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 Bifurcation Analysis of Wastewater Treatment Processes Mustafa Cagdas Ozturk and Fouad Teymour* Department of Chemical and Biological Engineering, Illinois Institute of Technology, 10 West 33rd Street, Room 127, Chicago, Illinois 60616, United States ABSTRACT: A comprehensive investigation of wastewater treatment operation is provided through utilization of a validated dynamic model, historical data from a real plant, and bifurcation theory. Bifurcation analysis was carried out with wastewater ﬂow rate, stormwater ﬂow rate, airﬂow rate, water temperature, and inﬂuent ammonia concentration as the free parameters. A twoparameter continuation using airﬂow rate and water temperature simultaneously was also performed. Results indicate an overall robustness of the plant toward disturbances, which comes at the cost of excessive energy usage. Even then, transients caused by those disturbances are inevitable and can cause violations of regulatory permits on eﬄuent ammonia and dissolved oxygen concentrations. Another important ﬁnding is the excessive air usage in aeration tanks, which can be cut by 50% on average without aﬀecting the eﬄuent quality.
 
 1. INTRODUCTION The activated sludge process is the state-of-the-art for municipal wastewater treatment. Typically, the wastewater is mixed with a biomass culture and supplied with oxygen, and the biomass metabolizes the dissolved organic matter and ammonia in the waste stream. The underlying mechanism for such a process is highly complex and involves the population dynamics of several microbial species and a complex network of chemical reactions. Additional complexity emerges when this process is carried out in a water reclamation plant (WRP), which comprises several interacting subsystems such as aeration tanks, primary and secondary clariﬁers, and solids recycle systems. With the addition of external (upstream) factors such as weather events (e.g., storms) or seasonal changes in residential/industrial wastewater patterns, optimization of wastewater treatment processes becomes more challenging. One method for analyzing such a complex system involves bifurcation theory, which makes it possible to evaluate system performance at various values of operating parameters. Results from bifurcation analysis could improve our understanding of process dynamics, help identify more favorable operating conditions, and make it signiﬁcantly easier to design robust control schemes. Such an approach should improve the sustainability, safety, and proﬁtability objectives of the plant. Conventional municipal wastewater treatment plants frequently provide more air to the aeration basin than is required.1−3 To maintain an eﬄuent quality that meets the regulatory permits, the plant is usually operated in a conservative manner, which includes high aeration rates to maximize biomass activity and minimize the ammonia content in the eﬄuent. This approach usually helps in mitigating the eﬀects of the previously mentioned external factors but brings with it an excessive energy burden associated with the compression and pumping of air. It might be easier to avoid this burden if there was an accurate way of estimating the necessary airﬂow rate (as well as other process parameters), based on process conditions. Essentially, this is what a combination of a good WRP model and a thorough bifurcation analysis is capable of doing. © 2014 American Chemical Society
 
 In addition to operational beneﬁts, bifurcation analysis can systematically address potential steady state multiplicities exhibited by this system. Concerning safe and eﬃcient operation, identiﬁcation of those steady states, as well as the relations between these, is critical in any process. As it will be evident in subsequent sections of this work, the presented WRP model exhibits four to six steady states depending on the model parameter values. While the process may seem unlikely to converge on some of these steady states, we show that the performance of the process is still aﬀected by transient disturbances, which cause the process to drift toward the domains of these seemingly unlikely steady states. Consequently, bifurcation analysis becomes essential for identifying conditions leading to undesirable states of operation, as well as possible ways to avoid such circumstances. While the bifurcation analyses of several process models (such as4−9) are available in the literature, only a handful of these studies focus on WRPs. Among those, Ajbar and Ibrahim10 used a simpliﬁed model and showed hysteresis and various stability characteristics observed at diﬀerent values of operating parameters. Flores-Tlacuahuac et al.11 used the more sophisticated ASM1 model12 along with an elaborate clariﬁer model but reported much less richness in dynamic and bifurcation behavior. Nelson and Sidhu13 investigated a single reactor without recycle, also using the ASM1 model, and reported even simpler bifurcation behavior. All of these studies use simpliﬁed models with hypothetical process inputs. The success of bifurcation analysis strongly depends on the model’s ability to replicate the rich behavior of actual processes. For that reason, we use a WRP model that has been calibrated and validated with real process inputs. Recently, Ganesan14 developed a WRP model calibrated and validated with historical data from the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) Stickney Water Received: Revised: Accepted: Published: 17736
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 Table 1. Model Variables and Parameters parameter/ variable (units) i j Ci,j (mg/L) SO,i (mg/L) Q (m3/day) V (m3) Ssat O (mg/L) KLai (day−1) ri,j, rO,i (mg day−1L−1)
 
 explanation reactor index state variable index concentration of heterotrophic biomass, autotrophic biomass, readily biodegradable substrate, slowly biodegradable substrate, inert particulate matter, particulate organic nitrogen, soluble organic nitrogen, ammonia, or nitrate dissolved oxygen concentration inﬂuent ﬂow rate CSTR volume saturation concentration of oxygen in water liquid-side mass transfer coeﬃcient for oxygen reaction rate (see Table 2)
 
 validation was carried out with eﬄuent concentrations of critical process variables such as ammonia, dissolved oxygen, and BOD5. Ganesan14 reports an estimation accuracy of approximately 90% within two standard deviations. The local airﬂow rates (ai, m3/day) along the tank were indirectly manipulated by using the overall oxygen mass transfer coeﬃcients of each CSTR, (KLa)i (day−1). Based on the historical data from Stickney WRP, Ganesan14 established a relation for (KLa)i as a function of the airﬂow rate, given in eq 3. This was done by organizing the entire historical plant data into seven clusters, using the daily local aeration rate as the clustering variable and employing the k-means clustering method. The mixed liquor suspended solids (MLSS) concentration in the tank eﬄuent (inﬂuent to the clariﬁer) was chosen as the validation parameter, and 100 days from each cluster (which are closest to the mean of the corresponding cluster) were chosen for simulation. For each day, the value of (KLa)i was manipulated to match the actual (reported) eﬄuent MLSS concentration of the plant. Upon a successful match, the (KLa)i value was associated with the aeration rate reported for that day. This procedure was repeated for each cluster, and the results were averaged to ﬁnd the ultimate value of (KLa)i associated with the corresponding averaged aeration rate. Finally the results were ﬁtted to an equation of the form in eq 3 to obtain a general expression, which is valid for local aeration rates between 0 and 14000 m3/day. Further details of this procedure can be found in Ganesan’s study.14 Based on this relation, bifurcation analysis of pumped air was conducted using (KLa)i as the free parameter.
 
 Reclamation Plant. Located west of Chicago, Stickney WRP is currently the world’s largest WRP. Since the model proposed by Ganesan14 was able to reproduce the rich dynamic behavior of Stickney WRP successfully, it was used for the bifurcation analyses in this study.
 
 2. PLANT, MODEL, AND METHODS 2.1. Stickney Water Reclamation Plant. Secondary treatment process of Stickney WRP consists of four aeration batteries. Each battery has eight aeration tanks, which are comprised of four passes and 48 manually adjustable air valves located throughout the tank. Each pass is 132 m long, making the total path length of each tank 528 m, with a width and depth of 10.4 m and 4.6 m, respectively. The plant has a design capacity of 1.2 billion gallons per day (BGD) and the maximum capacity is 1.4 BGD. Divided equally among each battery, the design ﬂow rate translates into 37.5 million gallons per day (MGD; 141,953 m3/day) for each aeration tank with a maximum of 43.75 MGD (165,612 m3/ day). These ﬁgures will constitute the “practical boundaries” of our bifurcation analysis for wastewater ﬂow rate. 2.2. Aeration Tank Model. The dynamic model of Stickney WRP introduced by Ganesan14 is based on the wellknown activated sludge model no. 1 (ASM1).12,15 The ASM1 model describes the activated sludge process using 10 state variables, as shown in Table 1. Following the assumptions made by Ganesan,14 the equations take the form given in eqs 1 and 2 for a discretized PFR. dCi , j dt dSO, i dt
 
 =
 
 Q (Ci − 1, j − Ci , j) + ri , j V
 
 (1)
 
 (KLa)i =
 
 Q = (SO,(i − 1) − SO, i) + (KLa)i (SOsat − SO , i) + rO, i V (2)
 
 1468.62ai 3.41 3.84 × 1012 + ai 3.41
 
 (3)
 
 2.3. Clariﬁer Model. The bifurcation analysis additionally requires a model for the settling tank. Under normal conditions, the model assumes an ideal clariﬁer, which can separate the sludge from the water with a negligible amount of suspended solids in the top stream, as shown schematically in Figure 1. However, in a bifurcation analysis, one may go beyond the practical boundaries of the process (such as inﬂuent ﬂow rate) for the sake of mathematical completeness of the analysis. Therefore, a clariﬁer eﬃciency was deﬁned based on the inﬂuent ﬂow rate. When the ﬂow rate is well above the maximum capacity of the tank, settling eﬃciency gradually decreases and causes elevated suspended solids to carry over into the eﬄuent. A plot of settling eﬃciency as a function of inﬂuent ﬂow rate is given in Figure 2. Based on this, a 100%
 
 The model variables and parameters are deﬁned in Table 1, and the rate expressions are given in Table 2 as deﬁned by ASM1. Throughout this study, default values were used for the ASM1 kinetic parameters, which can be found elsewhere.12,16,17 Ganesan14 showed that a series of 48 continuous stirred tank reactors (CSTRs; based on the 48 air valves distributed along the length of the tank) was able to reproduce the dynamic behavior of the aeration tank. Therefore, a train of 48 wellmixed CSTRs (each with a volume of 526 m3) was used to approximate the plug ﬂow reactor (PFR), which results in 480 nonlinear ordinary diﬀerential equations (ODEs). A ﬂowchart of the discretized process is given in Figure 1. The model was validated with 3002 days of plant data from Stickney WRP. The 17737
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 purpose, k-means clusters were formed using the historical data, which were based on water temperature, precipitation, and stormwater reaching the plant. The stormwater comes from the Chicago area Tunnel and Reservoir Project (TARP).18,19 Initially, good representatives from each cluster were used to conduct separate bifurcation studies and yielded similar levels of complexity in each case, with only quantitative diﬀerences. Therefore, the average of these clusters was used to determine a single representative day, which may be properly modiﬁed to represent diﬀerent clusters (cases). Table 3 lists the characteristics of this representative day. A customized continuation algorithm was employed to handle the 480 highly nonlinear algebraic equations. KINSOL module of the SUNDIALS20 package, a Newton-Krylov solver, was used in this algorithm to solve the algebraic equations eﬃciently. The algorithm was tested with previously studied bifurcation problems21,22 and was able to reproduce the results accurately. The bifurcation algorithm follows 480 state variables; however, for practical purposes, we only show the eﬄuent concentrations of four important state variables: Heterotrophic biomass, autotrophic biomass, ammonia, and dissolved oxygen. In those diagrams, stable and unstable steady states are represented by blue (dark gray) and gray (light gray) lines, respectively. The steady states in each case were classiﬁed into four groups based on the presence or absence of biomass. Accordingly, the four types of steady states are (i) coexistence (CE), which is the nominal case in which both types of biomass exist; (ii) heterotrophs-only (HO); (iii) autotrophs-only (AO); and ﬁnally (iv) washout (WO), where there exists no biomass in the tank.
 
 Table 2. Rate Expressions for Activated Sludge Model No. 1
 
 3. RESULTS AND DISCUSSION 3.1. Characteristics of Normal Operation. Normal operation of the Stickney WRP involves the coexistence of two types of biomass (autotrophic and heterotrophic), and any anoxic or anaerobic zones within the tank are minimal. Plant eﬄuent requirements, deﬁned by the permit program of the National Pollutant Discharge Elimination System (NPDES), are given in Table 4.23 Usually successful treatment results in concentrations of ammonia in the eﬄuent much less than 1 mg/L, dissolved oxygen above 6 mg/L, and the carbonaceous biochemical oxygen demand (CBOD) around 3 mg/L. The plant is normally operated successfully at the nominal steady state (NSS) as a result of continuous adjustments that are made either manually by the operators or through the feedback process control system. From the point of view of the operator, the process is designed to exist at this single steady state. However, the NSS does not preclude the existence of other steady states or complex dynamic phenomena in the process parameter space surrounding it. Thus, the operator might argue that the only important knowledge about the process is what pertains to the NSS, and to a certain extent this view is valid. However, the additional knowledge obtained from a thorough bifurcation analysis allows the designer/operator/ analyst to gain additional insight into the process possibilities and limitations and opens the door for further improvement to the process from the perspectives of process economics, sustainability, and process safety. 3.2. Model Dimensionality and Stability of Steady States. The WRP under consideration involves multiple biological species with complex interactions that include a range of products and substrates. Before we explore the
 
 eﬃciency of the clariﬁer would mean that all of the solids in the clariﬁer inﬂuent are settled and do not appear in the top stream, whereas a 0% eﬃciency would mean that the concentrations of the solids are equal in top and bottom streams leaving the settling tank. 2.4. Bifurcation Strategy. In order to conduct the bifurcation analyses, daily average data recorded between the years 2001 and 2009 from Stickney WRP were used. For that 17738
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 Figure 1. Schematic of the discretized activated sludge tank and the settling tank. Solid arrows indicate streams containing a mixture of soluble components and solids, while dashed lines indicate streams that comprise soluble components only.
 
 Figure 3. Overall relationship between heterotrophic and autotrophic biomass species. Each arrow pointed toward a biomass species implies consumption of the corresponding matter by that species. Any arrow pointing from a biomass species implies the synthesis of the corresponding matter by that species. Solid lines show metabolism under aerobic conditions, whereas dashed lines show anoxic metabolism.
 
 Figure 2. Settling eﬃciency in the clariﬁer as a function of inﬂuent ﬂow rate. The dashed line shows the maximum design ﬂow rate of the activated sludge tank.
 
 Table 3. Inﬂuent Characteristics of the Average Day Used for Bifurcation Analyses inﬂuent parameter
 
 units
 
 corresponding value
 
 water temperature inﬂuent ﬂow ratea airﬂow rate BOD5 NH3−N total suspended solids
 
 °C MGD MCFDb mg/L mg/L mg/L
 
 17.4 21.24 17.56 115.4 14.8 111.6
 
 This reaction network diagram can be easily deduced from the rate expressions deﬁned in the ASM1 model, and an elaborate discussion involving all species and reactions can be found elsewhere.24 As shown in Figure 3, it is evident that ammonia and nitrate are essential components for the biological functioning of this network. Heterotrophic biomass produces ammonia through ammoniﬁcation of soluble organic nitrogen (SND) under all conditions. Under aerobic conditions, the heterotrophic biomass uses ammonia along with readily biodegradable substrate (SS) for cell growth. However, under anoxic conditions, heterotrophs switch to a growth process that utilizes nitrates as the substrate. Figure 3 also shows that nitrates are only produced by the autotrophic biomass, and only through oxidation of ammonia. Thus, we see that (a) both ammonia and nitrates are used as substrates by the heterotrophs, (b) ammonia is also a product of heterotrophs, and (c) autotrophs strictly utilize ammonia as a substrate and nitrates as a product. While the conditions leading to these various scenarios can be diﬀerent, we should note that each of these conditions is usually replicated in some zone in the aeration tank. This analysis suggests the existence of an interdependence relation between the biomass species that is at times commensalistic and at times mutualistic. Heterotrophs are able to consume ammonia under aerobic conditions without any nitrate. However, the autotrophs would still need the
 
 a Plant-wide average TARP ﬂow rate is 100.6 MGD, which corresponds to 3.144 MGD in the inﬂuent of a single aeration tank. b MCFD = million cubic feet per day.
 
 Table 4. NPDES Permits on Plant Eﬄuent pollutant
 
 discharge permit
 
 BOD5 suspended solids NH3−N
 
 4−30 mg/L (monthly average) 5−30 mg/L (monthly average) 2.5 mg/L (monthly average) April to October 5.0 mg/L (daily limit) April to October 4.0 mg/L (monthly average) November to March 8.0 mg/L (daily limit) November to March
 
 bifurcation behavior of this process, it would be instrumental to analyze the interdependency relationships that exist between the biomass species. Figure 3 shows an overall relation map between the autotrophic and heterotrophic biological species. 17739
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 Figure 4. Steady state proﬁles of the aeration tank at NSS, as deﬁned in Table 3. Each star denotes a single CSTR.
 
 ammonia produced by heterotrophs in this scenario. From this perspective, the relation seems commensalistic. However, under anoxic conditions, heterotrophs would need the nitrate produced by autotrophs to metabolize the same substrates. In this case, the relationship appears to be mutualistic. To further explore the eﬀect of spatial conﬁguration on this interdependency relationship, we look at Figure 4, which shows the steady state proﬁles present in the aeration tank at the nominal operation conditions of Table 3. The oxygen concentration proﬁle in this ﬁgure shows that the entrance zone of the aeration basin starts out with low dissolved oxygen and then develops into a plateau region at an intermediate oxygen concentration. This plateau is followed by a transition to a higher oxygen concentration plateau and eventually fully aerobic conditions. The ASM1 model uses an expression with the half-saturation coeﬃcient for oxygen as a way to deﬁne switches that turn some reactions on, or oﬀ, depending on the nature of the zone. Based on the value used for this expression, ASM1 assumes anoxic conditions when dissolved oxygen concentration is less than 0.1 mg/L and fully aerobic conditions when it is greater than 10 mg/L. Intermediate ranges are allowed to have both reaction types. Autotrophs are able to produce nitrates under oxygen-rich conditions only. However, the heterotrophs tend to need nitrates under oxygen-poor conditions. Therefore, the nitrate produced in the fully aerobic zone of the tank can be utilized by heterotrophs in oxygen-poor zones. Notice that, even though nitrates are primarily produced at the end zone of the tank, they are recycled through the return activated sludge (RAS) stream to the oxygen-poor zone at the entrance of the tank. Likewise, ammonia synthesized by heterotrophs in this entrance zone can be utilized by autotrophs in the fully aerobic zone. Therefore, the feedback mechanism in the system is not only present locally, but also between zones, leading to emergence of complex behavior. This behavior is manifested by the emergence of multiplicity of the steady states and by a host of complex steady state and dynamic behaviors.
 
 Another important consideration in multispecies processes is the determination of whether the species can coexist in the process or end up in a state of dominance of only one species. The coexistence state is generally unstable in a well-mixed system, where the interaction between the species is “pure and simple” (i.e., the competition takes place through resources).25 However, in systems where commensalism and/or mutualism occur the situation can be diﬀerent. This can be seen in the process studied here, where the coexistence branch is always stable (as long as both biomass species are present in the system) as a result of the complex interaction between the species, as depicted in the reaction pathway of Figure 3. Naturally, the single-species states also exist alongside the coexistence state, because it is always possible to prevent one of the species from ever entering the reactor and thus prohibit coexistence from occurring. When this type of multiplicity is present in a process, the stability character of the single-species state might change depending on whether the second species is allowed into the process or not. This phenomenon of “conditional” stability in a subspace has often been displayed in the literature but not discussed in detail. We include a discussion in the following section. 3.3. Eﬀect of Inﬂuent Flow Rate. The amount of wastewater WRPs receive can change frequently, depending on weather conditions, industrial activity, and even social events. The minimum and maximum daily inﬂuent ﬂow rates recorded at Stickney WRP between 2001 and 2009 were 268.8 and 1820.8 MGD, respectively. For a single tank, this would correspond to minimum and maximum ﬂow rates of 8.4 MGD (31,797 m 3 /day) and 56.9 MGD (215,389 m 3 /day), respectively. This gives a process residence time of 19 to 3 h. Given this considerable range, it is important to understand the eﬀect of inﬂuent ﬂow rate and its associated change in the hydraulic retention time on the operation of the activated sludge process. A bifurcation analysis will help identify various types of operating regimes and allow operators to take precautions to avoid dangerous situations, such as the loss of 17740
 
 dx.doi.org/10.1021/ie502583q | Ind. Eng. Chem. Res. 2014, 53, 17736−17752
 
 Industrial & Engineering Chemistry Research
 
 Article
 
 Figure 5. Bifurcation diagram showing the variation in eﬄuent properties as inﬂuent ﬂow rate is varied. Other input conditions are as given in Table 3. The nominal value of the ﬂow rate is 80,405 m3/day (dashed line), and the maximum allowed ﬂow rate is 165,612 m3/day (dotted line). Blue (dark gray) lines show stable steady states, whereas gray (light gray) ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO. 17741
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 Figure 6. Bifurcation diagram showing the variation in eﬄuent properties as inﬂuent ﬂow rate is varied at 9.4 °C. Other input conditions are as given in Table 3. The nominal value of the ﬂow rate is 80,405 m3/day (dashed line) and the maximum allowed ﬂow rate is 165,612 m3/day (solid line). Blue (dark gray) lines show stable steady states, whereas gray (light gray) ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO (see Figure 5).
 
 biomass. In this analysis, the inﬂuent ﬂow rate to the plant is varied as the main bifurcation parameter, while all other inputs are kept constant at the values given in Table 3. As a result, the direct impact of this variable on the process can be determined. Figure 5 shows all steady state species concentrations in the tank eﬄuent as the inﬂuent ﬂow rate is changed. As discussed previously, this process is capable of sustaining two diﬀerent biological species, either in coexistence or individually. As a result, Figure 5 shows four diﬀerent types of steady states. These are denoted on the diagram and are classiﬁed according to the types of biomass present in the process. Normal operation of the plant is carried out under conditions of coexistence of heterotrophs and autotrophs. But other steady states exist as well, where the tank contains heterotrophs only, autotrophs only, or no biomass at all. The latter is known as a state of WO. In the biomass plots, there are coexistence and single-species steady states in addition to the washout steady state. Despite the presence of four steady states, only three distinct sets of steady states can be observed on biomass diagrams as a result of the overlap of washout and single-species curves. For example, if the plant is running without autotrophs, the bifurcation diagram for autotrophs will merely show a ﬂat line at zero concentration, which is the same as the line that belongs to the absence of both species (WO). The bifurcation diagrams in Figure 5 allow us to evaluate the role of each species of biomass in the success of the wastewater treatment process. For example, an interesting observation is the possibility of operating the process with only autotrophs.
 
 While this sounds unusual for wastewater treatment operation, the eﬄuent concentrations of oxygen and ammonia seem to be the same as in the coexistence mode, where the discharge permits are met. However, this mode also leads to much higher concentrations in many other species, which further increase COD and TKN (most notably particulate organic nitrogen and slowly biodegradable substrate), therefore rendering it infeasible at any ﬂow rate. Likewise, a similar but more apparent conclusion can be made for the heterotrophs-only mode. In Figure 5, we see that eﬄuent ammonia remains at very high concentrations under such type of operation. At higher ﬂow rates, the ammonia concentration tends to decrease slightly, as a consequence of the decreased residence time on the eﬄuent. This ﬁnding basically shows that the ammonia content of the wastewater cannot be handled in the absence of autotrophic biomass. Therefore, the loss of autotrophic biomass should be avoided at all costs. Thus, the inﬂuent wastewater ﬂow rate is a critical parameter in this process, since it determines the residence time and has a direct eﬀect on the species concentrations in the tank. In a coexistence scenario, when the ﬂow rate is increased from its nominal value of 80,405 m3/day (denoted by the dashed line), the concentrations of both species of biomass continue to increase. This trend goes on until a peak is reached. Then the biomass concentration begins to decrease, and eventually the autotrophs are washed out. The parallel trend in biomass concentrations indicates a mutual relation between the two species, as their concentrations are always higher when they coexist. Meanwhile, the ammonia concentration initially 17742
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 Figure 7. (a) Dynamic simulations showing the eﬀect of step increases in inﬂuent ﬂow rate. At steady state, the ﬂow rate was increased to 400,000 m3/day from the nominal ﬂow rate of 80,405 m3/day and eventually restored to its nominal value. In the ﬁrst case, the step change was sustained for 1 day (solid lines), whereas in the other one it was sustained for 97 days. Both transients result in violation of discharge permits, whereas autotrophs were only washed out in the long transient case. (b) Step change in inﬂuent ﬂow rate as a function of time.
 
 the washout of autotrophs, the heterotrophs-only state becomes the only stable solution. As clearly seen in Figure 5, the washout of autotrophs is only possible at ﬂow rates exceeding the maximum allowed ﬂow rate in the tank (dotted line on the charts). However, washout can happen within the design ﬂow rates of the tank on colder days, as is easily seen when the bifurcation analysis is carried out with the same conditions as in Figure 5, but at a lower temperature. As depicted in Figure 6, the bifurcation point that marks the loss of autotrophs shifts down to 93,111 m3/day when the temperature is 9.4 °C. Therefore, the loss of autotrophic biomass, which marks the onset of elevated levels of ammonia in the eﬄuent, is possible within the design operating region, especially during the cold season.
 
 remains almost unaﬀected, whereas the oxygen concentration tends to decrease slightly. However, past the peak where autotrophs are washed out, the ammonia concentration in the eﬄuent reaches very high levels. In contrast, readily biodegradable substrate, soluble organic nitrogen, and particulate organic nitrogen are minimally aﬀected by changes in the ﬂow rate. However, inert particulate matter and nitrate concentrations tend to decrease with increasing ﬂow rates, whereas slowly biodegradable substrate concentration increases. This bifurcation analysis conﬁrms an important fact about the wastewater treatment operation: The synergistic eﬀect between heterotrophs and autotrophs is essential for the proper operation of the process. Note that at ﬂow rates exceeding 17743
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 in any space that does not include all types of biomass. When either, or both, biomass species is removed from the process, the dimensionality of the model is reduced. Therefore, the stable manifold to which the states converge does not exist in the lower-dimensional space. Consequently, the states must converge onto a previously unstable manifold in that subspace, which also by necessity becomes stable. This phenomenon can be better understood by studying the eigenvalues of the model. Figure 8 shows the four largest eigenvalues of the heterotrophs-
 
 While the bifurcation analysis clearly pinpoints conditions at which autotrophs are washed out, it is not reasonable to assume that extreme cold or increased ﬂow rate will be sustained for a long time. The transient impact of such conditions can be better evaluated using dynamic simulations. Figure 7 presents dynamic simulations performed starting at the NSS. In the ﬁrst one (indicated by solid lines), a step increase in ﬂow rate to 400,000 m3/day was introduced at day 4 and sustained for 1 day, after which the ﬂow rate was restored to its nominal value. Following the step change in ﬂow rate, biomass concentrations start decreasing immediately. At the same time, eﬄuent ammonia concentration quickly increases above 40 mg/L as a response to the decreasing concentration of autotrophs, and leads to the violation of discharge permits. Oxygen is also upset by the step change; however, the values remain within acceptable levels. Upon restoration of the ﬂow rate to its nominal value at day 5, autotrophs concentration starts to increase, which brings down the elevated ammonia concentration swiftly. Subsequently, the concentration of heterotrophs also decreases to their nominal value and oxygen level also rises back. This series of events, triggered by a distress in autotrophs, once again signiﬁes their key role in the activated sludge process. Even when the autotrophs are not fully washed out from the aeration tank, the discharge permits can be severely violated. On the other hand, complete washout of autotrophs requires the sustainment of the increased ﬂow rate for several days. This scenario is simulated dynamically for the purpose of illustration (even though it is not practically realistic) and is shown as dashed lines in Figure 7. When the step increase in ﬂow rate is sustained for 97 days instead, autotrophs decrease until completely washed out, whereas ammonia increases further. As autotrophs get washed out, the oxygen demand also decreases, which brings the DO levels near the nominal value. However, when the ﬂow rate is returned to its nominal value on the 100th day, the autotrophs are not in the tank anymore and oxygen and ammonia concentrations slightly increase in response to the higher residence time. From this dynamic simulation, it can be seen that the washout of autotrophs is a catastrophic event, as it cannot be reversed without the introduction of new amounts of this type of biomass. Yet, addition of any amount of autotrophs can replenish the species. This is a result of the phenomenon of “conditional stability in a subspace”, as the heterotrophs-only steady state is unstable in a process that includes both species (Figure 5), yet is stable in a subspace in which autotrophs are not allowed. This phenomenon results from the relative relationship between the species and the speciﬁc growth kinetics used. It can be explained rigorously and also intuitively. Note that, under normal conditions, the coexistence branch is stable, whereas the heterotrophs-only, autotrophs-only, and washout branches are unstable. Since the coexistence branch is the only stable branch, a critical question needs to be asked: What would happen if any species is removed from the process, for example, by toxic shock or washout? To which branch does the process converge? Recalling that any physically realizable process must have at least one stable attractor, we need to determine the long-term fate of the process under this species elimination. Analysis of the stability of the process while varying the dimensionality of the model can answer those questions. The model presented in this work is discretized such that the process exists in a hyperspace of 480 dimensions. The coexistence steady state is stable in this space and is nonexistent
 
 Figure 8. Four largest steady state eigenvalues of the heterotrophsonly steady state as a function of inﬂuent ﬂow rate. Eigenvalues obtained from (a) the full Jacobian of the model and (b) autotrophseliminated Jacobian of the model. Eigenvalues of the full model is stable only after the bifurcation point; however, the reduced model eigenvalues are always stable. Note that the discontinuity in the curves around 285,000 m3/day is a consequence of the constraints on the clariﬁer, which dictates that solids will be lost in the clean eﬄuent beyond this point.
 
 only steady state as a function of inﬂuent ﬂow rate. In Figure 8a, the eigenvalues of the full model cross into the lower plane at the branching point and thus indicate a transition to stability. However, the same steady state exists in a reduceddimensionality space that results from the elimination of autotrophs from the model. Mathematically, this is equivalent to eliminating a number of rows and columns from the Jacobian matrix of the model. The eigenvalues of the reduced Jacobian, in contrast to the full Jacobian, are stable before and after the bifurcation point that marks the washout of autotrophs (Figure 8b). This demonstrates that a solution branch can be stable in a subspace while strictly unstable in a larger encompassing space. Interestingly, the practical implication of this phenomenon is that a process can be run under conditions that are stable against perturbations in any of its inputs, for example, inﬂuent ﬂow rate or water temperature, except one that changes the 17744
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 Figure 9. Bifurcation diagrams showing the variation in the aeration tank eﬄuent as the inﬂuent stormwater ﬂow rate is varied. Other input conditions are as given in Table 3. Blue (dark gray) lines show stable branches whereas gray ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO. Nominal operation takes place at the far left side of the diagrams on the CE branch without any stormwater in the inﬂuent. Dotted lines show the ﬂow capacity of the tank (165,612 m3/day of total ﬂow rate or 85,207 m3/day of stormwater).
 
 assumed to combine prior to the RAS return point, leading to a diluted overall inﬂuent to the plant (qiṅ ), as shown in eq 4.
 
 dimensionality of the space. In other words, a process that is operating under heterotrophs-only conditions will unavoidably migrate to a coexistence state if any amount (theoretically, even a single cell) of autotrophic biomass is introduced into the process. 3.4. Eﬀect of Storm Water. As with many cities constructed prior to 1950, the City of Chicago uses a combined sewer system, in which stormwater is combined with sanitary sewage and transported to the WRP. Events such as rain or snowmelt lead to important variations in the inﬂuent ﬂow rate to the WRP. While the stormwater dilutes the wastewater in the inﬂuent stream, it may also aﬀect the residence time of the wastewater within the plant and lead to incomplete treatment. In general, if the infrastructure allows storage of stormwater in a tunnel system or if the precipitation is moderate, the plant may be minimally aﬀected. However, when the tunnel system is full and/or there is excessive precipitation, the treatment operation would be endangered. Indeed, this scenario is fairly possible in the winter−spring transition period, where the snow is melting and precipitation is frequent. As shown earlier in Figure 6, the situation is exacerbated by the cold weather. Analysis of stormwater ﬂow rates can reveal the ﬂexibility of the process under excessive stress, as well as the extent of failure of the treatment operation. In order to better analyze the eﬀects of ﬂow rate and residence time on the operation of the activated sludge process, a bifurcation analysis with the stormwater ﬂow rate as the free parameter is presented. In order to conduct this analysis, we vary the ﬂow rate of stormwater (qstorm ), which comes to the plant along with the ̇ nominal wastewater inﬂuent (qnormal ). These two streams are ̇
 
 qiṅ = qnormal + qstorm ̇ ̇
 
 (4)
 
 Between the years 2001 and 2009, the tunnel water fed to an aeration tank varied between 0 and 17.8 MGD (or 67,380 m3/ day). In the bifurcation analysis, the range of stormwater ﬂow rate was set to be [0−5,000,000] m3/day to obtain complete bifurcation diagrams. All other process parameters were kept as given in Table 3. For this case, we assume the stormwater to be clean and rich in dissolved oxygen. This assumption ignores what is often termed as the “ﬁrst ﬂush”, a phenomenon that increases the COD/BOD and suspended solids in the inﬂuent immediately after the start of a storm. This typically happens as accumulated grit and organic matter are ﬂushed oﬀ the pavement and into the sewer. Figure 9 shows the bifurcations diagrams for the case where inﬂuent stormwater ﬂow rate is used as the bifurcation parameter. We see that the number of steady states is the same as in the previous section and that the same classiﬁcation applies. Nominally, the plant operates without any stormwater in the inﬂuent (i.e., far left of side of the diagrams) on the coexistence branch. On the coexistence branch, initially there is minimal variation of eﬄuent quality as the ﬂow rate is increased. Past 10,000 m3/ day, however, the eﬀect of reduced residence time becomes apparent as biomass concentrations start to decrease at a faster rate. In contrast, the oxygen and ammonia concentrations remain nearly constant. As the maximum design ﬂow rate is reached at a total of 165,612 m3/day, ammonia concentration 17745
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 Figure 10. Bifurcation diagrams showing the eﬀect of water temperature on eﬄuent properties. Other input conditions are as given in Table 3. The nominal operating temperature is 17.4 °C (dashed line). Blue (dark gray) lines show stable steady states, whereas gray (light gray) ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO.
 
 starts rising as a response to the roughly halved biomass concentrations, speciﬁcally to the autotrophs. Following the rise in ammonia, the dissolved oxygen starts to decrease. At this point, however, the changes in ammonia and oxygen concentrations are fairly small and therefore do not lead to violation of discharge permits. Further increment of stormwater to ∼136,300 m3/day (a total inﬂuent ﬂow rate of 216,705 m3/ day) ends up with the washout of autotrophs from the tank. This shows that under diluted feed conditions, the washout of autotrophs is more likely when compared to increases in inﬂuent ﬂow rate with a constant waste concentration. In addition to all of these scenarios, it should be noted that the bifurcation analysis using stormwater ﬂow rate is fairly analogous to the analysis using the inﬂuent ﬂow rate. The very beginning of Figure 9 is essentially the bifurcation diagram that uses inﬂuent ﬂow rate as the free parameter (Figure 5). Therefore, the consequences of high ﬂow rates (e.g., the loss of autotrophs) are expected to be similar. Following the heterotrophs-only branch in Figure 9 based on this analogy, initially the ammonia levels are very high, which results from the absence of autotrophs. However, the dissolved oxygen concentration is almost the same as coexistence. As the stormwater is increased, the concentrations of heterotrophs and ammonia decrease. The oxygen concentration in this case, however, remains almost constant as the oxygen demand from the biomass is also decreased. The evolution of the autotrophs-only branch is similar, except for oxygen and ammonia. The autotrophs-only mode can deal with ammonia as well as the coexistence mode. The ammonia concentration is not aﬀected up until the maximum capacity of the tank is reached. Similarly, oxygen is minimally
 
 aﬀected by the stormwater. However, consequences of this operation mode are the same as those presented in the previous section: The eﬄuent COD and TKN are higher than the coexistence mode. Under the average conditions listed in Table 3, the aeration tank can operate without any imminent danger at steady state. However, during the storm events, the change in residence time may in fact cause transient behavior, which leads to the discharge of untreated waste into the receiving bodies. In other words, the concentration of pollutants such as ammonia may temporarily increase in the discharge stream and lead to violation of regulatory permits. Detailed dynamic analysis of such events can be found elsewhere.14 3.5. Eﬀect of Water Temperature. Water temperature is one of the most critical parameters in wastewater treatment, because of its marked impact on the kinetics of the biochemical processes, and ultimately the eﬃciency of the treatment process. According to the daily average data from Stickney WRP between years 2001 and 2009, the reported minimum and maximum daily water temperature averages are 5.2 and 29.9 °C, respectively. Such a wide variation of water temperature would have pronounced eﬀects on the activated sludge process. Dangerous events that are unlikely at a certain temperature (such as the washout of autotrophs) were earlier shown to become very likely at a diﬀerent temperature. In order to better understand this and other eﬀects of water temperature, a bifurcation analysis was performed using the wastewater temperature as the bifurcation parameter. This bifurcation analysis can be seen in Figure 10. In Figure 10, the typical four distinct branches, which were also shown in other bifurcation diagrams in earlier sections, are 17746
 
 dx.doi.org/10.1021/ie502583q | Ind. Eng. Chem. Res. 2014, 53, 17736−17752
 
 Industrial & Engineering Chemistry Research
 
 Article
 
 Figure 11. Dynamic simulation showing the eﬀect of a drop in temperature on eﬄuent quality. Water temperature was dropped from 9.4 to 7.9 °C at day 2 and was restored to the previous temperature at day 3. Although the autotrophic biomass was not washed out, eﬄuent ammonia concentration rises quickly.
 
 present. Nominally, the process operates on the coexistence branch and at a water temperature of 17.4 °C, which is shown as the dashed line in Figure 10. As the water temperature is increased from 17.4 °C, biomass concentrations also decrease. Here, one may expect an increase instead, since the increased temperature positively aﬀects the growth kinetics of the biomass. On the other hand, solubility of oxygen in the wastewater is also decreased with increasing temperature and limits the growth of the biomass. Therefore, the eﬀect of temperature is rather a trade-oﬀ between growth kinetics of biomass and the solubility of oxygen in water. We also see that the same conclusion can be made for autotrophs- and heterotrophs-only branches. Despite the decreasing biomass and dissolved oxygen concentrations, the higher temperatures do not aﬀect ammonia. This can be explained by considering the dissolved oxygen concentration at the high water temperatures. Even at 30 °C, the eﬄuent concentration of dissolved oxygen stays above 7 mg/L. This concentration is fairly suitable for the metabolism of both types of biomass and is apparently suﬃcient for nearly complete oxidation of ammonia in the tank. Based on this observation, it is advisable to keep the aeration rate suﬃciently high in hot summer months to ensure reliable DO levels and proper treatment of ammonia. When the water temperature is decreased from its nominal value, on the other hand, biomass concentrations increase following the abundance of dissolved oxygen in water. Ammonia in this case is also seen to be unaﬀected by the temperature change, as the excess DO concentrations does not contribute further into its treatment by the autotrophs. This trend goes on until a peak point near 8 °C, where the
 
 concentration of autotrophs drops to zero within a very narrow temperature interval. By this point, as the autotrophs disappear from the activated sludge tank, the ammonia concentration reaches very high concentrations, and permit violations are unavoidable. When the autotrophs disappear from the activated sludge tank, the heterotrophs-only branch becomes stable. From this perspective, this bifurcation is analogous to the washout of autotrophs by excessive ﬂow rates. On any branch, the eﬀect of temperature appears to be very similar. On the autotrophs-only branch, ammonia remains very low until low temperatures are reached. In an autotrophs-only scenario, however, the steady state ammonia concentration is higher than the coexistence mode at lower temperatures. However, as shown earlier, this mode of operation does not meet the discharge standards for BOD and TKN. Also, on the heterotrophs-only branch the ammonia concentration is always very high, indicating the infeasibility of such operation. The washout branch is the only case where biomass and ammonia concentrations are insensitive to the change in temperature. However, the eﬀect on dissolved oxygen concentration is still the same as in the other scenarios. It is important to note that the drastic changes that happen to the steady state concentrations of autotrophs and ammonia occur within a very narrow temperature window. The branch point basically indicates that the autotrophic biomass cannot be safely sustained at water temperatures below ∼8 °C. Based on the trials at diﬀerent conditions (high/low ﬂow, aeration, and RAS, etc.) with the model, it seems that this branch point is rather a function of the kinetic parameters. To better understand the dynamics of how ammonia concentration increases as a response to a drop in temperature, 17747
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 Figure 12. Bifurcation diagram showing the variation in eﬄuent properties as the airﬂow rate is changed at 17.4 °C. Insets show the saddle-node bifurcation discovered. Other input conditions are as given in Table 3. Blue (dark gray) lines show stable steady states, whereas gray (light gray) ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO. Dashed lines show the nominal value of the mass transfer coeﬃcient, KLa (1340 day−1).
 
 bifurcation analysis using airﬂow rate as the bifurcation parameter was performed indirectly by varying the liquid-side mass transfer coeﬃcients of oxygen ((KLa)i, day−1). This was achieved by using a single value, KLa, for all (KLa)i and manipulating it simultaneously in all CSTRs. Figure 12 shows the bifurcation diagram for aeration at 17.4 °C. Nominal operation takes place on the coexistence curve at KLa = 1340 day−1. Around the nominal conditions, neither increase nor decrease in airﬂow rate has a great eﬀect on the process, conﬁrming the assertion that the process is overaerated. If the airﬂow rate is, however, decreased signiﬁcantly (KLa below 600 day−1), dramatic changes in the process response are observed. After this point, the oxygen concentration starts decreasing and leads to a consequent decrease in the concentration of autotrophs. Subsequently, the ammonia concentration starts to increase since the concentration of autotrophs is decreasing. Around 500 day−1 on the coexistence branch, there is also a saddle-node bifurcation that happens, which increases the total number of steady states to 6. As shown in the insets of Figure 12, there are three coexistence steady states in this region, two of which are stable. The presence of the saddle-node brings the possibility of ignition/extinction, as the rate of aeration is decreased/increased. On the other hand, the extent of the ignition/extinction is very limited as seen in the insets of Figure 12. Except for the heterotrophs, which can increase/decrease signiﬁcantly upon ignition/extinction, the changes in ammonia, dissolved oxygen, and autotrophic biomass represented by this multiplicity would be barely detectable in a real process.
 
 a dynamic scenario was devised. This scenario can be seen in Figure 11. In this scenario, the plant was operated at steady state with the parameters given in Table 3, except at a water temperature of 9.4 °C. By day 2, the water temperature was dropped to 7.9 °C and was kept there for 1 day. The next day (day 3), the temperature was increased back to 9.4 °C. As seen in Figure 11, eﬄuent ammonia concentration quickly rises above 4 mg/L upon the 1.5 °C drop in temperature and reaches 6 mg/L by the end of the day. Meanwhile the concentration of heterotrophs increases as a response to increased dissolved oxygen concentration. However, concentration of the autotrophs decreases steadily as long as the temperature remains below ∼8.2 °C. Therefore, the ammonia concentration also rises. This dynamic simulation shows that permit violations can occur without the washout of autotrophs and within short time intervals. Still, if the temperature rises back above 8 °C, the process is able to recover the autotroph population and hence suppress the extra ammonia. 3.6. Eﬀect of Aeration. One of the main objectives of this work is to explore the feasibility of sustainable operation of WRPs. The largest fraction of the energy consumed in a WRP comes from the pumping of compressed air into the aeration tanks.2,3 Therefore, a great extent of the sustainability goal can be achieved by identifying a strategy to minimize aeration while preserving robustness. It was already shown that much more air than needed is pumped to aeration tanks as a conservative means to make the process less vulnerable to changing operating conditions.14 Bifurcation analysis can be useful in determining the amount of air needed for safe operation. A 17748
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 Figure 13. Two-parameter bifurcation diagram for aeration at various temperatures. The dashed line shows the asymptote indicating the washout of autotrophs at low temperatures. Nominal operation takes place at 1340 day−1 and 17.4 °C (not shown on the ﬁgure).
 
 Figure 14. Bifurcation diagram showing the variation in eﬄuent properties as the airﬂow rate is changed at 27.4 °C. Other input conditions are as given in Table 3. Blue (dark gray) lines show stable steady states, whereas gray (light gray) ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO. Dashed lines show the nominal value of the mass transfer coeﬃcient, KLa (1340 day−1).
 
 The extent of savings from aeration is outstanding in Figure 12. The nominal airﬂow rate in each CSTR (10,361 m3/day, or in terms of mass transfer coeﬃcient, 1340 day−1) can be decreased to 4640 m3/day without aﬀecting the eﬄuent quality. This would enable nearly 45% savings in aeration and therefore energy. While this estimate would be valid for average conditions, the air requirement and hence the energy savings may be higher or lower depending on the season and average water temperature. To further explore this eﬀect, the same bifurcation analysis was
 
 repeated at lower and higher temperatures and a two-parameter bifurcation diagram was constructed. For this purpose we track the changes to the two limit points (LP1 and LP2) and the branch point (BP1) shown in Figure 12 at diﬀerent temperatures, as shown in Figure 13. In Figure 13, nominal operation takes place at 1340 day−1 and 17.4 °C, at the far right side of the plot that is not shown. If the airﬂow rate (and therefore KLa) is decreased at this temperature, multiplicities are not encountered until approximately 550 day−1. It is desirable to avoid this ignition/ 17749
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 Figure 15. Bifurcation diagrams showing the eﬀect of inﬂuent ammonia loading on eﬄuent properties. Inset shows close-up of the stable coexistence and the autotrophs-only curves. Other input conditions are as given in Table 3. The nominal value of the inﬂuent ammonia concentration is 14.8 mg/L. Blue (dark gray) lines show stable steady states, whereas gray (light gray) ones show unstable ones. Four types of steady states are observed: HO, AO, CE, and WO.
 
 branch point of coexistence and heterotrophs-only branches, as the aeration is increased the heterotroph population and the dissolved oxygen concentration increase slightly. Nevertheless, the process is in the oxygen-deprived regime, and it can be said that the anoxic metabolism is dominant. Further evidence of this can be seen as a slight decrease in ammonia concentration, which indicates its consumption by the heterotrophs via anoxic metabolism. It should be noted that under these conditions, in the absence of autotrophs, the process is unable to keep the ammonia levels within eﬄuent permits. As a matter of fact ammonia levels are excessively high, above 65 mg/L. While these observations can be said to be valid also for Figure 12, solubility of oxygen is greatly decreased in Figure 14 because of the elevated water temperature. As aeration is increased beyond the branch point, the autotrophs can now grow and this brings additional oxygen demand to the process. Thus, in spite of the increased aeration, the dissolved oxygen concentration starts to decrease starting from the branch point until the autotroph population reaches a peak. Beyond this point, the available dissolved oxygen is not suﬃcient for both biomass species, and therefore a decrease in autotroph population starts alongside an increase in ammonia. Dissolved oxygen concentration slowly increases as aeration is increased; however, neither autotrophs nor the dissolved oxygen can reach high concentrations until suﬃciently high aeration is provided to the process. When the aeration becomes suﬃcient, on the other hand, autotrophic biomass and dissolved oxygen concentrations start to increase again, and the ammonia concentration decreases greatly, below 1 mg/L.
 
 extinction zone denoted by limit points LP1 and LP2, as elevated levels of eﬄuent ammonia results around this zone (Figure 12). Therefore, this zone can be regarded as the boundary for savings on air. At temperatures higher than 17.4 °C, the zone of multiplicity becomes wider and limits the extent to which airﬂow can be decreased (for example, at 28 °C the minimum KLa is approximately 800 day−1). However, even under such conditions the savings are signiﬁcantly high considering the nominal airﬂow that is used in the plant. At lower temperatures, this region becomes narrower and eventually disappears around 11 °C. This shows that a lot more air can be saved on colder days, as the cold water can dissolve much more oxygen at lower airﬂow rates. Below 8.2 °C, however, the process converges on the heterotrophs-only steady state, which is marked by the BP1 curve in Figure 12. It should be noted that the branch point separating the coexistence and heterotrophs-only branches (BP1) is always present and can be converged on at very low airﬂow rates. However, it moves toward higher airﬂow rates at colder temperatures and becomes an asymptote as temperature approaches 8.2 °C. Below this temperature (e.g., at 5.4 °C), the autotrophs cannot survive, and the bifurcation diagram would display only the heterotrophs-only and washout branches. The eﬀect of high water temperature, which is the case for summer months, is illustrated in Figure 14. The bifurcation plots for ammonia and autotrophs display nonmonotonic trends over a range of aeration rates, but these can be explained by the trend in oxygen concentration present in the tank. Starting from extremely low aeration values to the left of the 17750
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 high enough. However, running into an autotrophs-only operation in a WRP is highly unlikely during usual operation, unless the heterotrophic biomass is exterminated (via a toxic shock, etc.).
 
 While such behavior mainly stems from the higher water temperatures and therefore greater criticality of aeration, such increase and decreases may not be very discernible at moderate temperatures as shown in the bifurcation diagram at 17.4 °C (Figure 12). Yet, considering the overall relationships between the biomass species through their direct resources (oxygen, ammonia, and nitrate etc.), such behavior is likely to be observed if the same conditions and time span is allowed in a real process. Therefore, the aeration requirement of the process is greater and also very critical. Nevertheless, there is still a big potential in energy savings on warmer days, although the extent is lower compared to a colder day. Bifurcation diagrams suggest the use of slightly higher airﬂow rates (still much lower than the amounts currently being used) on summer days. Such knowledge can be used to design eﬃcient aeration control systems, which can make day-to-day decisions on the amount of air usage while maintaining safe operation. 3.7. Eﬀect of Ammonia Loading. One of the main parameters that deﬁne the eﬃciency of a WRP is the eﬄuent ammonia concentration. The ammonia in the inﬂuent of Stickney WRP varies widely throughout the year as a result of the combined industrial and residential wastewater, being as low as 1 mg/L and also as high as 42 mg/L (according to historical data from the Stickney WRP). In order to explore the eﬀects of such variation on the operation of the activated sludge process, a bifurcation analysis using the ammonia loading as the free parameter was made. In the light of historical data, the range of the inﬂuent ammonia concentration was chosen as 1 mg/L to 50 mg/L. Results of this analysis are shown in Figure 15. As the ammonia concentration in the inﬂuent is increased, heterotrophic biomass concentration remains the same since they consume less ammonia compared to the autotrophs. The only exception is the coexistence branch, where the heterotrophic biomass grows parallel to the autotrophs, which readily consume the ammonia in the feed. Autotrophs also grow more in an autotrophs-only scenario as the inﬂuent ammonia concentration is increased. Since autotrophs oxidize ammonia, slight decreases in dissolved oxygen concentration can be seen on coexistence and autotrophs-only branches on the oxygen diagram. However, the most interesting feature of Figure 15 is the slight decrease in eﬄuent ammonia on the coexistence branch as the inﬂuent ammonia concentration increases. Although the decrease is small, the trend is surprising. Overall, the concentration of inﬂuent ammonia primarily aﬀects biomass (especially autotrophs), while there is negligible change in eﬄuent dissolved oxygen and ammonia as long as both types of the biomass coexist. In the absence of autotrophs, ammonia builds up within the aeration tank and reaches very high concentrations. In contrast, in the autotrophs-only case, ammonia can still be treated very well, granted that the ammonia in the inﬂuent is at least 10 mg/L. The necessity of higher ammonia in the inﬂuent for coexistence and autotrophsonly cases can be explained regarding the relation between the autotrophs and heterotrophs. In a coexistence scenario, heterotrophs supply the extra ammonia required for the growth of autotrophs, so that their population reaches a level where it can consume most of the ammonia by the exit of the tank. However, when the heterotrophs are not present, an external source of ammonia is needed for the growth of the autotrophs, which would be supplied by the inﬂuent if the concentration is
 
 4. CONCLUSION In this work we made a comprehensive bifurcation analysis using a model of the Stickney WRP, incorporating real inputs, which were taken from historical plant data. Overall, our analysis revealed various modes of operation, dangerous situations, and the potentially more proﬁtable and sustainable regimes of operation. While this study was carried out based on a model of the Stickney WRP, we believe the results are applicable in general to many WRPs thanks to the similarities in plant operation and design. However, in order to operate at the more favorable conditions indicated in this study, as well as to avoid dangerous situations, a robust control strategy has to be implemented. Several studies on energy eﬃciency of WRPs have been published in the past few decades, pointing to the necessity and beneﬁts of control systems in WRPs.1−3 Ideally, those systems should be adaptive and able to incorporate previous bifurcation analyses to make decisions on the ever-changing process conditions. One such control approach is the utilization of multiple agents with various roles and hierarchy, better known as agent-based control (ABC). While ABC emerged just in the past decade, its robustness and versatility has been proven for diﬀerent control tasks.22,26−31 Therefore, our judgment is that ABC would be a very good candidate for operating a WRP sustainably and more sustainably. For the speciﬁc case at hand, a cooperative ensemble of agents can be used to adjust zonal airﬂow in the aeration basin to minimize the air usage globally as well as locally (at any point within the basin). Furthermore, forecasts can be made thanks to the learning abilities of agents, to detect potential dangers (such as the loss of autotrophs), and the plant can be switched to a more conservative and less vulnerable operating mode. Moreover, depending on the process conditions and supplied inﬂuent characteristics, the ABC architecture may decide on the required residence time. For example, when the plant loading goes above a certain threshold (one that endangers feasible operation), some of the wastewater may be automatically diverted into the tunnel system. Likewise, when water temperature drops below a point where autotrophs cannot survive, it may be possible to use a side stream of the potentially warmer tunnel water to increase overall water temperature and maintain proper operation. It is possible to come up with several more strategies similar to those listed here, and ABC provides the ﬂexibility of incorporating these strategies in a rule-based fashion, coupled with learning. We conclude, therefore, that it is vital to have a robust control system that can actively utilize the bifurcation analyses presented here. Only then it would be possible to fully exploit the potential of an intelligent control system and ensure sustainable and safe operation of WRPs.
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