals in the environment [12]. Indeed, implementing excess sludge minimization strategies in a WWTP with anaerobic digestion could be detrimental for achieving high methane production rates. The lower amount of excess sludge that is daily transferred to the sludge line could decrease up to 40–60% when implementing the OSA process [10], thereby reducing the overall biogas obtainable by AD. Nevertheless, the literature review reveals that some of the key mechanisms that are responsible of sludge minimization in the OSA process (e.g., cell lysis, EPS destructuration) are usually implemented as a pre-treatment stage before anaerobic digestion in order to increase the biogas production rate. The most frequently used pretreatment methods for sewage sludge, such as thermal and ultrasonic treatments or ozonation, are based on the principle of bacterial cell-wall disintegration. Cellular lysis leads to the release of intracellular organic matter that becomes more easily usable by anaerobic microorganisms [13]. Accordingly, the methane production rate by AD might increase [14]. Therefore, the implementation of the OSA process under specific operating conditions could theoretically enhance specific methane production by anaerobic digestion. Consequently, this effect could counterbalance the reduction of excess sludge available for anaerobic digestion. Nonetheless, to the best of the authors’ knowledge, very limited literature is available on this topic [15].



Considering the above discussion, this study was aimed at assessing the side effects of OSA process implementation in the water-handling units of a pilot WWTP for achieving minimization of excess sludge, in terms of methane production by anaerobic digestion in the sludge line. In more detail, different sludge-reduction mechanisms (e.g., cell lysis, EPS destructuration, uncoupling metabolism, maintenance metabolisms) were induced in the ASSR, and their effects in terms of biochemical methane potential (BMP) of the excess sludge were assessed. The experimental results are supported by an economic analysis aimed at establishing whether implementation of the OSA process in a large WWTP is a cost-effective solution.




2. Materials and Methods


2.1. Plant Description


The experimental activity was carried out in two identical pilot plants, one in which the OSA process was implemented and the other as control, namely control-CAS. The comparison between OSA and control-CAS was explored in a previous study to which readers are referred for further details [16]. Briefly, both plants were configured according to a pre-denitrification scheme, involving an anoxic reactor (23 L) followed by an aerobic reactor (23 L) and an internal recirculation circuit. In the OSA plant, an ASSR with hydraulic retention time (HRT) from 8 to 12 h was inserted into the RAS line from the clarifier to the biological reactors. Two plant layouts were studied, namely schemes A and B, involving sludge recirculation from the ASSR to the anoxic reactor (scheme A) or the aerobic reactor (scheme B) of the main line. The aim was to expose biomass to prolonged non-aerobic (anaerobic/anoxic) or prolonged famine conditions in schemes A and B, respectively, to induce different stressors and mechanisms of sludge reduction. The excess sludge was discharged daily from the bottom of the clarifiers to maintain a constant total suspended solids (TSS) concentration in the reactors. Biomethane potential assays were performed on these samples to assess the effects of the OSA process and specifically of the sludge-minimization mechanisms on the methane yield achievable from anaerobic digestion. Figure 1 depicts the plants’ configurations.




2.2. Experimental Campaign Set-Up


Experiments were divided into five periods, namely period 1 (P1), period 2 (P2), period 3 (P3), period 4 (P4) and period 5 (P5). Different HRTs (8–12 h) in the ASSR were tested in both schemes A and B. The plants were fed with real wastewater collected downstream of the screening and grit-removal unit of a municipal WWTP. The average chemical oxygen demand (COD) concentration was 732 mg L−1. The wastewater was stored in a refrigerated tank to prevent biological reactions, without removing the suspended settleable solids. Thus, the excess sludge discharged from the secondary clarifiers included also primary sludge. As discussed above, the excess sludge was discharged daily from the clarifiers of both plants to maintain TSS concentrations of approximately 3 gTSS L−1. As a result, the sludge-retention time (SRT) was not controlled and was calculated by means of mass balance between the biomass growth yield and the amount withdrawn as excess sludge or effluent total suspended solids. The food to microorganisms (F/M) ratio results were close to 0.20 gCOD gTSS−1 d−1 in the CAS, on average, whereas in the OSA the ratio was slightly lower because of the higher volume due to the ASSR. Table 1 summarizes the main operating conditions (Table 1).




2.3. Analytical Methods


All the chemical-physical analyses, including total and volatile suspended solid (VSS) concentrations, suspended settleable solids, and COD, were performed according to standard methods [17]. The extracellular polymeric substances (EPS) and the soluble microbial products (SMP) were extracted using a heating method [18]. Specifically, first the SMP and the loosely bound EPS were obtained by centrifuging an activated sludge sample at 5000 rpm for 5 min and filtering the supernatant with 0.22 µm membrane. Then, the same sample was re-suspended with deionized water and heated in a water-bath at 80 °C for 10 min to allow solubilization of the flocs-bound EPS. The sample was then centrifuged at 7000× g rpm for 10 min at 4 °C and the supernatant filtered with 0.22 µm membrane to obtain the tightly bound EPS. The EPS were extracted following the above-described method and were related to the TSS concentration of the sample. Then, the concentrations of carbohydrates and proteins were determined according to the literature [19,20], using bovine serum albumin and glucose as standards, respectively.




2.4. Biochemical Methane Potential (BMP) Assays


BMP assays were performed at the end of each experimental period after the steady state condition of excess sludge reduction was attained. In each period, the BMP assays were performed on the excess sludge from the OSA and CAS plants. Each BMP assay was carried out at an inoculum to substrate ratio (ISR) equal to 5, based on the VSS concentration [21]. Sludge samples collected from a bench scale anaerobic digester operating under mesophilic conditions (T = 35 °C) were used as inoculum for each of the BMP assays. The anaerobic inoculum was cultivated using a mixture of acetate and trace elements to enhance the growth of methanogenic bacteria [22]. The TSS concentration of the inoculum ranged from 5.32–7.12 gTSS L−1, while the ratio between VSS and TSS was approximately 0.65.



All the assays were performed using glass bottles with a working volume of 500 mL. The excess sludge from OSA or CAS were mixed with inoculum to a final volume of 400 mL, thus the headspace volume was 100 mL. Before starting the assays, each bottle was fluxed with nitrogen gas, to limit the free oxygen availability. The samples were mixed using a magnetic stirrer for 1 h adding an external COD supply (as acetate), to remove nitrate resulting from uncomplete denitrification.



The above tests were carried out in triplicate including a blank, which indicated the productivity of the inoculum. In all the assays, pH was set close to 7.5. The BMP reactors were placed within a thermostatic chamber under controlled temperature (35 °C) after being sealed and connected to a Tedlar bag in which the produced biogas was collected. The volume of biogas accumulated within the bags was measured every 2–3 days. A liquid-displacement method, with an alkaline solution (2% NaOH) as barrier was used to measure the methane volume accumulated into the Tedlar bags. The BMP assays continued until the accumulated methane production reached a steady value. The methane production level in the BMP assay was related to the VSS concentration (mLCH4 gVSS−1).




2.5. Modeling of Methane Production and Calculations


A first-order rate model was employed to interpolate the cumulative methane production obtained from the BMP assays (Equation (1)):


  P  ( t )  =  P  t o t   ·  (  1 −  e  − k · t    )     



(1)




where P(t) is the methane production at a generic time, Ptot is the cumulative value of methane produced at the end of BMP, k is the rate of methane production, and t is the time.



The solver function of Excel (MS Office) was used to estimate Ptot and k, by minimizing the sum square of errors between the experimental data obtained from BMP assays and the results of the model.



The maximum methane production yield, namely Pmax (mLCH4 gVSS−1d−1), was estimated as the product between the Ptot and k obtained from the model (Equation (2)):


   P  m a x   =  P  t o t   · k    



(2)







To assess daily methane production, namely PCH4 (mLCH4 d−1), Pmax obtained in the BMP assays of OSA and CAS was multiplied by the respective daily excess sludge production on a dry basis (Equation (3)):


   P  C  H 4    =  P  m a x   · Δ  X  s s      



(3)




where ΔXSS is the excess sludge produced from the OSA and CAS plants (gVSS d−1).




2.6. Economic Analysis


To assess if the implementation of the OSA process represents a cost-effective solution, an economic analysis was carried out based on costs related to OSA implementation, sludge disposal, and methane generation. Referring to OSA implementation, it was assumed that the additional cost for WWTP management was related to the energy necessary for the ASSR mixing. Thus, the capital cost for the construction of a new tank was not considered, since it was supposed that existing disused facilities could be retrofitted to implement the OSA process [23].



Specifically, the economic analysis was aimed at assessing the overall increase or decrease of management costs (ASSR operations, sludge disposal, and methane generation) depending on the different process scenarios investigated in this study, from P1 to P5. To this scope, reference was made to a WWTP with a potential of 100,000-person equivalent (PE), with a layout similar to that in the present study. The overall daily excess sludge production was calculated by assuming the same specific production as the CAS plant in this study. The cost of ASSR operation was considered according to the electric energy necessary for a mixing system with the capacity to ensure a specific mixing power of 10 W per m3 of the ASSR. This was calculated as the product of the HRT of the ASSR in each experimental period and the sludge recirculation flowrate, the latter assumed equal to 80% of the influent flow rate of the simulated plant. The cost of electricity was assumed as EUR 11.82 kWh−1 in line with the mean electric energy price for industrial consumers in Europe [24].



Specific cost for sludge disposal was estimated as the average cost in EU countries, equal to EUR 0.190 per kg of dewatered sludge, assuming landfilling as disposal method [24]. The residual humidity of the sludge was assumed to be 75%, according to EU regulations [25].



Referring to methane production, its impact on the WWTP economy was calculated by multiplying the sale price of methane by the percentage increase or decrease of daily methane production in the scenario without OSA implementation. That price was assumed equal to 0.24 € m−3 [24] on the basis of the selling price of natural gas, and reduced to 10 c€ m−3 to take into account the costs of biogas upgrading [26].





3. Results and Discussion


3.1. Efficiency of Excess Sludge Minimization and Insights on Mechanisms Involved


A previous study provided a specific focus on the minimization of excess sludge, its impact on nutrient removal, and the mechanisms of sludge reduction in the OSA plant [16].



Briefly, the average daily amount of excess sludge produced in the CAS plant varied during each experimental period, depending on the characteristics of the raw wastewater. The excess sludge production in the OSA plant was lower in all the investigated configurations compared with the control plant. Specifically, the sludge production was lowered by approximately 15% (P1), 31% (P2), 40% (P3), 26% (P4), and 41% (P5), thereby suggesting that the OSA process resulted in higher or lower efficiency of sludge reduction depending on the different operating conditions and configurations implemented. Figure 2 reports the average daily sludge production on a dry basis obtained in the OSA and CAS plants in each period.



The highest reduction efficiencies were obtained when the OSA plant was operated according to scheme B (P3 and P5), whereas scheme A (P1 and P2) determined lower sludge minimization. Therefore, at equal HRT in the ASSR (P2 vs. P3, P5), more extensive substrate deficiency (scheme B) was observed to be a greater stressor for biomass than a longer oxygen lack (scheme A) [16]. Therefore, a double-growth limitation strategy consisting of prolonged substrate limitation after sufficient retention under anaerobic conditions enabled more extensive minimization of excess sludge. Indeed, it is likely that the internal ATP restoration in the mainstream reactor was lower in scheme B than scheme A because of the lower organic carbon availability in the aerobic reactor compared to the anoxic [27].



Primary sludge accounted for approximately 50–60% of the overall sludge production in the CAS plant (Table 2). Contrarily, its incidence in the sludge of the OSA plant was significantly higher, between 65–95%. This was because mechanisms of excess sludge minimization occurring in the OSA process affected only the production of biological solids, referring to the conversion of the organic substrate into bio-solids [28]. Therefore, the primary sludge was predominant in the excess sludge produced by the OSA plant.



Uncoupling and maintenance metabolisms were found to be the main mechanisms allowing minimization of excess sludge when scheme B was implemented. Indeed, a long-term lack of substrate in the anaerobic environment forced bacteria to reduce their metabolic activity and dissociated catabolism from anabolism. This resulted in lower production of excess sludge and a consequent increase of the SRT in the water line from 8 days to 12 days on average [29]. The lower biomass yield was attributed to the reduced ATP availability of heterotrophic bacteria in the OSA system, under which conditions the energy produced by catabolism was insufficient to produce new biomass since it was partially used for restoration of internal energy [29,30].



In contrast, scheme A induced cell lysis and destructuration of the extracellular matrix as the main mechanisms, although the uncoupling metabolism continued to have a marginal effect on the process [31]. According to other studies, the increase of anaerobic HRT promoted the onset of bacterial lysis and increased EPS destructuration [31,32].



Therefore, prolonged exposure to unaerated conditions caused by the sludge cycling between the ASSR and the anoxic reactor in scheme A was responsible for cell lysis, confirmed by the increase of the soluble microbial product in the bulk [32].




3.2. Methane Production Yield in Excess Sludge from OSA and CAS


For each experimental period, BMP assays were carried out on the excess sludge from OSA and CAS after steady state conditions in terms of sludge reduction efficiency were achieved. Figure 3 shows the cumulative specific methane production obtained in each of the assays. The maximum methane production rate was determined by fitting the cumulative methane production data to the model reported in Equation (1). A good agreement between the experimental data and model (R2 > 0.97) was obtained in all the assays. The cumulative data of methane obtained in the assays of OSA and CAS sludge were reduced according to the methane generated in the inoculum assay and related to the VSS concentration in the sludge sample.



In Period 1 (Figure 3a) BMP trends were in the OSA and CAS were fairly similar and the final cumulative methane yields obtained after 30 days were comparable in both samples, resulting in close to 80 mLCH4 gVSS−1. The sludge from the OSA plant resulted in a slightly higher methane production rate in the early test period. The k factor obtained from the methane production model in the OSA assay was equal to 0.156 d−1, whereas in the CAS it was approximately 0.11 d−1.



The methane production in the OSA assay showed a significant increase in Period 2 (Figure 3b). Indeed, the cumulative methane yield in the CAS was comparable to that obtained in the previous period, resulting in close to 90 mLCH4 gVSS−1, whereas in the OSA it increased up to 120 mLCH4 gVSS−1, thereby showing an increase of approximately 40% compared with the control system. In addition, faster kinetics of methane production were attained in the OSA. The methane-production model indicated k values of 0.16 d−1 in the OSA and 0.12 d−1 in the CAS, thus confirming the faster kinetics of methane production obtained in the BMP assay of the OSA in Period 2.



In Periods 3 (Figure 3c), 4 (Figure 3d), and 5 (Figure 3e), methane yields noticeably decreased in the BMP assays of the OSA. The maximum methane yield was obtained in Period 4 (40 mLCH4 gVSS−1), and lower values were observed in Period 3 and Period 5 (20 mLCH4 gVSS−1). Overall, the methane yields were approximately 75% lower than those obtained in the BMP assays in the CAS (92 mLCH4 gVSS−1). Similarly, the kinetics of methane production reduced considerably. The k factor obtained from the model was close to 0.11 d−1 on average, whereas that of the CAS was in line with the values obtained in Period 1 and Period 2 (0.13 d−1).



Overall, the maximum methane production rate, obtained by multiplying the cumulative methane volume by the k factor, was higher in the OSA during Period 1 and Period 2, whereas a considerable decrease was noticed from Period 3 onwards (Figure 4). The maximum methane rates obtained by the excess sludge from the OSA plant were equal to 14 mLCH4 gVSS−1d−1 and 20 mLCH4 gVSS−1d−1 in Period 1 and Period 2, respectively, resulting in daily increases in methane production of 27% and 41% compared with CAS. Contrarily, decreased methane production in the range 49–69% was observed in Period 3 (−69%), Period 4 (−49%), and Period 5 (−66%).



The methane production yields and rates obtained in the control system were comparable with those reported in previous studies on excess sludge composed of both primary and biological sludge in similar proportions (50% v/v) [33,34].



In general, the results obtained in the BMP assays of the OSA samples indicated that implementation of the ASSR resulted in an increased methane production rate only when it was operated according to scheme A. In contrast, implementation of ASSR according to scheme B caused a considerable decrease of the methane production by AD. In this respect, very little published information is available about the effect of ASSR installation in a WWTP. In a previous study, the authors observed an increase in the BMP of excess sludge from an ASSR operating with an HRT of 2 days under mesophilic conditions [15]. In that study, the ASSR was inserted in the activated sludge return line of a CAS system consisting of a primary clarifier followed by an aeration basin and a secondary clarifier. The authors reported that the reduction of biological sludge obtained by implementing the ASSR increased the ratio between the primary and the biological sludge in the anaerobic digester, thereby resulting in higher methane productivity. Indeed, other studies confirmed that the methane production from AD increased when the ratio of biological sludge and primary sludge was lower than 40% [35].



In the present study, however, the ratio between the primary and biological sludge had no clear effect on methane production. Specifically, the excess sludge from the OSA plant was characterized by a higher fraction of primary sludge compared with that of the control plant, which was on average close to 70% with a maximum of 95% in Period 3, whereas in the CAS it was on average close to 55%. However, in the present study, clarification of wastewater before the biological treatment was not foreseen. Consequently, the primary sludge fed to the biological reactors underwent a stabilization process, resulting in a decrease of the organic content to approximately only 30%. For this reason, it is possible that the effect of the higher percentage of primary sludge in the excess sludge from the OSA plant did not entail a corresponding increase in methane production.



Another reason why the OSA process could involve an increase of methane productivity is related to the higher bacterial diversity of the ASSR sludge compared with the activated sludge of the control system [36]. Park and co-authors [15] supposed that the sludge from a mesophilic ASSR contained key anaerobic communities, thus the addition of this sludge to anaerobic digesters provided anaerobic seed that enhanced the speed of anaerobic digestion.



Nevertheless, although a specific microbiological characterization of sludge was not carried out in this study, it was assumed that the composition of the microbial community did not affect the methane productivity. When the ASSR was operated under the same HRT (8–12 h) according to schemes A and B, a substantial difference in methane productivity was observed. It should be noted that 12 h of anaerobic HRT is not considered sufficient to achieve a significant enrichment of methanogenic bacteria in sludge [37]. Therefore, the different methane production yields and rates were probably related to the different operating conditions in the plants during the experiments, hence the modification of bacterial metabolism and the physical properties of sludge that occurred in the ASSR. Methane productivity was well correlated with the exposure time to unaerated conditions in the water line of the OSA plant (Figure 5).



The above results suggest that, at equal HRT in the ASSR, when the sludge cycled from the ASSR to the anoxic reactor in scheme A the methane productivity was higher than scheme B where the sludge was instead recycled to the aerobic reactor. A possible explanation could be related to the establishment of hydrolytic processes due to long-term exposure under unaerated conditions. A previous study suggested that under unaerated starvation conditions only the concentration of intracellular low-molecular-weight compounds decreased, while no significant changes were noted for cellular protein, lipids, polysaccharides, or nucleic acids [38]. In contrast, under aerobic starvation significant degradation of exopolymers occurred. Accordingly, prolonged starvation under aerobic conditions (scheme B) reduced the amount of organic matter available for anaerobic digestion, thereby reducing methane productivity.



It should be also considered that when operating with the same plant layout, methane productivity increased with the HRT in the ASSR. Nevertheless, HRT of higher than 12 h in the ASSR was not implementable, at least under the conditions of the present study, due to significant worsening of the effluent quality from the OSA plant.




3.3. Insights of ASSR Operating Conditions on Methane Production


The results obtained from the BMP assays indicated that the operating conditions of schemes A and B in the OSA plant involved a noticeable increase or decrease in methane production by AD. Based on the results discussed in the previous sections, it was noted that the implementation of the OSA process, and more specifically the change in plant layout (scheme A or scheme B), involved a noticeable modification in the bacterial metabolism and the physical properties of the sludge, because of the establishment of different phenomena all contributing to excess sludge minimization.



In more detail, the different operating conditions in schemes A and B had remarkable impacts on the physical characteristics of the sludge in the OSA plant. Figure 6 shows the COD concentrations in the supernatant of the ASSR, as well as the average concentrations of the SMP (as sum of proteins and carbohydrates).



The results shown in Figure 6 indicate that in Period 1 and Period 2 the concentrations of SMP in the supernatant of the ASSR were on average equal to 160 mg L−1 and 290 mg L−1, respectively. These results were considerably higher than those obtained in Period 3, Period 4, and Period 5, which had an average value close to 80 mg L−1. Similarly, the COD concentrations were higher in Period 1 and Period 2 (195 mg L−1 and 310 mg L−1, respectively) compared with the other periods (72 mg L−1, on average), thus confirming the higher concentration of organic matter in the supernatant of the ASSR when scheme A was implemented in the OSA plant. These results confirmed that long-term exposure to unaerated starvation conditions increased the concentration of proteins and carbohydrates in the bulk [38].



The sludge cycling according to scheme A promoted a long-term exposure under unaerated conditions, since the sludge from the ASSR was recirculated to the anoxic reactor. Because of this, cell lysis and EPS destructuration were triggered as the main mechanisms of sludge reduction. Indeed, in Period 1 and Period 2 noticeable increases of soluble microbial products and endogenous decay rates of autotrophic and heterotrophic bacteria were observed, suggesting the occurrence of both phenomena [16]. This indicated that prolonged exposure of the sludge under unaerated conditions promoted bacterial cell lysis and the release of biodegradable compounds in the bulk, thereby increasing the biodegradability of the excess sludge [39].



Consequently, this resulted in higher methane productivity as observed in the BMP assays of the OSA sludge samples. It is known that sludge hydrolysis is the rate-limiting step in the AD process, therefore sludge pretreatment is generally carried out with the aim of promoting solubilization and hydrolysis of particulate organic matter [40]. The various pretreatment methods (e.g., alkaline treatment, ozonation, thermal hydrolysis, etc.) act by disrupting sludge cells and solubilizing EPS, thus increasing the biodegradability of the sludge [41]. Previous research demonstrated the possibility of increasing methane production in anaerobic digestion by 30–40% by using thermal alkali and ozone pre-treatment of sludge [42]. Other advanced pretreatments including microwave treatment, ultrasonication, high-pressure homogenization, and electrokinetic disintegration enabled additional methane production up to 100%, while involving high energy requirements (>30 kWh m−3, 14 MJ kgTS−1) [43]. Consequently, many of the above techniques are financially expensive and several raise environmental concerns (CO2 generation, high management costs, etc.) [44]. In this study, it was observed that the insertion of an ASSR according to scheme A produced similar effects to these expensive technologies in terms of specific methane productivity increment (20–40%), while ensuring a noticeable energy saving.



In contrast, scheme B promoted different sludge-reduction mechanisms, mainly attributable to uncoupling and maintenance metabolisms. Consequently, EPS hydrolysis and cell lysis were minimized. In previous studies, it was noted that prolonged aerobic starvation conditions were more favorable to induce maintenance metabolism, rather than EPS and cell hydrolysis [45,46]. Therefore, sludge hydrolysis was not observed when scheme A was implemented.



Overall, if on the one hand scheme A in the OSA plant involved less reduction of excess sludge compared with scheme B, on the other hand it promoted higher methane productivity because the same sludge-reduction mechanisms promoted an increase of sludge biodegradability that was favorable for AD.




3.4. Economic Impact of OSA on Plant Operational Costs


The present study demonstrated that the insertion of an ASSR into a conventional activated sludge system realized according to a pre-denitrification layout for biological nitrogen removal can substantially decrease the amount of sludge to be disposed of, and increase or decrease the methane productivity if a specific plant configuration is implemented. This might be an interesting opportunity for medium or large WWTPs where AD is used for stabilization of excess sludge and sludge disposal is one of the main operating costs.



Considering that the OSA process could easily be implemented in the plant layout by retrofitting existing holding tanks for ASSR, from an economic point of view the effects of such plant modification could influence sludge-disposal costs and the economic benefit deriving from methane generation from AD [46].



Overall, based on the results discussed in the previous sections, scheme A resulted in the highest increase of methane production (+19%) and most effective minimization of excess sludge (−31%) when the ASSR was operated with 12 h of HRT (P2). In contrast, the implementation of scheme B while operating with the same HRT in the ASSR (12 h) involved a decrease of both sludge production (−82%) and methane productivity (−41%) (Figure 7).



The cost effectiveness of this intervention according to scheme A or scheme B was assessed by means of economic analysis. The analysis referred to a WWTP with a potential of 100,000 PE. Based on the current costs for sludge management and disposal, biogas upgrading, and the selling price of methane, estimations were calculated for the increase and decrease of management costs (ASSR operations, sludge disposal, and methane generation) depending on the different process scenarios investigated in this study, from P1 to P5. Results are reported in Figure 8.



The implementation of the OSA process resulted in a positive change in the revenue related to sludge disposal costs in all the investigated scenarios. In more detail, the greatest revenues were obtained in Period 3 and Period 5 (+550 EUR d−1) when the lowest sludge production was achieved. On the other hand, the variation of revenues was negative related to the methane sales price only when scheme B was implemented (−75 EUR d−1), because of the decrease in methane productivity.



The overall gain was positive in all the periods, indicating that OSA implementation could be a cost-effective solution for retrofitting WWTP. In this specific case, the highest revenues were achieved when scheme B was implemented (+350 ± 150 EUR d−1 on average), whereas scheme A resulted in a lower benefit (+200 ± 150 EUR d−1) overall. The above results suggest that the cost effect of OSA implementation is strictly related to the unit costs of sludge disposal and methane sales. These costs are highly variable and subject to frequent market fluctuations depending on different regional, national, or international scenarios. Policies aimed at the reuse of sludge could significantly reduce its disposal costs, and economic subsidies could boost the methane sale price. Therefore, the above analysis could result in different results if significant variations of the above costs were to occur. Specifically, if the incidence of the methane sales price is greater than that of sludge disposal, scheme A is the best solution for WWTP retrofitting. In contrast, scheme B could provide greater economic benefit from the reduction of sludge requiring disposal of, while allowing use of the AD for co-digestion facilities.



In addition, it should be remarked that the kinetics of methane production increased when scheme A was implemented, and simultaneously the quantity of sludge fed to the AD was decreased. From an operational point of view, this can increase the potential of exiting digesters because of the lower quantity of sludge fed daily to the digester and the faster kinetics, which may allow for digestion with external organic feedstocks.





4. Conclusions


The present study evaluated OSA process implementation in a CAS system under two different plant layouts in terms of its effects on the methane productivity achievable by anaerobic digestion of the excess sludge. The BMP assays showed that operation of the OSA plant in which the sludge was subjected to prolonged long-term exposure under anaerobic/anoxic conditions in the water line (scheme A) promoted increases of methane productivity and kinetic activity (20–40%), despite the reduction in the amount of excess sludge produced. The results demonstrated that under such conditions, cell lysis and EPS hydrolysis occurred, thereby improving sludge biodegradability and methane production. In contrast, prolonged starvation under anaerobic/aerobic conditions (scheme B) induced different metabolic pathways for minimization of excess sludge (uncoupling and maintenance metabolism) that caused a significant decrease in methane production (−80%). Therefore, retrofitting a WWTP with the OSA may allow high performances in methane production by anaerobic digestion to be maintained if specific sludge-reduction mechanisms are triggered in the water line. Moreover, the faster process kinetics and lower quantities of sludge to be managed might enhance the potential of a conventional anaerobic digester and make it suitable for co-digestion with other feedstocks.
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Figure 1. Layouts of the (a) control-CAS and (b,c) OSA plants according to scheme A and scheme B. 
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Figure 2. Excess sludge production in OSA and CAS plants during the experiment (bars indicate standard deviation). 
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Figure 3. (a–e) Cumulative methane production obtained from the excess sludge of OSA and CAS plants, in Periods 1–5 (bars indicate standard deviation). 
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Figure 4. Maximum methane productivity obtained in the BMP assays of the OSA and CAS during the experiment. 
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Figure 5. Correlation between the methane productivity and the exposure time to anaerobic conditions. 
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Figure 6. Concentrations of COD and SMP in the supernatant of the ASSR during the experiment. 
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Figure 7. Overall effects of the OSA process on excess sludge minimization and methane productivity during the experiment. 
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Figure 8. Variation of revenues related to sludge disposal cost and methane production ( [image: Water 15 00513 i001] positive variation,  [image: Water 15 00513 i002] negative variation). 
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Table 1. Main operating conditions of CAS and OSA during the experiment.
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Unit

	
CAS

	
OSA




	

	
P1–P5

	
P1

	
P2

	
P3

	
P4

	
P5






	
Operation

	
days

	
152

	
39

	
35

	
35

	
28

	
15




	
Layout

	
-

	
-

	
A

	
A

	
B

	
B

	
B




	
Influent flow

	
L d−1

	
33.6

	
33.6

	
33.6

	
33.6

	
33.6

	
33.6




	
ASSR volume

	
L

	
-

	
11.2

	
16.8

	
16.8

	
11.8

	
16.8




	
HRT-ASSR

	
h

	
-

	
8

	
12

	
12

	
8

	
12




	
Influent COD

	
mg L−1

	
732 ± 451

	
518 ± 396

	
701 ± 127

	
698 ± 201

	
728 ± 46

	
719 ± 74




	
SRT

	
days

	
8 ± 3.42

	
9 ± 1.3

	
10.3 ± 0.7

	
13.4 ± 2.5

	
11.8 ± 1.7

	
12.9 ± 1.1




	
F/M

	
gCOD gTSS−1 d−1

	
0.20 ± 0.02

	
0.17 ± 0.03

	
0.16 ± 0.04

	
0.15 ± 0.03

	
0.19 ± 0.06

	
0.16 ± 0.03
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Table 2. Summary of the main possible mechanisms involved in excess sludge minimization during each period, and percentage of primary sludge in the sludge produced by OSA and CAS.
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	Period
	Operating Conditions/

Plant Layout
	Principal Sludge

Reduction Mechanisms
	%Primary Sludge OSA
	%Primary Sludge CAS





	1
	
	
ASSR (8 h)



	
Scheme A





	Uncoupling metabolism/

EPS destruction
	63
	53



	2
	Increase HRT in ASSR



	
ASSR (HRT 12 h)



	
Scheme A





	Cell lysis, EPS destruction/uncoupling metabolism
	86
	59



	3
	Change of plant layout

	
ASSR (HRT 12 h)



	
Scheme B





	Maintenance metabolism/uncoupling metabolism
	95
	56



	4
	Decrease HRT in ASSR

	
ASSR (HRT 8 h)



	
Scheme B





	Maintenance metabolism/uncoupling metabolism
	74
	54



	5
	Increase HRT in ASSR

	
ASSR (HRT 12 h)



	
Scheme B





	Maintenance metabolism/uncoupling metabolism
	70
	51
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