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ABSTRACT

The objective of the EOLI project was to design a low-cost, modular and reliable monitoring and control system for wastewater treatment process dedicated to the treatment of wastewater from urban settlements, especially from those urbanized areas where industries contribute heavily to water pollution. In this project, three types of wastewater have been considered. The first one coming from a dairy industry, contaminated with organic carbon components as well as nitrogen, the second, typical for an area including chemical industry, containing toxic or recalcitrant compounds, the third one a domestic wastewater which occasionally contains toxic or organic overloads.  The aerobic treatment of domestic and industrial wastewaters by activated sludge is a common process, but the characteristics of many industrial discharges often cause operational problems in continuous flow systems. Therefore, discontinuous processes, as sequencing batch reactors (SBRs), have been considered in this project because, in terms of investment and operation costs, process stability, and operation reliability, they are better than the conventional continuous activated sludge process. 

The monitoring and control system, relying upon information technologies and automatic control, is designed to provide a tool for reliable and efficient operation of SBRs. It also provides a framework for the ISO14001 certification and allow small and medium units (mainly SMEs, not only in Latin America but also in Europe, that cannot afford high investment processes for wastewater treatment) to meet the pollution constraints (like the Europ. Directives 91/271/EEC and 98/15/EEC). 

The EOLI project was aiming at developing a general, yet adaptable, supervision and monitoring system for the types of wastewater described above. The framework of the EOLI project integrates the data collected by the sensors, detect fault or abnormal working conditions, and activate model based controllers to optimise the technology and operation of SBRs. The efficient, low-cost and safe operation of the SBRs is achieved by the integration of high performance controllers, affordable hardware and software sensors and a supervision system to guarantee the reliability of the process operation. It is of particular concern that the proposed control is based on a relatively simple and low-cost system. 
The final objective of EOLI was the integration and validation of the EOLI supervision and control system on multiple plants. The EOLI supervision system has been tested and validated at the two pilot SBR plants engaged in the project: the one located at the INRA facilities (France) and the other one provided by the ENEA (Italy) and located at the site of a full scale plant. Both plants were equipped with the EOLI hardware and software main frame. With the aim to validate the EOLI system under other architectures for the integration different from the one developed in the project, UNAM (Mexico) and UU (Uruguay) own systems for the monitoring and control have been modified in order to adapt them to run and to test some EOLI software modules at two lab plants (UU) and at the full scale plant built up by IBTech, sending the data to the EOLI remote server. The EOLI remote control centre consists therefore of the lab and pilot scale plants enrolled in the EOLI system, i.e. both lab plants in Uruguay, two pilot plants (one at INRA and one at ENEA), and one full scale plant at IBTech in Mexico. The data from these plants are available at the remote server of EOLI.

Summary

The objective of the EOLI project was to design a low-cost, modular and reliable monitoring and control system for wastewater treatment process dedicated to the treatment of wastewater from urban settlements, especially from those urbanized areas where industries contribute heavily to water pollution. In this project, three types of wastewater have been considered. The first one coming from a dairy industry, contaminated with organic carbon components as well as nitrogen, the second, typical for an area including chemical industry, containing toxic or recalcitrant compounds, the third one a domestic wastewater which occasionally contains toxic or organic overloads.  The aerobic treatment of domestic and industrial wastewaters by activated sludge is a common process, but the characteristics of many industrial discharges often cause operational problems in continuous flow systems. Therefore, discontinuous processes, as sequencing batch reactors (SBRs), have been considered in this project because, in terms of investment and operation costs, process stability, and operation reliability, they are better than the conventional continuous activated sludge process. 

The monitoring and control system, relying upon information technologies and automatic control, is designed to provide a tool for reliable and efficient operation of SBRs. It also provides a framework for the ISO14001 certification and allow small and medium units (mainly SMEs, not only in Latin America but also in Europe, that cannot afford high investment processes for wastewater treatment) to meet the pollution constraints (like the Europ. Directives 91/271/EEC and 98/15/EEC). 

The EOLI project was aiming at developing a general, yet adaptable, supervision and monitoring system for the types of wastewater described above. The framework of the EOLI project integrates the data collected by the sensors, detect fault or abnormal working conditions, and activate model based controllers to optimise the technology and operation of SBRs. The efficient, low-cost and safe operation of the SBRs is achieved by the integration of high performance controllers, affordable hardware and software sensors and a supervision system to guarantee the reliability of the process operation. It is of particular concern that the proposed control is based on a relatively simple and low-cost system. 
The scientific activities within the EOLI project have been organized around 8 scientific workpackages. The interconnection between the work packages is represented in Figure 1.

Within WP1, six lab-scale and two field-scale Sequencing Batch Reactors (SBR’s) were designed, constructed and instrumented. A series of experiments have been performed in order to provide data and tests for the WP2, WP3, WP4, WP5, WP6 and WP7. The SBR’s were instrumented to measure on-line the following process variables: temperature, DO, airflow rate, redox potential and pH. More specifically, UNAM studied SBR’s dedicated to the treatment of wastewaters that have toxic compounds (4-Chlorophenol (4CP) and Phenol were used in the present instance as prototype) and the start-up of the field-scale plant was accomplish; INRA reactor was dedicated to the treatment of lactic acid based wastewater from the food industry with a specific objective to study of sludge level and purges automatization; POLIMI studied SBR’s applied to the carbon and nutrients removal; and the SBR’s of the UU treated dairy industry wastewaters.

A series of experiments were conducted and data were obtained for the model selection, parameter identification and validation. Results showed that experiments were coherent with the mechanistic knowledge of the basic biological processes taking place in the SBR.

A control law developed by INRA was implemented for Reactor M at UU during more than 260 cycles and the reactor operation was evaluated and compared with the conventional strategy. The control strategy and long term stability of SBR (Reactor M) was evaluated under standard and shock load conditions. The results showed that the control strategy reduced the total cycle time from nine to six hours for standard condition, and total air consumption was reduced more than 50%, with a comparable effluent quality. 
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Figure 1. Interconnections between the work packages (the dotted lines (- -) hold for the validation tasks on the processes).

Experiments with nitrification inhibitors (allylthiourea and 4 chlorophenol) performed in the POLIMI-SBR allowed testing nitrification inhibition by pH/DO-stat titration (integration with WP3). Moreover two abnormal conditions of the SBR operation were documented (integration with WP6). Batch denitrification tests were performed in order to better understand the denitrification process (integration with WP2 and WP3). Tests on a pilot-scale SBR (built by the subcontractor ENEA) fed on real sewage at Trebbo di Reno (Bologna) was used for the validation of the applicability of the on-line titrimetric sensor to the monitoring of SBR (integration with WP3). The nitrites build-up was elucidated as they were of interest for early fault detection (WP6 and D1.4)) and to develop appropriate control strategies (WP 5) and supervision algorithms (WP7 and D1.5). No correlation between biosorption and initial F/M was observed within the experimented range. The sludge was found to denitrify efficiently if the synthetic feed was used; on the contrary no denitrification took place when milk serum was fed as carbon source. The ENEA-SBR was operated at different loadings, cycle durations and operating temperature. Off-line tests performed with the manually operated titration unit (MARTINA) were performed and successfully simulated the operation of the automatic titration unit (TITAAN). In particular, nitrification activity measurements were successfully tested. Batch biosorption tests were performed. Depending on the nature of the wastewater and sludge this process could be important. The biosorption behaviour of the POLIMI-SBR sludge resulted to be concluded in the first 10 minutes and limited to 15 to 20% of the initial amount of COD added.

Data concerning the INRA-SBR sludge were used to develop a supervision algorithm (WP6) to monitor the settling phase and to avoid a bad settleability in the SBR. A new automatic sludge management was implemented by measuring the sludge level on-line and the TSS and the SVI off-line. With these parameters, a bad settling can be detected. The settling phase duration or maximum TSS concentration allowed in the reactor can easily be determined. For the supervision algorithms, alarms can be activated when the SVI increases or when the settling velocity decreases.

An excellent performance of the reactor operated at UNAM, with the ED-TOC strategy developed in WP5 (see D1.1), was obtained for the degradation of 4CP. The degradation of the toxic was efficiently completed. A process improvement with the application of the control strategy when it was compared with the standard strategy of fixed phases-time was observed. The ED-TOC strategy was able to manage increments of toxic concentrations in the influent up to 7000 mg 4CP/L without any problem (D1.2). It was shown that not only higher concentrations of toxic could be treated with the ED-TOC strategy, but also a reduction in degradation time was obtained (around 52%). The reactor was also operated with a mixture of municipal wastewater and phenol presenting excellent COD removal. During the long term operation of the reactor with the optimal strategy, average removal efficiencies of 99%, as chemical oxygen demand, and 100% as 4CP were obtained. Granular sludge was observed leading to very good settling proprieties of the biomass. The molecular biology analysis showed changes in the microbial population composition during the long term experiments despite the stable operation of the reactor in function of removal performances. The analyses of toxicity demonstrate that the bioreactor operated by ED-TOC eliminates the toxicity in the wastewater. Experiments carried out in cooperation with GRADIENT led to evaluate spectrophotometric techniques used to determine on-line substrate concentrations during biodegradation of 4CP. A field-scale pilot reactor was constructed by IBTECH (D1.7). The reactor was operated using the ED-TOC strategy observing a similar behavior as the laboratory pilot plant (D1.6). The degradation of the 250 mg4CP/L was reached at 1.6 h, the degradation efficiency was 100% as 4CP and higher than 97% as COD. The specific degradation rate was 36.5 mg4CP/gVSS/h. A patent was deposited in Mexico from the control strategy developed at UNAM.
WP2 was concerned with the model building for all the processes involved in the EOLI project. This task has been performed in close collaboration between UCL, INRA and UNAM. Two different models have been selected in order to capture the dynamics of the involved processes in the most general way. These have been called EM1 and EM2, and are related to one substrate removal case (UNAM process) and the case involving nitrifying/denitrifying activities (other partners processes), respectively. UCL, INRA and UNAM have been working on the parameter identification based on two selected models by using the data provided by the experiments, and validated models are available for the different processes. The identification has been performed by the UCL in conjunction with INRA and UNAM. The complete identification results includes calibration and validation of the parameter identification, statistical analysis of the obtained results via the computation of the confidence intervals for each parameter, as well as a detailed sensitivity analysis of the model parameters and an exhaustive simulation study. An EM2b model has also been identified for the UU processes.
Within WP3 (hardware sensor development), GRADIENT has designed an on-line spectrophotometer, based the results of the off-line device developed within the framework of EOLI. It was built by the Secomam company and called STAC. After some calibration and validation assays, it was integrated for the on-line monitoring system of the SBR at the INRA in Narbonne. POLIMI has developed five titrimetric pH-stat and pH/DO-stat procedures (MODEs) for the evaluation of fundamental parameters related to both the nitrification and denitrification processes. All MODEs were experimentally validated by using the off-line titrator (MARTINA, developed in cooperation with ENEA) on sludge samples drawn from the lab-scale POLINI-SBR. Then, in cooperation with SPES, these procedures were implemented on the on-line titrator (TITAAN) which was first tested and debugged on the pilot-scale ENEA-SBR and then shipped to Narbonne to be integrated in the monitoring system of the pilot-scale INRA-SBR.  
WP4 was concerned with the design of software sensors, i.e. tools that allow to provide on-line values of key process components that are not accessible for on-line measurement. The software sensors under development are concerned with the on-line estimation of substrate and biomass concentrations from the on-line measurements of dissolved oxygen and nitrogen oxide in presence of uncertainty in the kinetics. New calibration methods based on an ITSE (Integral of the Time-weighted Squared Error of the state observation) for the software sensors have been developed that have been tested in numerical simulations and with real-life data before being implemented in the integrated supervison and control system.

WP5 was dedicated to the design and implementation of feedback controllers. At UNAM, the activities in WP5 have been mainly concerned with the design and implementation of sub-optimal controllers called ED-TOC (Event-driven Time Optimal Control). ED-TOC has proved to be a highly reliable control strategy, that minimizes the degradation time using only the on-line measurement of dissolved oxygen, and robustly against model uncertainties and changes, and arbitrarily unknown variations in the input toxic concentration.   The control software developed (BIOREC, acronym for BIOREeactor Control) was modified (rewritten) in order to comply with the specification given by SPES. The goal was to provide capabilities for integration, i.e. for using the same control software in different hardware platforms and in different high level software configurations. The activities of the INRA with respect to WP5 were dedicated to the design, evaluation and validation of the optimal control strategies developed for INRA SBR reactor.

For the EM-1 case, the ED-TOC exhibited a reliable suboptimal behaviour and long-term biological stability. Results were validated both in lab-scale and field-scale reactors for 4CP. ED-TOC’s robustness to shock loads disturbances, up to 20 times the standard load, was observed while still maintaining a suboptimal operation. The comparative analysis of the ED-TOC versus FTC shows an increase of 63% to 90% in applicable daily load, and savings in energy and in consumed air in the range of 25% to 39%. Modularity and integrability were also obtained in the controller’s hardware and software.

For the EM-2 case, the first part of the project was dedicated to the determination of the control specifications and optimisation objectives. The objective of the control system developed in Narbonne was to design an algorithm able to drive any initial condition to a final target in a minimal time. More specifically, it is related to the development of a time optimal control strategy for the control of a batch reactor working in two modes: aerobic and anoxic. The challenge was to find the switching instants of a predefined control sequence (aerobic-anoxic-aerobic) and maintain high nitrification and carbon removal activities. 

The control module developed uses the dynamical model EM2b provided by WP2 and a combination of the software and hardware sensors (developed within WP3 and WP4 respectively) integrated with the full pilot scale. The design of the control strategies was improved and validated first by model simulation and confronted with off-line data. In a second step, short-term and long term effects of these strategies were evaluated. The optimal approach was applied with several replicates at the pilot scale under different conditions, both in Narbonne and in Montevideo. 

The control strategies provided tools to minimize the reaction time and ensure high purification performances. In a second step, it allowed to increase the wastewater volume treated within a time interval. The increase of the loading rate was taken into account as constraint in order to maintain good biological activities for nutriment removal and a good settling capacity for the sludge. This last point is important in order to guarantee an optimal separation of the purified water and the biomass.

The activities of WP6 were carried in collaboration with WP4 and WP1 taking into account the following tasks : to get a redundancy relation which is necessary to solve a FDI problem with analytical methods; to establish the causal model for the POLIMI reactor, participants of WP6 established a communication with POLIMI; to propose together with POLIMI a possible solution to the excessive nitrite outflow problem described as part of the deliverable D1.4 of WP1.

To the diagnosis of faults in the DOx sensor the procedure was tested by simulation changing the parameter associated to the thickness to emulate a fouling membrane. The results generated by the detector are reported in D6.1. The simulator used for the test includes a screen in which the operator can be trained how the detector must be managed (see D6.2). The results shown that temperature disturbances and sporadic sensor calibration affect the accuracy of the diagnosis; systematic test at the same environmental conditions are suggested. The disadvantage of this design is the addition of specific electronic hardware in the device for each market devise and that the operator has to select manually when the test is carried out.

The validation of the detector of faults in the servo-valve was made using the data available by the DAMADICS project for the 3 considered faults. In all the cases the on-line adaptive standardization of data reduced the false alarms and yielded a satisfactory performance as fault detector (see D6.1). The algorithm implementation in MATLAB software is given as annex. 

To test the classification methods using the respiration, a comparison of the diagnosis results by simulation for three sets of classes reported in D6.1 was made and shown that the percentage of correct diagnosis is above 95% for all tested cases indicating that the features contain enough system information for the diagnosis and then both classifiers achieve satisfactory performance, (as shown in D6.1). The code of the system in MATLAB software is available in the annex. 

The experiments related to the nitrites build up issue and the conclusions reported in WP1 shown that diverse situations can produce this abnormal condition. Then a simple monitoring system is recommended which evaluates the corresponding process signals and indicates the operator if some of the conditions that could cause nitrite build-up occur.
Although the EOLI supervision system (WP7) can be said to be "open" in the sense it can basically be applied to any SBR process, it has been specifically developed for two distinct processes (pilot processes of partners #2 and #6) and the application of the system to another process would require a minimum of adaptation. The first implemented system consists in the hardware and software modules implemented by SPES. This system basically interacts with the plant, performs data acquisition and store these data in two distinct databases (a local one and a - possibly decentralized - one). Within the framework of the project, the local database in at the INRA, Narbonne, France while the decentralized one is at SPES location, Fabriano, Italy. In the second instance, the activities are part of the objectives WP7.3 Integration of the supervision module and WP4 Implementation and Evaluation of the Supervision Module for the UNAM SBR field scale pilot plant and consists basically on the Development of the real-time BioReC (BioReactor Control) software in order to implement the safely automation of the field-pilot SBR.

The supervision system is supposed to act on the long term, the immediate decision and optimal functioning being, by definition, left to the control system (cf. WP5). The role of the supervision system is thus rather to decide on the long term if the actual control algorithm works well. The decision was then taken to analyse the state of the system with one cycle delay : at the instant t, we analyse the last cycle which is already finished. In addition, our attention was focused on the part of a total cycle period which includes the maximum of information, that is the aerobic period of the SBR cycle. Given these predefined objectives, two different systems were developed depending on the available sensors :

· Case #1 : a Decision Support System (DSS) for a configuration involving a low instrumentation process

· Case #2 : a DSS for a configuration involving a process equipped with an advanced instrumentation

For the low instrumentation configuration, two subcases were investigated :

· Case #1.1 : model-based approach

· Case #1.2 : data-based approach

DSS module : cases #1.1 and #1.2

To validate the approach, it was decided to proceed to a number of experiments. Both approaches (model based and data based) were investigated. For the model based approach, in order to be as close as possible from experiments, the simulation corresponding to the standard conditions were realized using the average values of the parameters obtained experimentally. For both the model based and for the data based approaches, the results were satisfying. Details are given in deliverable D74.

DSS module : case #2

The Case #2 DSS approach was validated using about 50 data points (mass-balance data provided by off-line analyses) obtained over 6 month of functioning. The details of the equations used for recovering the theoretical quantity of oxygen consumed as a function of the aeration (Kla) and of the COD and ammonium nitrogen concentrations as well as the validation results are reported elsewhere (cf. Deliverable D15).

The major objective of the WP8 was the integration and validation of the EOLI supervision system on multiple plants. The EOLI supervision system was tested and validated at the two pilot SBR plants engaged in the project: the one located at the INRA facilities and the other one provided by the ENEA and located at the site of a full scale plant. Both plants were equipped with the EOLI hardware and software main frame. With the aim to validate the EOLI system under other architectures for the integration different from the one developed in the project, UNAM and UU own systems for the monitoring and control have been modified in order to adapt them to run and to test some EOLI software modules at two lab plants (UU) and at the full scale plant built up by IBTech, sending the data to the EOLI remote server. The EOLI remote control centre consists therefore of the lab and pilot scale plants enrolled in the EOLI system, i.e. both lab plants at UU, two pilot plants (one at INRA and one at ENEA), and one full scale plant at IBTech in Mexico. The data from these plants are available at the remote server.

The whole integrated system produced at the end of the project is characterised by a high level of modularity pursued for the integration that makes it possible to configure, to enrol, to enable or to disable all the possibly numerous components. Therefore the system can be applied to plants of different size, under different sensors network configurations. The experience from the installation, running and maintenance at two different pilot plants, the ENEA and the INRA ones, confirm this result. The full customisability, that was a key requirement for the development of the system, is a consequence of this high and reliable modularity. The core, both at the remote control centre and at the local plant, is a relational database and it is used to store all the data gathered (measurements), generated (commands), transferred and managed by the EOLI system. At the local plant level, the main frame software is organized in modules. Software modules can be enrolled into the system to implement features and functionalities.

The EOLI software architecture is based on the client/server technology in which different modules implemented for different purposes, can share the same resources using a relational database management system (DBMS) that is introduced to replace the limitations of the file sharing architecture: the client/server technology is a versatile, message-based and modular infrastructure that is intended to improve usability, flexibility, interoperability and scalability.
1 Scientific Report

1.1 Introduction

This section describes the activities peformed within the EOLI project. The report is compiled on the basis of the individual partner annual reports and the WP reports provided by the Task leaders. It is organized as follows : it first provides detailed reports for each WP containing activities, results and comments on problems encountered, whenever appropriate;  it ends with comments on the technology implementaion plan and general conclusions. The list of publications is provided separately at the end of the report.

1.2 Methodology, activity and results per work packages

1.2.1 Process experiments (WP1)

Involved partners: INRA, POLIMI, UNAM, UU, IBTech
Objectives

The objective of the Work Package 1, WP1, was to conduct all the process experiments needed in the project. It was the guiding line of the project since there were process experiments from the beginning of the project until its end. The discontinuous processes known as sequencing batch reactors, SBRs, were utilized because of their flexibility over conventional continuous processes. In particular the next objectives were developed:

- to perform SBRs experiments at lab-scale for the development and the validation of the different algorithms to be developed within the framework of EOLI. Three particular cases will be studied, in three different reactors: toxic compounds (UNAM), sludge level and purges automatization (INRA), carbon and nutrients removal (POLIMI and UU). 

- to perform the laboratory experiments needed to validate and integrate software sensors and optimal control laws in pilot aerobic bioreactors for the treatment of toxic compounds (UNAM, INRA), for the control of the sludge level (INRA) and for carbon and nutrient removal (UU).

- to evaluate the long-term behaviour of the pilot plant and the improvement obtained in the process by the control and supervision strategy for the treatment of toxic compounds and the level of the sludge (INRA, POLIMI, UNAM).

- to perform field-scale pilot reactor experimentation and data collection, in order to test the controller in an industrial actual case (INRA, POLIMI-ENEA, UNAM).  
Activities

Three cases of wastewaters were considered: a typical municipal wastewater, the effluent of a dairy industry, both polluted with organic carbon and nitrogen, and a wastewater typical of a chemical industry, containing toxic or recalcitrant compounds (4-chlorophenol). Two field-scale pilot reactors were used (UNAM: 1000 L and POLIMI: 750L) and four lab-scale pilot reactors were constructed INRA (200 L), POLIMI (30 L), UNAM (10 L) and UU (Two 20 L). The reactors were instrumented with pH, DO, ORP, T, flowmeter and level sensors that acquire data on line and the signal was sent to a computer where data were analysed.

Carbon and nitrogen removal. Here three partners were involved: INRA, POLIMI and UU. The experimental plan for the modelling of the process was proposed by EOLI project members. The objective was to obtain data with respect to different Carbon/Nitrogen ratios, Oxygen/Carbon ratios and Carbon/Biomass ratios. 

Experiments carried out at INRA also provide data for settling characterisation. The wastewater used as influent was a semi-synthetic dairy wastewater. Data concerning sludge settleability were collected and analyzed in order to characterize the settling phenomenon and trying to connect it to the operating conditions. The INRA SBR was equipped with a Sludge Blanket level analyser to monitor sludge settleability. Finally, a set of measurements was dedicated to the long-term evaluation of the different control and supervision algorithms applied to the reactor. Each experiment is described in detail in the relative deliverables D5.1 and D5.2 for the control strategies named CS2 and CS3, WP6 report for supervision algorithms, WP3 report for TITAAN and UV sensor. 

At UU two cylindrical lab-scale reactors were used and named reactor M and F (20 L). Reactor M was fed with a semi-synthetic dairy wastewater, by diluting ultra pasteurized whole milk, and by adding sodium nitrate solution, to simulate the wastewater generated in Rivera dairy plant. For Reactor F the effluent from a dairy industrial plant pre-treated in anaerobic pond was used in the feed. The system consists of a programmable logic controller (PLC) connected to a computer with a SCADA software to provide a totally automatic operation of the reactor. It was implemented as an Intellution FIX® application. Real-time data acquisition, display and historic trending from on-line sensors (pH, DO, T and ORP) were implemented in the system. 

The experimentation of POLIMI was focused on the treatment of a typical non-toxic urban wastewater which could however occasionally contain nitrification inhibitors (e.g.: ATU or 4-chlorophenol, 4CP). The reaction phase of the SBR cycle was splitted into an anoxic followed by an aerobic phase, both required to achieve nitrogen removal. Biomass activity tests were performed to elucidate environmental conditions which may lead to nitrites build up. Batch activity tests were performed with the MARTINA instrument to assess the activity of ammonium and nitrites oxidizers at various pH, DO, ammonium concentration and aeration patterns and to monitor the denitrification activity of the sludge. 

The experimentation on the ENEA-SBR included the following activities: a) operation of a pilot SBR placed at the full-scale plant of Trebbo di Reno (Bologna) at different loadings, cycle durations and operating temperature; b) off-line tests operated with the manually operated titration unit (MARTINA) to simulate the modes of operation of the automatic titration unit (TITAAN), c) monitoring of the maximum SBR nitrification activity; and d) evaluation of the SBR efficiency in nitrogen removal with maximum nitrification activity measurements.

UNAM experiments for toxic wastewater degradation were conducted using an optimal control strategy (developed in WP5) called Event-driven time optimal control strategy (ED-TOC). A pilot reactor of 10L (7L of working volume) was used for the degradation of synthetic wastewater containing 4CP as carbon source. The control system was implemented using a personal computer and a data acquisition card (National instruments 6025E data acquisition card and the Labview package). The input and output water flows were controlled by the computed system using two peristaltic pumps. Substrate concentration was measured using the colorimetric technique of 4-aminoantipyrine. 

The strategy was tested using different influent concentrations of 4CP between 175 and 613 mg/L (which represents variations of -50, +25, +50 and +75% with respect to the standard condition of 350 mg/L). To study the robustness of the strategy under different airflow rates, two conditions were examined (± 50% with respect to the standard condition of 1.5 L/min, i.e. 0.75 and 2.25 L/min). Acclimation and deacclimation kinetics were obtained using the standard condition. In order to evaluate the process improvement with the application of the optimal control law two sets of experiments were tested: a) the strategy was evaluated against the introduction of shock loads (3, 5 and 7 g 4CP/L) and compared to a usual strategy and b) the long-term stability of system under the standard conditions was evaluated. The evaluation of the evolution of the microorganisms’ community in the acclimation and the long-term stability of the system was carried out using molecular biology techniques. The toxicity of the treated wastewater using the ED-TOC strategy was also determined using the Microtox method. Finally, the start up of the field scale plant of 1000 L of total capacity constructed by IBTECH was done. The ED-TOC strategy was tested. 

Results

Six lab-scale and two field-scale pilot reactors were designed, constructed and instrumented. A series of experiments were conducted and data were obtained for the model selection, parameter identification and validation. The complete sets of results can be found in deliverable D 1.3. Results showed that experiments were coherent with the mechanistic knowledge of the basic biological processes taking place in the SBR.

A control law developed by INRA was implemented for Reactor M at UU during more than 260 cycles and the reactor operation was evaluated and compared with the conventional strategy. The control strategy and long term stability of SBR (Reactor M) was evaluated under standard and shock load conditions. The results showed that the control strategy reduced the total cycle time from nine to six hours for standard condition, and total air consumption was reduced in more than 50%, with a comparable effluent quality. 

Experiments with nitrification inhibitors (allylthiourea and 4 chlorophenol) performed in the POLIMI-SBR allowed testing nitrification inhibition by pH/DO-stat titration (integration with WP3). Moreover two abnormal conditions of the SBR operation were documented (integration with WP6). Batch denitrification tests were performed in order to better understand the denitrification process (integration with WP2 and WP3). Tests on a pilot-scale SBR (built by the subcontractor ENEA) fed on real sewage at Trebbo di Reno (Bologna) was used for the validation of the applicability of the on-line titrimetric sensor to the monitoring of SBR (integration with WP3). The nitrites build-up was elucidated as they were of interest for early fault detection (WP6 and D1.4)) and to develop appropriate control strategies (WP 5) and supervision algorithms (WP7 and D1.5). No correlation between biosorption and initial F/M was observed within the experimented range. The sludge was found to denitrify efficiently if the synthetic feed was used; on the contrary no denitrification took place when milk serum was fed as carbon source. The ENEA-SBR was operated at different loadings, cycle durations and operating temperature. Off-line tests operated with the manually operated titration unit (MARTINA) were performed and successfully simulated the operation of the automatic titration unit (TITAAN). In particular, nitrification activity measurements were successfully tested. Batch biosorption tests were performed. Depending on the nature of the wastewater and sludge this process could be important. The biosorption behaviour of the POLIMI-SBR sludge resulted to be concluded in the first 10 minutes and limited to 15 to 20% of the initial amount of COD added.

Data concerning the INRA-SBR sludge were used to develop a supervision algorithm (WP6) to monitor the settling phase and to avoid a bad settleability in the SBR. A new automatic sludge management was implemented by measuring the sludge level on-line and the TSS and the SVI off-line. With these parameters, a bad settling can be detected. The settling phase duration or maximum TSS concentration allowed in the reactor can easily be determined. For the supervision algorithms, alarms can be activated when the SVI increases or when the settling velocity decreases.

An excellent performance of the reactor operated at UNAM, with the ED-TOC strategy developed in WP5 (see D1.1), was obtained for the degradation of 4CP. The degradation of the toxic was efficiently completed. A process improvement with the application of the control strategy when it was compared with the standard strategy of fixed phases-time was observed. The ED-TOC strategy was able to manage increments of toxic concentrations in the influent up to 7000 mg 4CP/L without any problem (D1.2). It was shown that not only higher concentrations of toxic could be treated with the ED-TOC strategy, but also a reduction in degradation time was obtained (around 52%). The reactor was also operated with a mixture of municipal wastewater and phenol presenting excellent COD removal. During the long term operation of the reactor with the optimal strategy, average removal efficiencies of 99%, as chemical oxygen demand, and 100% as 4CP were obtained. Granular sludge was observed leading to very good settling proprieties of the biomass. The molecular biology analysis showed changes in the microbial population composition during the long term experiments despite the stable operation of the reactor in function of removal performances. The analyses of toxicity demonstrate that the bioreactor operated by ED-TOC eliminates the toxicity in the wastewater. Experiments carried out in cooperation with GRADIENT lead to evaluate spectrophotometric techniques used to determine on-line substrate concentrations during biodegradation of 4CP. A field-scale pilot reactor was constructed by IBTECH (D1.7). The reactor was operated using the ED-TOC strategy observing a similar behavior as the laboratory pilot plant (D1.6). The degradation of the 250 mg4CP/L was reach at 1.6 h, the degradation efficiency was 100% as 4CP and higher than 97% as COD. The specific degradation rate was 36.5 mg4CP/gVSS/h. A patent was deposited in Mexico from the control strategy developed at UNAM.

1.2.2 Model selection and parameter identification (WP2)
Involved partners : UCL, INRA , UNAM, UU
Objectives 

The objectives of WP2 is to build dynamical models for SBR’s studied within EOLI, to calibrate the model parameters and validate the models on the basis of the data generated for each process. 
Activities 

A protocol of WP2 had been defined that includes the definition of the control objectives, the design of an experiment protocol, the model structure and kinetics selection, the parameter identification procedure (experimental data divided into calibration and validation sets; separate identification of three sets of parameters (transfer coefficients, yield coefficients, kinetics parameters). In terms of model selection, two main processes and related models had been identified : one substrate removal process (C-removal called EM1) and one C/N-removal process (called EM2, that involves denitrifying and nitrifying activities). 

EM1: Carbon removal

This model is appropriate to the UNAM process, with the following dynamics based on an aerobic microbial growth reaction and an endogenous respiration reaction :
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where X, SC, SO, SO,in , SO,in, SOs V, k1, k2, kla, qin, b, , are the biomass, substrate, dissolved oxygen concentration, the inlet substrate and dissolved concentration, the saturation dissolved oxygen  inside the bioreactor, substrate concentration inside the reactor, the reactor volume, both yield coefficients, the oxygen mass transfer coefficient, the inlet flow rate, the  specific endogenous respiration rate, the specific biomass growth rate, respectively. Biomass growth is described by Haldane kinetics.

EM2: Carbon/Nitrogen removal

This model involves denitrification/nitrification processes. It concerns the wastewater treatment of the other partners involved in WP1. Only batch reactors are considered here. As the two phases are sequential, the dynamics are described by two sequential dynamical models for each phase : anoxic phase (with denitrification), and aerobic phase (with nitrification). Two versions have been considered : EM2a with two-step denitrification and nitrification, and EM2b with one-step denitrification and nitrification.
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Absorption related to the C-removal in the INRA data led to introduce two new variables in the model, Smes and Sabs, that represent the carbon concentration in the liquid medium (corresponding to the obtained data) and the absorbed carbon concentration in the cell. 

Results

The identification has been performed by the UCL in conjunction with INRA and UNAM. The complete identification results includes calibration and validation of the parameter identification, statistical analysis of the obtained results via the computation of the confidence intervals for each parameters, as well as an detailed sensitivity of the model parameters and an exhaustive simulation study. The models prove to be satisfactorily in terms of validation and in terms of statiscal content of the model parameters, and can be used appropriately for the design of monitoring and supervision tools as well as for control design. However the main weaknesses are related to the identified kinetics parameters that exhibits rather poor confidence intervals. This is mainly due to the inherently heuristic assumptions related to the models used in biochemical engineering to characterize the somewhat complex biochemical reaction kinetics. The procedure followed in the EOLI project that is based on the separation of the calibration procedure of the kinetics parameters from the conversion parameters and the transfer coefficients allows to reduce substantially the uncertainty related to kinetics parameters. The EM2b model has also been calibrated for the UU processes.

1.2.3 Hardware sensor development (WP3)

Involved partners :  GRADIENT, POLIMI, SPES, UNAM
Objectives

The main objective of Work Package 3, WP3 has been the development of hardware sensors, which have been used as optional components of EOLI control systems. Two different instruments have been considered: a combined titration biosensor and a UV spectrophotometric analyser. The former has been obtained by the combination of two separate existing laboratory biosensors. The UV on-line spectrophotometric sensor have been used for analysis of the wastewater, i.e. to monitor on-line nitrification and denitrification organic loads and performances as well as specific organic compounds. All the hardware sensors considered in WP3 have been incorporated within the final control system (WP8).

Activities

Gradient developed the UV sensor, while POLIMI and SPES activity was devoted to the development of titrimetric sensors. ENEA at Bologna was a subcontractor of POLIMI and provided an instrumented pilot-scale SBR to test the titrimetric sensors. Both UV and the automated titrimetric sensor (named TITAAN) were tested on a pilot-scale plant at INRA in Narbonne. UNAM in Mexico also devoted part of the third year to study other algorithms for UV/Visible spectrophotometric data deconvolution.
GRADIENT 

In the first year, the activities have focused on 1) evaluating the applicability of the UV spectral analysis for target compounds, 2) developing a lab-scale SBR that can be used to test the developed spectrophotometric sensor, and 3) converting the output of the spectrophotometric sensor into a standard format file. Since October 2002, deconvolution models using commercial software (UV Pro 1.25) were tested on UV spectra obtained from the operation of the lab-scale SBR. 

In the second year, off-line UV spectral analysis was tested with three target wastewaters (OECD-effluent, UU wastewater and UNAM wastewater). The first wastewater tested during the second year was the OECD effluent as defined with the group of Polimi, who is also involved in the WP3. Since June 2004, Gloria Moreno form UNAM and Alejandra Benitez from UU have tested the UV spectral analysis to their respective wastewaters. Providing that the resolution of the UV spectrophotometer is good enough (<2nm) and that standards are mixtures of nitrate, nitrite and COD, the UV spectral deconvolution permitted to monitor satisfactorily nitrate, nitrite and COD during SBR cycles.

In third year, the on-line UV spectrophotometer was developed jointly with SECOMAM company and was implemented on the pilot-scale SBR at  the INRA in Narbonne. The STAC spectrophotometer is composed of three connected modules, a rinsing/dilution module, an electronic module and an optic module. The UV range is 190-360 nm with a 0.5 nm resolution. The UV cell is filled and rinsed automatically, each 5 to 30 minutes; The device can analyze nitrate and nitrite from 1 to 50 mg/l and the carbon material from 5 to 350 mg/l expressed as soluble COD. Since August 2005, the STAC have collected data from the INRA SBR. Nitrate and nitrite were accurately estimated by UV spectral deconvolution. The sCOD time evolution was qualitatively monitored but UV spectral analysis was less efficient for quantitative monitoring of sCOD. Finally, cross validation of set-point titration (TITAAN, Polimi) and UV spectral analysis (Gradient) was satisfactorily performed.

POLIMI 

In the first year, POLIMI activity was devoted to evaluate the performance and usefulness of a lab-scale titration biosensor with domestic wastewater in which allylthiourea was dosed as a model toxic compound. In June 2004 SPES provided a prototype of the automated version of the combined titration sensor for SBR process control and testing activity was performed at the 500 L-volume pilot-scale ENEA-SBR, fed on real sewage at Trebbo di Reno watewater treatment plant, near Bologna.

The SBR was fully automated by the way of the implementation of the EOLI digital platform for on-line logging of pH, DO ORP and T and the actuation of pumps, mixer and aeration according to time or level-based strategies. Besides on-line signals, standard analytical determinations of total and volatile suspended solids (TSS and VSS) in the mixed liquor, effluent ammoniacal and oxidized nitrogen, COD and VSS content were used to monitor the SBR performance.

The ENEA-SBR was mainly used for testing the response of the off-line titration hardware sensor (MARTINA) on real sewage and to perform field tests with the on-line prototype (TITAAN) before it was sent to the INRA laboratory to be integrated in the EOLI digital platform for monitoring and control. Off-line and on-line nitrification tests for assessing process rate, inhibition and ammonium concentration were thus performed on the SBR activated sludge.

Finally, from May 2005, POLIMI took part in the integration activities (WP8) by taking care, in cooperation with SPES, of the installation of the TITAAN at the INRA-SBR and by following the experimentation aimed at validating its applicability to the new working conditions. Due to the very different influent quality (dairy versus urban wastewater), most of the operating parameters, which were calibrated on the ENEA-SBR, had to be adjusted and adapted to the INRA process. Finally, a validation campaign was conducted by comparing the TITAAN response to the one of the UV on-line sensor.  

SPES

During the first year, SPES developed both hardware and software of the titrator, using embedded electronics with the aim to realise a compact, reliable and affordable instrument.

A 8 bit hardware platform, based on micro-controller technology, was chosen. The firmware was developed using ANSI C language empowering the portability of the architecture: the firmware produced is independent of the micro-controller brand and can be compiled for every hardware platform using the suited compiler. Compared to the previous available titrators, this new hardware configuration allows considerable costs reduction since the following commercially available components are no longer required (pH or ORP signal amplifiers, DO signal amplifiers, Pt100 signal amplifiers,  A/D converters, ON/OFF switches). All the routines and algorithms for digital signal acquisition and processing and for the experiment control are implemented into the firmware on board. Moreover the micro-controller on board implements some algorithms and functions for auto-diagnosis and fault detection, so that the instrument is able to alert the operator in case of malfunctioning of some components, such us pumps, solenoid valves, etc. The instrument can be configured and the data can be stored in Excel format using a PC software environment developed on purpose.

The basic idea, concerning with the PC software requirements, was to maximise instrument flexibility: the user is free to set the experimental configuration according to the variable to be measured. A first prototype of the off line version of the titrator, named MARTINA, was developed, set up and debugged. During the second year of the project, SPES started and completed the design and the development of an on-line version of the combined titrator to be applied for on-line monitoring to the SBR pilot plants in Bologna and Narbonne, always in strict co-operation with POLIMI. POLIMI defined the procedure and the modalities for on-line titration experiments implementation, identified some limits and problems and gave the main instrument’s specifications to overcome these inconvenients. The new instrument was named TITAAN. The instrument is able to perform the following tasks:

- to withdraw the sample to be analysed;

- to execute the titration experiment at the same temperature of the tank;

- to discharge the sample;

- to perform titration experiments;

- to elaborate in real time the data collected during the experiment;

- to provide in real time elaborated data available for monitoring and control systems.

The instrument can be fully configured using a graphical human interface developed on purpose and implemented using a touch screen; the data can be processed in real time and stored in Excel format into the Compact Flash Card.

The basic idea, concerning with the firmware requirements, was to maximise instrument flexibility in order to replicate the lab version functionalities without the use of a PC: the user is free to set the experimental configuration according to the experimental modality selected. Additionally the firmware on board will also allow to set and manage sample collection and discharge, routing for the identification of the different phases of the experiments and for the activation of the addition reagents at the appropriate time, identification of knees in the titration curve and for the automatic identification of the end of the titration experiments. During the third year the on line titrator was tested, debugged and integrated into the EOLI system at the two pilot plants in Bologna and Narbonne.

UNAM

Apart from the collaboration with GRADIENT during the second year, the third year UNAM also tested a new spectral deconvolution algorithm for monitoring biodegradation in a SBR. In particular, it was possible to follow the degradation kinetics of wastewater containing 4-chlorophenol and detect the production of an intermediate metabolite, whose presence may indicate malfunctioning of the process. 

Results 

The hardware sensors were successfully developed and applied to monitoring and control of SBRs processes and can be easily integrated into a the general EOLI digital platform for monitoring and control. In particular, the at-line automated titration unit (TITAAN) was able to successfully monitor the nitrification process in a SBR, detect influent total toxicity events, assess the effect of different toxic compounds and different toxic concentrations on the nitrifying biomass, and assess the maximum nitrification activity, both for AOB and for NOB in the SBR sludge. 

Denitrification testing procedures were also developed on the manually operated titration unit (MARTINA).

The STAC on-line spectrophotometer (SECOMAM) was successfully developed and, coupled with the UV-spectral deconvolution software (UV-Pro, SECOMAM), was able to successfully monitor on-line nitrate, nitrite, and less accurately sCOD during SBR cycles (INRA effluent), monitor 4-chlorphenol and biomass (UNAM effluent), and monitor sCOD and nitrate during SBR cycles (UU effluent).

The hardware sensors tested in the EOLI project can be of great help in monitoring and process control at small and medium size WWTPs both treating urban and industrial wastewaters. In particular, a very effective outcome of the application of these sensors is that they can trigger an early warning to prevent severe faults of the biological processes concerning the inhibition of the autotrophic biomass due to toxic substances in the influent. The hardware sensors have the potential for application to both continuous flow and SBRs.

1.2.4. Software Sensor Development (WP4)

Involved participant : UCL, INRA

Objectives

WP4 is concerned with the design of software sensors, i.e. tools that allow to provide on-line values of key process components that are not accessible for on-line measurement. 

Activities

The software sensors that have been developed within the framework of EOLI have been mainly concerned with the on-line estimation of substrate and biomass concentrations from the on-line measurements of dissolved oxygen and nitrogen oxide in presence of uncertainty in the kinetics for the UNAM process, and with the on-line estimation of nitrogen (nitrate, nitrite, ammonium) and carbon for the other processes.

Results

The design of software sensors has been first concentrating on the on-line estimation of biomass and substrate concentrations mainly in the context of the toxic compounds treatment plant described by model EM1 under the assumption (in line with the statistical analysis of the model parameters) of poor knowledge of the kinetics parameters of the biomass growth (Haldane model). The approach considered for the EOLI project is a combination of an asymptotic observer with an adaptive observer that provides both state and parameter on-line estimates. So far, the mathematical analysis of the developed software sensors has been performed and these are tested in numerical simulations.

Another type of observers that include exclusively asymptotic observers has been designed for the INRA plant on the basis of model EM2b. These software sensors ignore the knowledge of the kinetics expression. They have been validated on real-life data.

Finally new tuning rules have been developed, analysed and tested in order to force rapid convergence of the software sensors, a key issue related to the limited time operation of the (fed-)batch processes involved in EOLI. The approach is based on an optimisation routine that computes values of the design parameters for the software sensors that minimize the Integral of the Time-weighted error of the Squared observation Error (ITSE).

1.2.5. Control Design and Application (WP5)

Participants: INRA, UNAM, UU
Objectives

The general objective of Work Package 5 (WP5) was to design a modular low-cost, optimal and reliable control system for wastewater treatment processes for urban settlements, especially for those urbanized areas where industries contribute heavily to water pollution.

For the toxic-wastewater aerobic treatment processes modelled with Eoli-Model 1 (EM-1), the optimal control searched for was one able to minimize the reaction phase duration. Thus distributing the feed with time in order to avoid accumulation of the inhibitory substance, but without measuring its concentration (SC), was a must. Only available online measurements, i.e. Volume (V) and Dissolved Oxygen concentration (SO), were to be used for control.

For the Eoli Model 2 (EM-2) processes, i.e. the nutrient removal case, feeding, aeration regime and cycle duration were to be optimised. The objective of the control system developed in Narbonne was to design an algorithm able to drive any initial condition to a final target in a minimal time. More specifically, it is related with the development of a time optimal control strategy for the control of a batch reactor working in two modes: aerobic and anoxic. The challenge was to find the switching instants of a predefined control sequence (aerobic-anoxic-aerobic) in order to drive the process in a minimal time towards a treatment target while maintaining, on the long term, a high nitrification and carbon removal activities.

Activities

WP5.1. Specification of control variables and optimisation objectives
For the EM-1 case the WP5 involved partners were UNAM and IBTECH. The optimisation objective was defined as to reduce reaction time in order to increase the daily applicable load for a given size reactor. Robustness to unknown shock loads of toxicant was also a must. Then the controlled and manipulated variables were chosen after analysing the process model (WP2) and the availability, and possibilities, of hardware (WP3) and software (WP4) sensors.
WP5.2. Design of optimal and adaptive suboptimal control laws

For the EM-1 case, SPES methodology for integration (WP8) was followed. However, due to scheduling planning constrains, SPES hardware was not to be yet available at the time of designing the Mexican reactors (UNAM and IBTECH). Instead, to balance WP5, WP6 and WP7 needs, low cost commercially I/O hardware and software were chosen. The controller proposed by UNAM, the Event-Driven Time-Optimal-Controller (ED-TOC) was simulated in Matlab and real-time implemented with LabView. Such a controller needs the estimation of two events in order to control de feed. The first event, “inhibition begins”, detects when inhibition is just beginning to happen during the filling. The ED-TOC, then, may turn OFF the inlet pump. The second event, “depletion begins”, detects the instant when the reaction treatment process is slowing down because of substrate depletion. Then the ED-TOC may turn the inlet pump ON again. This ON/OFF behaviour produces a fed-batch reaction comparable to a series of non-inhibited “mini-batches”, thus keeping the whole treatment process near its maximum potential i.e. avoiding both inhibition and depletion during the fill. In order to detect the switching events it was defined the Oxygen Mass Uptake Rate (OMUR), soft-computable by using only the available sensed variables, which is proportionally related to the substrate conversion rate. As such, during the filling, a maximum of the OMUR is obtained just before inhibition appears. After that, its value decreases as inhibition builds up. This behaviour allows to software-sense the “inhibition begins” event. Conversely, during the pure reaction phase, i.e. with no filling, a decreasing behaviour in the OMUR is related to the depletion of the toxic substrate, thus allowing the detection of the “depletion begins” event.

WP5.3. Control law validation

For the EM-1 case two different series of validation experiments were performed by WP1 at UNAM, using 4-chlorophenol (4CP) as the toxic model. The first one measures the optimality and robustness of the ED-TOC by applying increasing shock loads of the toxicant concentration value in the fed (SC,in). The second one assesses the long term stability of the ED-TOC in standard conditions (SC,in=0.35g4CP/L). 

Both, simulations and real offline data of the substrate concentration obtained during the experiments, were used to validate the ED-TOC.
WP5.4. Process improvement evaluation

For the EM-1 case a comparative analysis was performed between the ED-TOC and the classical batch operation mode, the Fixed Time Control (FTC). Total processing time for each batch, energy and air consumed were measured for both the standard conditions and for shock loads. As big shock loads can not be processed by the FTC, it was assumed that the shock load concentration value was known in order to pre-dilute the influent to the standard concentration before treatment. No dilution was performed for the ED-TOC batches. 
Results

For the EM-1 case, the ED-TOC exhibited a reliable suboptimal behaviour and long-term biological stability. Results were validated both in lab-scale and field-scale reactors for 4CP. ED-TOC’s robustness to shock loads disturbances, up to 20 times the standard load, was observed while still maintaining a suboptimal operation. The comparative analysis of the ED-TOC versus FTC shows an increase of 63% to 90% in applicable daily load, and savings in energy and in consumed air in the range of 25% to 39%. Modularity and integrability were also obtained in the controller’s hardware and software. It was successfully designed, implemented, and validated in lab-scale and in field-scale experiments. It uses commercially available sensors to control the inlet feed in order to keep the toxic substances from causing inhibition to the biomass, thus allowing an almost optimal operation. Reactor load/size relation benefits from using the ED-TOC. As treating time is reduced in excess of 63% this means the daily load capacity of existing facilities may be enhanced proportionally. It also means that new smaller facilities are required for a given daily load. Energy savings, in excess of 25%, come also as a result of treating-time optimization. Another practical benefit, ED-TOC robustness, means less out-of-service periods caused by shock load perturbations. In fact it was possible to treat toxic shock loads in the influent one order of magnitude greater than the ones treatable in Fixed Time Control batch mode. 

For the EM-2 case first the control specifications and optimisation objectives were determined: to drive any initial condition to a final target in a minimal time. The control module developed uses the dynamical model EM2b provided by WP2 and a combination of the software and hardware sensors (developed within WP3 and WP4 respectively) integrated with the full pilot scale. The design of the control strategies was improved and validated first by model simulation and confronted with off-line data. In a second step, short-term and long term effects of these strategies were evaluated. The optimal approach was applied with several replicates at the pilot scale under different conditions, both in Narbonne and in Montevideo. 

The control strategies provided tools to minimize the reaction time and ensure high purification performances. In a second step, it allowed to increase the wastewater volume treated within a time interval. The increase of the loading rate was taken into account as constraint in order to maintain good biological activities for nutriment removal and a good settling capacity for the sludge. This last point is important in order to guarantee an optimal separation of the purified water and the biomass.

1.2.6. Development of the Fault Diagnosis and Isolation (FDI) System (WP6)

Participants : UCL, INRA, POLIMI, UNAM

Objectives

A fault is a non-permitted deviations of at least one characteristic property or parameter of a system from its nominal condition. The EOLI project proposed as main goal the creation of a low cost, modular and reliable monitoring system, including fault diagnosis and automatic control, for Aerobic Sequential Batch Reactors in a WWTP. The automatic detection and isolation of a set of faults using redundancy by software instead of hardware is the main goal of WP6. The tasks associated with this goal were carried out with the aid of the bio-process experts.
The specific aim of the WP6 was the development of an efficient distributed automatic FDI scheme divided in instruments and process faults such that any new detector algorithm designed for specific devices could be integrated in the scheme without the re-design of the whole system. Advantage of the distributed schema is the possibility to manage each specific detection issue with the most appropriate tools giving the operator the responsibility to determine if the reactor operation can be maintained under the presence of a specific fault.

Activities

The participants in charge of the Development of the Fault Diagnosis and Isolation System started their activities capturing from the EOLI bio-process experts general information about the more important and critical faults in the instrumentation and the process by a poll. The result of the poll allowed the identification and characterization of critical situations in components and process for a general aerobic SBR.

Starting from the analysis of the poll the participants of WP6 in collaboration with the team of WP1 concluded that: (a) the generic components of the system given by sensors and actuators have diverse dependability levels; in particular the components with low reliability and availability indexes and as well the more important to control purpose are the dissolved oxygen sensor, PH sensor, the set of valves used in the fill and draw phases and the air blower, (b) the process poll said that the degradation and biomass damage were produced by operators with poor experience or external perturbations, as electricity blackout; only one abnormal case was reported in the reactor of POLIMI laboratory given by a reduction in the nitratation capacity and a growth of gazing organism.

The following two activities related with sensors and actuators faults were carried out from the beginning of the project.

1) Design of a Self Diagnosis of Damage in a Dissolved Oxygen Sensor type Clark. In particular at the UNAM, the attention was focused on fouling and damage in the membrane and it is proposed to use the time of the settling cycle of the SBR to test the sensor behavior. To identify automatically a deviation of the time constant of the probe, the impulse response of the diffusion process of the probe measured by the electrolyte current was considered.

2) Adaptation of the Dynamic Principal Component Analysis, DPCA, as fault detector for the case of non stationary data and its application to detect three classes of faults in a Servo-Valve with control: valve clogging, valve plug or valve seat sedimentation and valve plug or valve seat erosion. Since analytical models for a generic valve are not available and specific valve behavior patterns requires in general external perturbations to the system, to test a faulty valve statistical consistent relationships between the time sequences of the variables (control signal, plug position and outflow) are used. Specifically the UNAM  participants modified the DPCA algorithm to reduce the false alarms rate, when the valve is working in an operation point different from the used in the algorithm tuning. The key of the DPCA extension was the on-line adaptive standardizing process during the test interval holding the consistent correlation functions of the data in normal condition for linear systems.

To tackle the diagnosis issue of the process degradation two activities were planned. One associated with the use of the quantitative model described in WP2 to reproduce the nitrites build-up effects reported in WP1; the other one related with a very general design of diagnosis based on respirations patterns. The late proposition can work without an explicit analytical model if classified historical data are available in normal and abnormal conditions.

Starting from the analytical model EM2a given in Deliverable 2.3 in EOLI a simulator was implemented trying to reproduce the nitrites build up issues as occurred in the experiments. Diverse set of parameters and situations were tested, however the reactor model is not able to reproduce the nitrites build up condition; this limitation could not be overcame even with extra experiments carried out by WP1 the last year of the project.

Related to the diagnostic procedure based on signal processing, a sensitivity analysis of the respiration rate with respect to biomass initial condition, concentration of dissolved oxygen in the inflow, inhibition parameter Ki, and saturation parameter Ks in the Haldane law shows that each parameter has different effects in the form of the respiration (magnitude and time) during the reaction. These results allow the extraction of seven features to classify deviations of the parameters Ki and Ks for the laboratory reactor EM1 at the UNAM. On the base of these 13 features two Artificial Intelligence classification models were tested using a estimated respiration signal. Both classifiers are part of the WEKA Machine Learning Toolkit; the J48, implementation of the C4.5 algorithm and a Multilayer Perceptron with back propagation training. To get a robust calculation of the respiration it is proposed to estimate the oxygen mass transfer coefficient Kla periodically introducing a re-aeration before the fill phase.

Results

It is known that the tests and experiments of a diagnosis system cannot be achieved in real situation since real faults costs produced in the process and devices are very expensive. In the cases considered here the validation of the developed fault detection algorithms was achieved emulating conditions as similar as possible to the faults.

To the diagnosis of faults in the DOx sensor the procedure was tested by simulation changing the parameter associated to the thickness to emulate a fouling membrane. The results generated by the detector are reported in D6.1. The simulator used for the test includes a screen in which the operator can be trained how the detector must be managed (see D6.2). The results show that temperature disturbances and sporadic sensor calibration affect the accuracy of the diagnosis; systematic test at the same environmental conditions are suggested. Disadvantages of this design are the addition of specific electronic hardware in the device and that the operator has to select manually when the test is carried out.

The validation of the detector of faults in the servo-valve was made using the data available by the DAMADICS project for the 3 considered faults. In all the cases the on-line adaptive standardization of data reduced the false alarms and yielded a satisfactory performance as fault detector (see D6.1). The algorithm implementation in MATLAB is given as annex. 

To test the classification methods using the respiration, a comparison of the diagnosis results by simulation for three sets of classes reported in D6.1 was made and shown that the percentage of correct diagnosis is above 95\% for all tested cases indicating that the features contain enough system information for the diagnosis and then both classifiers achieve satisfactory performance, (see D6.1). The code of the system in MATLAB software is available in the annex. 

The experiments related to the nitrites build up issue and the conclusions reported in WP1 shown that diverse situations can produce this abnormal condition. Then a simple monitoring system is recommended which evaluates the corresponding process signals and indicates the operator if some of the conditions that could cause nitrite build-up occur.

1.2.7. Supervision Sysem Development (WP7)

Participants : INRA, UNAM
Objectives

The WP7 was dedicated to the development of an integrated supervision system able :

i) To classify the actual state of the system and decide whether the system is actually working properly or not. In other word, the system was developed in order to answer the question : "Is the actual state of the system normal? If not, from which known abnormal state is it closest?

ii) To manage automatically the sludge level in order to maintain the system in adequate functioning conditions.

For practical reasons, and because the pilot processes used within the project were very different (treatment of toxic substances in Mexico, carbon/nitrogen removal from industrial industrial dairy wastewaters in France (INRA) at high sludge concentrations, at low sludge concentrations in Uruguay and finally treatment of municipal wastewaters in Italy), it was decided to validate the final system on only one pilot SBR : the one located at the INRA dedicated to the carbon/nitrogen removal from industrial dairy wastewaters. One reason for having chosen this process for being a kind of EOLI "demonstration process" is that the algorithms developed can easily be used for the treatment of urban wastewaters. Indeed, given the important "genericity" of the results obtained (cf. hereafter), it should be noticed that the algorithms are easily extendable to other processes and could be integrated with low investment cost and effort for the supervision of any SBR process.

Activities

The supervision system

First, the term "actual state" has to be well defined. The supervision system is supposed to act on the long term, the immediate decision and optimal functioning being, by definition, left to the control system (cf. WP5). The role of the supervision system is thus rather to decide on the long term if the actual control algorithm works well. The decision was then taken to analyse the state of the system with one cycle delay: at the instant t, we analyse the last cycle which is already finished. In addition, our attention was focused on the part of a total cycle period that has the maximum information, that is the aerobic period of the SBR cycle.

Given these predefined objectives, two different systems were developed depending on the available sensors :

· Case #1 : a Decision Support System (DSS) for a configuration involving a low instrumentation process

· Case #2 : a DSS for a configuration involving a process equipped with an advanced instrumentation

By "low instrumentation configuration", we define a sensor configuration including widely used industrial sensors such a pH, Redox Potential and/or dissolved Oxygen while we call "advanced instrumentation" a configuration involving sensors able to deliver information about the concentration of several chemical species (substrate concentration) or pollution indicators as Chemical Oxygen Demand or ammonium nitrogen, nitrate or nitrite concentrations.

For the low instrumentation configuration, two subcases were investigated :

· Case #1.1 : model-based approach

· Case #1.2 : data-based approach

Methods for the Case #1.1 : development of the model-based DSS

The case #1.1 is based on a model of the aerobic phase. As such, the inputs for this part of the DSS development were mainly provided by the WP2. The model used for the simulations is thus the EM2a model (cf. Deliverable D2.3) for which parameters have been optimized for fitting INRA data. The data to be used in the PCA procedure (a Projection on Partial Least square procedure is used to reduce the size of the data analysed) can be generated using this model. A large number of simulations can then be run around a standard cycle defined by the following operating parameters : Kla in aerobic and in anoxic conditions, concentrations of COD and NH4 in the input, concentrations of biomass (XH and XA) in the tank, volume of the input and initial volume of the tank, duration of anoxic and aerobic periods, duration and frequency of air pulses during the anoxic phase, parameters Ti imposed as "optimal", parameters successively used to vary the conditions of the simulations (Kla, CODin, NH4in, XH, XA), ranges of parameters variation. In order to be as open and as generic as possible, the software leaves the possibility to automatically adapt the values of the maximum growth rates model parameters. To do so, it is assumed that the operator is able to enter the theoretical values (defined as "optimal") of the duration of each cycle for the standard conditions. Usually the most important "process faults" to be detected are related to the Kla, the CODin and/or the NH4in. The operator can define the range of variations of these parameters from their standard value. The possible variations of a parameter are:

- << : very low (e.g. -50% of nominal value);

- < : low (e.g. -25% of nominal value);

- > : high  (e.g. +25% of nominal value);

- >> : very high  (e.g. +50% of nominal value).

After the compilation and the execution of all the simulations, a database is created and will be used for the next step : the application of a PCA to reduce the space of analysis from six parameters to less. A new cycle can then be projected into a reduced space and a "distance" is computed between this point and all the points of the database : the system is then said to be in the state from which it is the closest in this reduced space.

Methods for the Case #1.2 : development of the data-based DSS

The case #1.2 is very close from the case #1.1 : the only difference is the way the database is constructed. Instead of generating a large number of simulated states, the database is built from the available data which are classified by an expert. Once this classification is made, the actual system is said to be in the state from which it is the closest in the database.

Methods for the case #2: development of the DSS module when the process is equipped with an advanced instrumentation

Taking into account the information provided by the TITAAN (cf. the deliverable D3.2) and/or by the UV sensor (cf. the deliverable D3.3) that have been developed within the framework of EOLI, the basic idea of the supervision system "case #2" is to perform on-line a mass balance on the carbon and on the nitrogen. In other words, the idea is to verify if the actual oxygen consumption fits the theoretical oxygen needs with respect to the available knowledge about the yields of the different involved bioreactions provided by the WP2. Details of this system are given in deliverable D1.5.

Supervision of the sludge height

The objectives of the developed system was twofold :

· First, it is important to early detect an eventual problem related to a poor capacity of the sludge to settle. To do so, a module able to compare the actual performances of the sludge with reference cycles where these performances were known to be good was developed. This module includes an on-line computation of four specific parameters (characteristic instants) defined as 

i) t0, the time it takes to the sludge to begin to settle from the instant the aeration has been switched off, 

ii) t1, the time during which the settlement is very rapid (this first decreasing rate is also computed),

iii) t2, the time during which the decrease rate is a little bit slower and the associated rate and

iv) t3, the final level. This final level is related to the SVI and thus to the actual sludge concentration. It is then possible to compute a theoretical increase of level between two successive cycle if the quantity of COD degraded during one cycle is known. This theoretical value is computed and compared to the actual level. If the increase in sludge is significantly higher than the theoretical one, the operator is adviced and a withdraw of sludge is proposed.

· Second, after a maximum sludge concentration present in the reactor has been defined, and under the condition that the settlement capacity is normal, at the end of each cycle, the system automatically computes the theoretical quantity of sludge produced and compare the theoretical total quantity of sludge present in the system. If this value exceeds the maximum allowed value, then a constant quantity of sludge is automatically removed from the system after the operator has confirmed the action.

Results 

The results can be presented in two categories : cases #1.1 and #1.2, and case 2

DSS module : cases #1.1 and #1.2: to validate the approach, it was decided to proceed to a number of experiments. Both approaches (model based and data based) were investigated. For the model based approach, in order to be as close as possible from experiments, the simulation corresponding to the standard conditions were realized using the average values of the parameters obtained experimentally. For both the model based and for the data based approaches, the results were satisfying. Details are given in deliverable D74.

DSS module : case# 2: the Case #2 DSS approach was validated using about 50 data points (mass-balance data provided by off-line analyses) obtained over 6 month of functioning. The details of the equations used for recovering the theoretical quantity of oxygen consumed as a function of the aeration (Kla) and of the COD and ammonium nitrogen concentrations as well as the validation results are reported elsewhere (cf. Deliverable D15).

Problems encountered

Although a very strong cooperation was observed between SPES and INRA, it was not possible – for purely technical reasons – to integrate as an independent self-running module the EOLI DSS, simply because the DSS module was developed under a MATLAB environment involving the MATHWORKS Guide User Interface tool which cannot be compiled with the MATLAB compiler. However, as for the optimal control module, it was possible to add to the developed modules a number of scripts allowing the module to manage themselves and online the real-time operation of the pilot plant. As a consequence, although not compiled as originally planned, the modules were able to interact adequately with the software and hardware platform as if they were completely integrated.

1.2.8 Validation and integration (WP8)
Involved partners : UCL, INRA, POLIMI, Gradient, SPES, UNAM, UU, IBTech

Objectives

The EOLI project is based on the idea that a web of WWTPs is connected to a Remote Server Machine – located at a remote control centre ‑ in order to upload measured data and alarms and download control actions. This Remote Server is essentially a supervisor system which implements a distributed control architecture.

The main objective of the Work Package 8 has been the development of the hardware and software components of a digital framework used to integrate both the several modules for monitoring and control with the single plant and the Remote Server with a web of plants. Within the project, there are several wastewater treatment plants that have been fitted with the EOLI system, adapted to their individual needs. These are the project’s integrated systems. Integration means the setting up and basic testing of the EOLI modules on a SBR plant site, within the framework - the middleware - that allows them to communicate with each other, with the SBR process itself and with the Remote Server machine. This Remote Server is essentially a supervisor system which implements a distributed control architecture. It has been chosen to use Internet as the main connection infrastructure between the Remote Server and each plant; this is because of the flexible, inexpensive and widespread nature of this medium.

The performance of the integrated system has been evaluated at two pilot plants working on domestic effluents containing model toxic compounds, e.g. 4-chlorophenol or allylthiourea, as well as concentrated organic loads (e.g. dairy effluent). All the hardware sensors considered in WP3 have been incorporated within the final integrated control system.

Activities

The design and development activity involves several partners within the project: SPES designed and implemented the system framework architecture and developed its hardware and software components using embedded electronics and open source software tools; INRA designed and tested the supervision system; UNAM and UU designed and tested several control modules; UCL developed several models for software sensors.

The integration activity involves two real physical plants with the aim at validating the reliability and customisability of the system: the pilot scale plant at ENEA (Italy), and the pilot- scale plant at INRA (France). These plants have very different characteristics, and thus it is an effective test for the EOLI approach to be able to integrate them all within the same framework.

In order to test and to demonstrate the potentialities and capability of the EOLI system as far as the data management and integration, other three plants located out of Europe, the IbTech full scale plant in Mexico and the two lab plants at UU have been logged to the EOLI remote server. These plants have to be considered as examples of architectures compliant with the EOLI software supervision system, equipped with monitoring and control systems built up with off the shelf solution. This enforces the policy for exploitation and dissemination of the results of the EOLI project: the software main frame and the whole monitoring and control systems developed provide general features and capabilities that are customisable to many other types of EOLI compliant installations.

SPES provided know how, assistance and personnel to implement the integration activity on site at the two pilot plants and realized and set up tools to operate tele-assistance for the maintenance and the update of the integrated system. At now, two technicians working at the SPES’ facilities are full time employed both in providing tele-assistance for the tuning and maintenance of the two pilot plants equipped with the EOLI system in co-operation with the people from INRA and ENEA.

Results 

The whole integrated system produced at the end of the project is characterised by a high level of modularity pursued for the integration that makes it possible to configure, to enrol, to enable or to disable all the possibly numerous components. Therefore the system can be applied at plant of different size, under different sensors network configurations. The experience from the installation, running and maintenance at two different pilot plants, the ENEA and the INRA ones, confirm this result. The full customisability, that was a key requirement for the development of the system, is a consequence of this high and reliable modularity. The core, both at the remote control centre and at the local plant, is a relational database and it is used to store all the data gathered (measurements), generated (commands), transferred and managed by the EOLI system. At the local plant level, the main frame software is organized in modules. Software modules can be enrolled into the system to implement features and functionalities.

The EOLI software architecture is based on the client/server technology in which different modules implemented for different purposes, can share the same resources using a relational database management system (DBMS) that is introduced to replace the limitations of the file sharing architecture: the client/server technology is a versatile, message-based and modular infrastructure that is intended to improve usability, flexibility, interoperability and scalability.

1.3 Technology implementation plan

Though further major developments are needed, the automated titrator (TITAAN) has the potential for commercial development as a useful tool for better monitoring and operating continuous flow as well as SBR processes for carbon and nitrogen removal, in addition to conventional ORP, DO and pH on-line measurements.

For EM-1 related processes, a close interaction with partner IBTECH during the design, construction and starting-up of the field-scale pilot reactor allowed the automatic-control related know-how transfer to this firm. On top of that, wide information diffusion was achieved by attending multiple events, both of academic and industrial interest, in order to introduce the basics of the new control concepts for this kind of processes (see publications). So far all of the experimental tests were performed using a synthetic toxic in the WW. However, there are plans to move the field-scale pilot plant to an industrial location in order to test the whole solution with real badly-characterised wastewaters. For the EM-2 related process, the implemented control module was designed to be compatible with the SPES hardware platform. Using a graphical interface, basic control parameters can be handled and advanced control algorithms can be easily uploaded. In addition with the scientific publication in journals and conferences papers, a full demonstration was organized during the EOLI day in April 4th 2006 in Narbonne.

The exploitation of the EOLI integrated system for monitoring and control can be considered in terms of technology transfer for promoting the use of technology innovation in the small and medium size WWTP management and optimization Though further major developments are needed, the system has the potential for commercial development as a useful tool for better monitoring and operating continuous flow as well as SBR processes for carbon and nitrogen removal.

1.4 Conclusions

Six lab-scale and two field-scale Sequencing Batch Reactors (SBR’s) were designed, constructed and instrumented. The SBR’s are instrumented to measure on-line the following process variables: temperature, DO, airflow rate, redox potential and pH. Different pathways of nitrogen removal were demonstrated in the SBR: heterotrophic consumption for growth and autotrophic nitrification and denitrification. Also it was observed that adsorption of COD during feeding could be a relevant process for certain wastewaters. 

The sub-optimal control designed by INRA and tested in UU resulted in a more efficient process, compared with the best conventional strategy found for the heterotrophic reactor treating a dairy wastewater effluent. The control resulted in a long term stable operation with more than 50% reduced oxygen consumption and more than 30% of operation time reduction. The nitrites build-up was elucidated as they were of interest for early fault detection and to develop appropriate control strategies and supervision algorithms. No correlation between biosorption and initial F/M was observed within the experimented range. The sludge was found to denitrify efficiently if the synthetic feed was used; on the contrary no denitrification took place when milk serum was fed as carbon source.

An optimal strategy to biodegrade inhibitory compounds was developed and tested in laboratory and full scale pilot plants. The wastewater inflow rate is controlled through the dissolved oxygen measured on-line. For the strategy there was no need to know neither the substrate nor the biomass concentration. According with the long term experiments, an excellent performance of the SBR operated with the ED-TOC strategy was obtained since the degradation of the 4CP was efficiently completed. The analyses of toxicity demonstrate that the bioreactor operated by ED-TOC eliminates the toxicity in the wastewater. The ED-TOC strategy was also able to manage increments of toxic concentrations in the influent up to 7000 mg 4CP/L.

Two different models have been selected in order to capture the dynamics of the involved processes in the most general way. These have been called EM1 and EM2, and are related to one substrate removal case (UNAM process) and the case involving nitrifying/denitrifying activities (other partners processes), respectively. WP2 has been working on the parameter identification based on two selected models by using the data provided by the experiments, and validated models are available for the different processes. The complete identification results includes calibration and validation of the parameter identification, statistical analysis of the obtained results via the computation of the confidence intervals for each parameters, as well as an detailed sensitivity of the model parameters and an exhaustive simulation study.  The models prove to be satisfactorily in terms of validation and in terms of statiscal content of the model parameters, and can be used appropriately for the design of monitoring and supervision tools as well as for control design.

WP3 (hardware sensor development) has designed an on-line spectrophotometer and five titrimetric pH-stat and pH/DO-stat procedures (MODEs) for the evaluation of fundamental parameters related to both the nitrification and denitrification processes. All MODEs were experimentally validated by using the off-line titrator (MARTINA) on sludge samples, and were implemented on the on-line titrator (TITAAN) which was first tested and debugged on the pilot-scale ENEA-SBR and then shipped to Narbonne to be integrated in the monitoring system of the pilot-scale INRA-SBR.  

The software sensors that have been developed within the framework of EOLI have been mainly concerned with the on-line estimation of substrate and biomass concentrations from the on-line measurements of dissolved oxygen and nitrogen oxide in presence of uncertainty in the kinetics for the UNAM process, and with the on-line estimation of nitrogen (nitrate, nitrite, ammonium) and carbon for the other processes.

WP5 was dedicated to the design and implementation of feedback controllers. : optimal and sub-optimal (called ED-TOC) controllers for both types of industrial wastewaters: carbon removal of toxic compounds (EM-1) and non toxic carbon and nitrogen removal (EM-2). The control strategies provided tools to minimize the reaction time and ensure high purification performances. In a second step, it allowed to increase the wastewater volume treated within a time interval. The increase of the loading rate was taken into account as constraint in order to maintain good biological activities for nutriment removal and a good settling capacity for the sludge. This last point is important in order to guarantee an optimal separation of the purified water and the biomass. The results show a significative improvement of the reactor performances and allow maintaining the capacity of the process on the long term.
The WP6 proposed a modular distributed scheme for FDI which help the operator to manage a SBR for WWTP and improves the reliability of the process giving information when incipient fault in some components occurs. Advantage of the scheme is that new fault cases or new sensors and actuators can be integrated in the system without system redesign since each fault indicator works independently of the others. In particular during the EOLI project 3 studies cases were considered: the dissolved oxygen sensor, the servo-valve actuator and the detection of specific abnormal symptoms in the reactor. The algorithms are generic and can be implemented alone and independent of each installation. The estimation of the respiration rate in situ for an aerobic SBR together with the extraction of specific characteristics of its pattern has shown to be useful for fault detection and diagnosis task. The disadvantages of the proposed classification algorithm is the considerable amount of historical data in normal and abnormal conditions which are required to train the classifier, if an appropriate model with abnormal condition is not available.

The whole integrated system produced at the end of the project is characterised by a high level of modularity pursued for the integration that makes it possible to configure, to enrol, to enable or to disable all the possibly numerous components. Therefore the system can be applied at plant of different size, under different sensors network configurations. The experience from the installation, running and maintenance at two different pilot plants, the ENEA and the INRA ones, confirm this result. The full customisability, that was a key requirement for the development of the system, is a consequence of this high and reliable modularity. The core, both at the remote control centre and at the local plant, is a relational database and it is used to store all the data gathered (measurements), generated (commands), transferred and managed by the EOLI system. At the local plant level, the main frame software is organized in modules. Software modules can be enrolled into the system to implement features and functionalities.

The EOLI software architecture is based on the client/server technology in which different modules implemented for different purposes, can share the same resources using a relational database management system (DBMS) that is introduced to replace the limitations of the file sharing architecture: the client/server technology is a versatile, message-based and modular infrastructure that is intended to improve usability, flexibility, interoperability and scalability.

The EOLI integrated system developed and validated within the project provides a really modular and scalable set of hardware and software tools for process’ monitoring and control: it can make possible at a low cost the automation and the remote control of small and medium size WWTPs both treating urban and industrial wastewaters. The system have the potential for application to both continuous flow and SBRs. Future actions may consider the application of the same system to a broader spectrum of biological processes.

2 Management Report

2.1 Project organisation

2.1.1 Administrative structure

The project coordination had been discussed at the kick-off meeting held in November 2002 in Narbonne, France (Figure 2). The UCL acts as the overall project coordinator with links to the partners. It was agreed that the overall project coordinator (UCL), coordinates all administrative and technical activities including financial flows and cost statements. Within the UCL, Prof. Denis Dochain acts overall project manager, while Mrs. Isabelle Hisette carries out the administrative aspects of the management of the project.


Figure 2. Coordination structure for EOLI

The writing, compilation and editing of the progress and scientific reports are coordinated by the task leaders (see Table 1), which in turn submit the compiled reports to the overall coordinator for final editing. 

Table 1. WP Task leaders

	Task
	Title
	Task leader

	WP1
	Process experiments 
	Germán Buitrón, UNAM

	WP2
	Model selection and parameter identification
	Denis Dochain, UCL

	WP3
	Hardware sensors development
	André Pauss, Gradient *

	WP4
	Software sensors development
	Denis Dochain, UCL

	WP5
	Control design and application
	Jaime Moreno, UNAM

	WP6
	Fault Detection and Isolation (FDI) system
	Cristina Verde, UNAM

	WP7
	Supervision system development
	Jérôme Harmand, INRA 

	WP8
	Validation and integration
	Paolo Ratini, SPES

	WP9
	Project coordination
	Denis Dochain, UCL


2.1.2 Communication

During the project, e-mail and fax connections between partners facilitated regular exchange of information, data, reports and management information. 

A project website (http://www.inma.ucl.ac.be/EOLI/) is operational with a specific section for project communication between partners (only accessible by the project partners). The main objective of the website is to disseminates information about the project and project outputs to the research and development community. 

More precisely, this web site contains the following information:

· Public area: information that is accessible for public

· Welcome page: introduction of the project;

· Scope of project: general objectives of the project;

· Partners: all institutions implying in the project with the contacting persons;

· Publications: all papers that are made during/within the project;

· News: any actual news involving the project;

· Event: meetings;

· Links: partners’ web sites, EC web site.

· Restricted area: password is needed (reserved for members)

· General documents: technical annexes, member addresses, data format (agreeing format to exchange data between partners), INCO reporting guide, EC financial report form;

· Meetings reports: all documents presented in EOLI meetings

· Achieved results with respect to deliverables

· Progress reports: including the first annual report

Moreover, in order to further guarantee the successful operation of each WP and the coordination between WP’s during this year where all the WP have been active, each WP leader was preparing a monthly activity report based on the activities within his/her Work Package. These reports have been sent every month to the project coordinator from the mid-term meeting.

2.1.3 General comments on the administrative aspects of INCO projects

A major issue in INCO is the discrepancy between European and non-European partners in terms of finances. The non-European partners have clearly a problem with the way that budgets are allocated for research activities. The system in which the budget is transferred on the basis of expenses justifications (after the first budget advance) is clearly not in the habits of the research institutions in Latin America (but it is probably similar in other non-European countries). This creates major problems for these partners who do not have usually the available money to provide for instancies salaries or grants to their researchers in advance (i.e. before they will be justified). The EC should clearly take this dimension in the future to make sure that international cooperation does not discourage our partners from developing countries.

2.1 Meetings

There had one meeting every six months throughout the EOLI project. The meeting in Milano (November 22-24, 2004) had been organized in connection with the two workshops dedicated to the memory of Prof. Alberto Rozzi, ‘Research and innovation in wastewater treatment’, in Milano (Politecnico di Milano) and in Bologna (ENEA), on November 25th-26th. The conference was attended by about 80 participants and included a general presentation of EOLI of its results, and a technical visit to the ENEA-SBR, where the TITAAN was operating. The final meeting was organized in conjunction with the conference STIC-Environnement held in Narbonne on April 5-7, 2005 with a workshop dedicated to the results of EOLI via a presentation of the EOLI results (oral presentation and posters) and demonstration on the pilot plant operated in Narbonne.
Table 2. Project meetings during the third year of the project

	Dates
	Location
	Object
	Participants
	Results

	November 7th-9th, 2002
	Narbonne, France
	Kick-off meeting
	All project partners
	Detailed work plan

Minutes of kick-off meeting

	May 7th-9th,  2003
	Mexico City, Mexico
	Mid-term meeting
	All project partners
	Minutes of the meeting

	October 15th-17th, 2003
	Compiègne, France
	First year final meeting
	All project partners
	First annual report, minutes of the meeting

	May 5th-7th, 2004
	Louvain-la-Neuve, Belgium
	Mid-term meeting
	All project partners
	Minutes of the meeting

	November 22nd-24th, 2004
	Milano, Italy
	Second annual meeting
	All project partners
	Second annual report, minutes of the meeting

	May 9th-11th, 2005
	Montevideo, Uruguay
	mid-year meeting
	All project partners
	Minutes of the meeting

	October 17th-19th, 2005
	Mexico City, Mexico
	Third annual meeting
	All project partners
	Third annual report, minutes of the meeting

	April 4th, 2005
	Narbonne, France
	Final project meeting
	All project partners
	Workshop on the final project results


2.3 Exchanges

During the first year of the project, two PhD students of UNAM are involved in exchanges: Manuel Betancur has moved to UCL (Louvain-la-Neuve, Belgium) since August 2003 and will stay for 6 months; Iván Moreno Andrade has also been working in INRA (Narbonne, France) from September to December 2003. Prof. Jaime Moreno had been visiting the UCL in October 2003 for one week.

During the second year of the project, five Master and PhD students from UNAM are involved in exchanges: Manuel Betancur went to UCL (Louvain-la-Neuve, Belgium) for 6 months beginning in August 2003; Iván Moreno Andrade has also been working in INRA (Narbonne, France) from September to December 2003; Gloria MORENO made an stay at the Universite de Technologie de Compiegne (UTC) in Compiegne, France, from July to December 2004; David MARTÍNEZ made an stay at the Laboratoire de Biotechnologie de l’Environnement (LBE) of INRA, Narbonne, France, from January to July 2004; Leonardo JIMÉNEZ made an stay at Politecnico di Milano (POLIMI), Milano, Italy, from September to December 2004.

During the third year of the project, many meetings took place with the objective to increase the cooperation among the different groups with a particular concern for the integration activities of WP8. Meetings with IBTECH and UNAM WP1, WP2 and WP6 participants were held when necessary, specially to give advice and guidelines for the construction and the commissioning of the field scale pilot reactor (EOLI-UNAM-02) by IBTECH. On January 24, 25 and 26, Jérome Harmand and Djalel Mazouni had a meeting in Milano with SPES and POLMI to prepare the integration with SPES platform and TITAAN. On February 2nd and 3rd, GRADIENT group had a meting in Narbonne to prepare the integration of the UV sensor (Gradient ‘s Hardware sensor). He is working also on the supervision algorithm.   From May 15th to 30th, Miriem Bekri from Gradient came to Narbonne for the start up of the UV sensor (Gradient hardware sensor). From July 6th to 18th SPES people were in Narbonne for the installation of the SPES platform and TITAAN. On July 13th, there has been a meeting in Narbonne with André Pauss and Olivier Schoefs from Gradient, Roberto Canziani and Nicola Fiocchi from POLIMI, Paolo Ratini form SPES, Jerome Harmand, Michel Torrijos, Jean Claude Bouvier and Djalel Mazouni from INRA. The object of the meeting was reporting the actual stat and planning experiment for validation and integration of the whole system.
On May 2nd 2004, Nicola Fiocchi, came to Narbonne for 7 months for the start up and the evaluation of TITAAN. 

2.4 Problems

Two of the EOLI partners (Maria Viñas from Uruguay, and Alberto Rozzi from Italy) died early after the beginning of the project. These were two major figures in the field of wastewater treatment and their involvement within the project was expected important. Although these news were particularly terrible for most of us, it happens that their deaths did not have major negative effects on the running of the EOLI project. Fortunately new persons took rapidly over the tasks of Alberto Rozzi and Maria Viñas, and the transition with the new persons in charge had been running very smoothly. In the case of Maria Viñas, she had anticipated her future and had already associated a younger colleague (Soledad Gutiérrez) to her scientific activities a while before her death. Soledad Gutiérrez participated to the meeting in Mexico and took a very actice and efficient part in the project. In the case of Alberto Rozzi, the main person in charge of the project in his group, Elena Ficara, who holds a post-doc position at POLIMI, has been continuing to handle the project, with the help of a PhD student (Nicola Fiocchi). The administrative and scientific supervision of the POLIMI activities has been done by Professor Roberto Canziani. Here again, the involvement and activities of both Elena Ficara and Roberto Canziani proved to be very efficient for the EOLI project. We had also agreed in the first meeting in Mexico to replace Alberto Rozzi by Andre Pauss as the leader of WP3 and to reverse the meetings scheduled in Milano and Compiègne so that the annual meeting took place in Compiègne on 15th-17th October 2003.

One important task of the EOLI project, and more specifically in relation with WP3 and WP8, that could not be fully completed within the originally planned schedule of the EOLI project was the field-testing of all the TITAAN modes of operations. Delays on the field tests at the ENEA pilot-scale SBR was due to the unusually cold and snowy winter (which caused both technical problems related to tube clogging and the loss of biomass activity due to the abnormally low water temperature). This had motivated to ask for a prolongation of the EOLI project duration in order to complete all the project objectives. 

3 Individual Partner Reports

3.1 CESAME-UCL

Participating staff

	Name
	Background
	Activities in EOLI

	Prof. Denis Dochain
	Process control scientist 
	WP 4, 8 and 9

	Dr Hadyan Fibrianto
	Process control scientist
	WP 2, 4 and 9

	Mr. Cédric Henri
	Chemical engineering scientist
	WP 4, 8 and 9

	Ms Leslie Noon
	Chemical engineering scientist
	WP  8 and 9

	Mrs. Isabelle Hisette
	Secretary
	WP 9


Activities

WP2. Model selection and parameter identification

Two different types of models have been proposed to represent the dynamics of the two different types of processes evaluated in the framework of EOLI. The first model, referred as EM1, corresponds to the process operated in Mexico. The second model represent the dynamics of the processes run at POLIMI, at the INRA and at the UU. Due to slight differences between the process dynamics, two submodels have been identified, i.e. EM2a for the POLIMI process, and EM2b for the INRA process. Herebelow only the reaction scheme, the mass balance equations (with the kinetic expressions) and the parameter values are provided. 

a) Model EM1

The identification of the model EM1 has been partially performed during the stay of Manuel Betancur at the UCL. The process operation consists of a fed-batch operation with one single aerobic growth reaction and an endogeneous respiration reaction :


SC + SO ( X
[image: image6.wmf]

SO + X ( X

where SC, SO and X represent the concentrations of organic matter, dissolved oxygen and biomass, respectively. The dynamics of the process are described by the following equations :


[image: image7.wmf]
where , qin, V, k1, k2, b, Sc,in, SO,in, kLa and SOs are the specific growth rate, the inlet flow rate, the volume, the yield coefficients (between X and SC, and X and SO), the endogeneous respiration kinetic constant, the inlet organic matter and dissolved oxygen concentrations, the transfer coefficient and the oxygen saturation concentration, respectively.

The specific growth rate is represented by the following Haldane model :


[image: image8.wmf]
Different configurations have considered for the parameter calibration (e.g. with or without inlet dissolved oxygen, with or without oxygen sensor dynamics, with or without the modification in the early part of the Haldane kinetics). The following set of parameters correspond to SO,in = 0, SOs = 6 mg/L and no oxygen sensor dynamics (EM1-A3, in the report). k1 has also been given from separate batch experiments.

	Parameter
	Dimension
	Value
	Confidence interval

	0
	h-1
	0.1916
	0.00255

	KS
	mg4CP/L
	60
	0.01499

	KI
	mg4CP/L
	3.753
	0.00755

	k1
	mg4CP/mgVSS
	3.7
	-


	k2
	mgDO/mgVSS
	1.0363
	0.0578

	b
	h-1
	0.0059
	0.0004

	kLa
	h-1
	16.8
	0.1


Table 1. Parameter values for model EM1-A3

b) Model EM2a

The process operation consists of two successive batch steps : an anoxic phase followed by an aerobic phase. The model refers explicitely to these two phases. In EM2a, it is assumed that a two step denitrification takes place. The model is therefore based on the following reaction schemes :

Anoxic phase :


NO3 reduction : 
SC + SNO3 ( Xh + SNO2

NO2 reduction : 
SC + SNO2 ( Xh + N2

Ammonification : 
SN ( SNH
Aerobic phase :


NH4 oxidation : 
SO + SNH ( Xa +  SNO2

NO2 oxidation : 
SC + SNO2 (  Xa + SNO3
 
C-removal : 
SC+ SO( Xh

Ammonification : 
SN ( SNH 

In the above reactions, SNO3, SNO2, Xh, Xa, SNH, SN hold for the (concentrations of) nitrate, nitrite, the heterotroph and autotroph bacteria, the ammonia nitrogen and the soluble organic nitrogen, respectively. 

The dynamics are given by the following set of mass balance equations :

Anoxic phase : 


[image: image9.wmf]

[image: image10.wmf]
Aerobic phase :
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In the oxygen balance equation, the term SOmax accounts for the endogeneous respiration via the following relationship :
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where re holds for the endogeneous respiration rate (assumed to be (almost) constant).

The kinetic expressions are the following :


[image: image13.wmf]
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In the above kinetic expressions, the terms SCmin and SNmin account for the non-biodegradable part of the compounds SC and SN. The identification procedure resulted in the following set of parameter values from the POLIMI data.

	Parameter
	Dimension
	Value
	Confidence interval

	Yh1
	mgVSS/mgCOD
	0.616
	0.152

	Yh2
	mgVSS/mgCOD
	0.788
	0.129

	k6
	mgN/mgN
	0.706
	0.143

	h1max
	min-1
	0.012
	0.003

	KCh1
	mgCOD/L
	57.45
	21.15

	KNO3h
	mgN/L
	44.65
	7.87

	h2max
	min-1
	0.0015
	0.0007

	KCh2
	mgCOD/L
	21.17
	16.05

	KNO2h
	mgN/L
	4.99
	4.22

	0
	min-1
	0.0529
	0.0011

	
	min-1
	0.252
	0.079

	SOmax
	mg/L
	7.38
	0.36

	Yh
	mgVSS/mgCOD
	0.75
	0.067

	Ya1
	mgVSS/mgN
	1.69
	0.37

	Ya2
	mgVSS/mgN
	0.187
	0.09

	hmax
	min-1
	0.0122
	1.5 x 10-10

	KCh
	mgCOD/L
	18.96
	7.42

	KOh
	mgDO/L
	40
	10.34

	a1max
	min-1
	0.0235
	1.74 x 10-10

	KNH
	mgN/L
	0.479
	0.208

	KOa1
	mgDO/L
	29.9
	9.47

	a2max
	min-1
	0.0117
	1.5 x 10-10

	KNO2a
	mgN/L
	4.963
	2.742

	KOa2
	mgDO/L
	24.9
	7.75

	SCmin
	mgCOD/L
	19.92
	1.4

	SNmin
	mgN/L
	3.16
	0.44


Table 2. Parameter values for model EM2a for POLIMI data

c) Model EM2b

The main difference with EM2a is that only one denitrification step is considered in the anoxic phase and one step nitrification in the aerobic phase. Therefore the reaction scheme considered here is the following.

Anoxic phase :


Denitrification : 
SC + SNO ( Xh + N2

Ammonification : 
SN ( SNH
Aerobic phase :


Nitrification : 
SO + SNH ( Xa +  SNO
 
C-removal : 
SC+ SO( Xh

Ammonification : 
SN ( SNH 

The dynamics are given by the following set of mass balance equations.

Anoxic phase :
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Aerobic phase
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The kinetic expressions are the following :
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The identification procedure resulted in the following set of parameter values from the INRA data.

	Parameter
	Dimension
	Value
	Confidence interval

	Yh
	mgVSS/mgCOD
	0.828
	0.069

	k3
	mgN/mgN
	0.905
	0.014

	hNmax
	min-1
	0.016
	0.004

	KC1
	mgCOD/L
	144.45
	4.16

	KNO
	mgN/L
	20.47
	0.85

	0
	min-1
	0.0067
	0.0023

	
	min-1
	0.3
	0.031

	SOmax
	mg/L
	7.86
	0.59

	Yh
	mgVSS/mgCOD
	0.81
	0.17

	Ya
	mgVSS/mgN
	1.705
	2 x 10-5

	1
	
	11.62
	3.42

	2
	
	0.35
	0.076

	hmax
	min-1
	0.0029
	0.0019

	KCh
	mgCOD/L
	133.35
	5.71

	KOh
	mgDO/L
	39.68
	3.61

	amax
	min-1
	0.021
	0.0019

	KNHa
	mgN/L
	31.91
	5.17

	KOa
	mgDO/L
	60.72
	5.43

	SCmin
	mgCOD/L
	30.42
	7.42

	SNmin
	mgN/L
	4.38
	0.88


Table 3. Parameter values for model EM2b for INRA data

WP4. Software sensor development

WP4 is concerned with the design of software sensors, i.e. tools that allow to provide on-line values of key process components that are not accessible for on-line measurement. The software sensors under development are concerned with the on-line estimation of substrate and biomass concentrations from the on-line measurements of dissolved oxygen in presence of uncertainty in the kinetics. WP4 has also been dedicated to the development of appropriate tuning rules that will fit to the specific features of time limitation of batch and fed-batch reactor operation.

a) Software sensor design

The design of software sensors has been concentrating on the on-line estimation of biomass and substrate concentrations mainly in the context of the toxic compounds treatment plant described by model EM1 under the assumption (in line with the statistical analysis of the model parameters) of poor knowledge of the kinetics parameters of the biomass growth (Haldane model). The approach considered for the EOLI project is a combination of an asymptotic observer with an adaptive observer that provides both state and parameter on-line estimates. In the following we consider the case of the EM1 model where the parameter uncertainty is assumed to be concentrated on the parameter 0 of the Haldane model. The available on-line measurements are the dissolved oxygen SO and SO,in, the inlet COD concentration SC,in and the inlet flow rate qin. Since the operation time is intrinsically limited, one major challenge in the software sensor design is to able to act on the convergence rate of the observer so that estimates of the unmeasured biomass and substrate can convergence fast enough to their true experimental values. Asymptotic observers are robust observers with respect to the lack of knowledge about the process kinetics but their convergence rate is fully dependent on the operating conditions (via the inlet flow rate). This motivates the alternative approach proposed in EOLI that combines an asymptotic observer with an adaptive observer. Let us concentrate here on the case where the priority is to obtain a fast estimate of the biomass concentration X.

For the asymptotic observer, we first define the following auxiliary variables :


[image: image18.wmf]
Their mass balance equations obtained from model EM1 are equal to :
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By inverting the definitions of z1 and z2, we obtain estimates from the measurement of the dissolved oxygen SO and the values of z1 and z2 are given by :
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where SCe and Xe hold for the estimates of SC and X provided by the asymptotic observer. These above 4 equations are the asymptotic observer of our EOLI observer.

The adaptive observer is based on the assumption that a mean value of 0 (denoted
[image: image21.wmf]) is known. The adaptive observer will therefore provide an estimate of the deviation from this mean (possibly wrong) value. The design of the observer is based on the mass balance equations of the biomass concentration X and of the dissolved oxygen concentration SO:


[image: image22.wmf]
In the above equations 0 is the on-line estimate of the deviation of 0. Note the estimates of the asymptotic observer are used in the above adaptive observer; they play a key role in the stability analysis of the observer. C1, C2 and C3 are the design parameters, in other words the knobs on which we can act to modify the convergence rate of the estimation of X. A careful mathematical stability analysis shows that they have to be selected as follows :
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Figure 1. Combined asymptotic and adaptive observers for the monitoring of the biomass concentration in EM1 model configuration

In the above equations 1, 2 and 3 are the eigenvalues associated to the adaptive observer. They are indeed the true knobs for selecting the convergence rate. They have to be negative (to guarantee the stability of the adaptive observer). When referring to simple dynamics views, large values of the eigenvalues mean fast convergence. However other dynamical effects (like the zero dynamics) may interfere and deteriorate the convergence in presence of large eigenvalues. Moreover, the presence of noise on the measurement may also limit the values of the eigenvalues. The appropriate selection of the design parameters is therefore is a job that has to be performed carefully, in particular via exhaustive numerical simulations. 

Alternative versions of the above EOLI observer can be deduced, e.g. by considering other parameter uncertainty assumptions or for the on-line estimation of the substrate concentration with convergence faster than with the asymptotic observer.

The EOLI observers have been tested in numerical simulation under various conditions. The figure here above illustrates the performance of the EOLI observer in typical operating conditions of the fedbatch process of Mexico. The intial values of the biomass concentration and of the substrate concentration have been set with 10% error with respect to their values. The eigenvalues have been set to –5. Note that the adaptive observer is able to converge faster than the asymptotic observer.
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Figure 2. ITSE Observer for Sc , Xh and SNO during the anoxic and aerobic phase of the wastewater treatment process with a 20% error in the initial condition of Xh,, SNH, SN, Xa and SO
b) Tuning rules

This activity in the third year has been mainly dedicated to the development of appropriate tuning rules that will fit to the specific features of time limitation of batch and fed-batch reactor operation. Here we have introduced the concept of ITSE observers, i.e. observers for which the gain K(
[image: image28.wmf]) that minimizes  the following objective function J:  
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where T  is an appropriate window of time and K(
[image: image30.wmf]) is the gain matrix of the state observer whose general structure is written as follows :
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where  
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[image: image33.wmf] are the on-line estimates of x and y given by:
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With T being an appropriate window of time. In this way the design of the observer includes minimization of the observation error together with better convergence rates. Figure 2 illustrates the performance of the ITSE observer applied to EM2b model.

WP8. Validation and integration 

In WP8 the activity of the UCL was mainly interms of support of transferring the developed software sensors into the FDI and supervision systems as part of the control system implemented both in Mexico and in Narbonne. This involved a number of meetings and exchanges of information via internet with several adjustments and improvements of the implemented versions of the software sensors.
3.2 LBE-INRA

Participating staff

	Name
	Background
	Activities in EOLI

	Jérôme Harmand
	Process control scientist
	WP2, WP3, WP5 WP7, WP8,

	Michel Torrijos
	Biotechnological / Bioprocess scientist
	WP 1, WP7

	Djalel Mazouni
	Process control PhD student
	WP2, WP4, WP5 WP7, WP8

	Jean-Claude Bouvier
	Technician in instrumentation
	WP3

	Marie Herveau
	Process enginnering student
	WP2, WP4, WP5 WP7, WP8


Objectives

The INRA-LBE was mostly involved in experimental work (WP1) to generate data for model selection, model identification and validation (WP2), in optimal control synthesis (WP5), in DSS design (WP7), and in EOLI system validation and integration (WP8). We recall hereafter the specific work performed by the INRA-LBE within these different workpackages :

WP1

· To design and build up a completely automated 200 liters pilot SBR,

· To define "standard functioning conditions" for this pilot plant with respect to the wastewaters to be treated within the EOLI project,

· To design experiments and generate data in conditions different from the "standard ones"

WP2

· To generate additional data for validating the models developed within WP2.

WP5

· To analyze the possibilities of synthesizing optimal control strategies,

· To synthesize and develop algorithms allowing these optimal control strategies to be tested and, eventually, validated on the pilot plant,

· To evaluate these control strategies on the pilot SBR.

WP7

· To design and develop an integrated supervision system able i) To classify the actual state of the system and decide whether the system is actually working properly or not. In other word, the system was developed in order to answer the question : "Is the actual state of the system normal? If not, from which known abnormal state is it closest? And ii) To manage automatically the sludge level in order to maintain the system in adequate functioning conditions.
WP8

· To implement and evaluate the final EOLI system.

It should be noticed here that the INRA-LBE SBR pilot was chosen for validating the EOLI integrated system during the last year of the project. Because of this central role, the INRA-LBE has had string and lot of interacting activities with all members of the EOLI consortium. As such, the INRA-LBE has participated to many WP, although it was not planned originally. In particular, we have participated to the WP3 within the development of the UV sensor with the team of the University of Compiègne, France and to the WP4 in close cooperation with the team of the Catholic University of Louvain, Belgium. We do not insist on this in the following (details of our contribution on these topics can be found in the different scientific annual reports of the project).

Activities

WP1

Activated sludge:

The sludge used in the LBE SBR comes from the urban wastewater treatment plant of COURSAN, south of France. This plant was chosen because both carbon and nitrogen are treated in aerobic and anoxic conditions. The tank was filled with about 100 litters of this sludge. For two month, the sludge was simply aerated and filled with a low organic loading rate (<0.7 kg COD/m3/day). After three months of start up, the purification rate was around 98% and a high sludge settleability with no suspended solid after decant was obtained.

Influent wastewater

Semi-synthetic dairy wastewater is used as influent. This fed is prepared by dilution of concentrated whey collected in a cheese dairy. The characteristics of the whey correspond to 70 g/L of COD and 2 g/L of total kjedahl nitrogen (NTK). In order to change the C/N ratio of the whey, organic nitrogen as Urea (CH4N2O) is added. The whey is maintained at –20°C in small bottles. About 3.6 litres are used per day to prepare reactor’s feed. In standard conditions, the influent volume treated after dilution is 50 l/day. Its average composition is : 5 g/L COD, 250 mg/L N-NTK, and pH = 6,23.

Pilot plant

The tank of the reactor has a cylindrical form. Its dimensions are 50cm in diameter and 130cm height with a total volume of 255L. It is equipped with a variable flow rate pump to fill the reactor and a controlled valve to withdraw the effluent and the sludge in excess. Air is used for aeration and mixing. Its flow is controlled by a flow meter. The reactor is operated at an ambient lab temperature of 20°C. Each cycle duration is 24 hours. More specifically, the reaction phases are divided into 2 periods. In each one, half of the total influent daily volume is added (25 liters).

Measurements

On line data

The following parameters are available on line : pH, Redox, Temperature, Dissolved Oxygen (DO), CO2 gas, O2 gas, sludge blanket, influent air flow rate and input air flow rate. All sensors and actuators are connected to a PC and the functioning of the process was completely automated at the beginning of the project through the use of an home made software until the EOLI Hardware and software platforms were implemented in July 2005.

Off line data

The off line measurements are : COD (total and soluble), NTK, Nitrite, Nitrate, Ammonium, TSS and VSS. For all these measurements, standard methods are used.

WP2

Generation of data for modeling

Over the project, about 15 data sets were acquired. These data are reported elsewhere (cf. in particular in the first and the second annual reports). Hereafter, we simply summarise the conditions under which the data were generated.

First, 5 sets of data corresponding to standard conditions were obtained in the first year. The experiments used for the modeling of the SBR and concerning the variation of the C/X ratio were provided in the first year while those concerned with the validation of the models were provided at the beginning of the second year. In particular, in order to evaluate the rate of the denitrification during the anoxic period, the experimental protocol (concerning the sampling processing during anoxic phase and aerobic phase and the conservation of samples) defined by the partners involved in the WP1 & WP2 was used.

At the beginning of the third period (T0+13 to T0+18), an experimental plan was proposed to perform the two last series of experiments to be done : changes of the C/N and O2/X ratios. For example, we reproduce the following tables 1 and 2 which summarize the experiments of the beginning of the second year. The COD concentrations were maintained constant while the NTK concentrations were varied.

Table 1. Experimental plan for C/N variations.

	Date
	CODt mg/l
	NTK mg/l
	CODt/NTK Variations %
	Theoretical  variations %

	27-10-2003
	5090,91
	168,00
	51,48%
	50%

	29-10-2003
	5280,92
	183,68
	44%
	35%

	31-10-2003
	5298,46
	204,40
	29,7%
	20%

	04-11-2003
	5270,06
	319,2
	-17,5%
	-20%

	Standard
	5200
	260
	0%
	0%


Table 2. Experimental plan for O2/X variation.

	date
	VSS g/l
	Air flow rate

(l/min)
	Air flow rate/VSS Variations %
	theoretical  variations %

	06-11-2003
	11,49
	75
	48%
	50%

	12-11-2003
	15,23
	26
	-61,3%
	-50%

	standard
	12
	53
	0%
	0%


Remarks : These experiments have been performed in November 2003, 2 months after an important problem in the nitrification was detected. It has to be noticed here that shortly after these data have been provided, we had to re-inoculate the process because the nitrification activity was not recovered (at the end of the aerobic phase, some nitrites and nitrates remain). In other terms, these data can be used for identification purposes, but it is expected that the real nitrification rates are a little bit higher that those identified using these data.

WP5

One of the most important problems of the SBR is its ability to maximize the applied pollution load. In other words, it is of interest to solve a time optimal control problem. Let us denote S1, the COD concentration, S2 the ammonium nitrogen concentration and S3 the nitrite+nitrate concentration, the problem to be solved is defined as follows :

The objective of the control is to compute the switching sequence (aerobic/anoxic) and the corresponding switching instants such that any initial point in the attainable set reaches the target set (defined as the set of concentrations such that S1<S1N, S2<S2N  and S3<S3N) where S1 is the soluble COD, S2 is the ammonium nitrogen concentration, S3 the ammonium nitrite+nitrate concentration and S1N, S2N and S3N are the normative rejection norms.

From there, as for the development of the Decision Support system (cf. Activities described in WP7), two different strategies based on the level of instrumentation of the process, were followed :

· In the case the process is only equipped with very simple instrumentation (DO probe, pH, Redox probe), a simple suboptimal control law was developed based on the detection of the end of the reactions by the analysis of the acquired signals). This control was called CS1.

· In the case the process is equipped with high level instrumentation (TITAAN, UV sensor, etc…) and if a model is available, an advanced optimal control law was synthesized). For this configuration, two substrategies were developed : CS2 which is based on the application of a single optimal control sequence {aerobic-anoxic-aerobic} and CS3, based on the succession of several sequences (5 in our case) such that {anoxic-aerobic}.

Because its innovative character and although it could not be possible to implement this algorithm in closed-loop, we insist in this final report on the advanced optimal control law CS2 that was developed during the two first years of the project. Using a simplified model derived from the one provided by WP2, we developed an optimization algorithm that allowed us to solve this problem. The idea of the development of this control law is recalled hereafter.

Once it has been verified that there exists a trajectory allowing us to drive the state toward the final set, it is of interest to compute the control actions (switching instants between aerobic and anoxic phases) in order to do so. Within the set of all possible switching policy and in order to keep the problem tractable (in practice, it is not possible to switch too often), it was decided to limit the computation to the search for control sequences comprising only 2 switches at most. In other words, the class of optimal control sequence to be applied can be schematically represented in the Figure 1.

[image: image36.wmf]
Figure 1. The class of admitted optimal control sequence to be applied within CS2

Indeed, it should be noticed here that any initial condition within the attainable set (the set of initial conditions for there exists a sequence of admissible controls (a succession of aerobic or anoxic periods)) can be driven toward the final set in applying the specific sequence {aerobic, anoxic, aerobic}.

The problem to be solved can now be reformulated as the search for the two switching instants t1 and t2 such that any initial condition in the attainable set is driven towards the final set in a minimum time:

T=t1aerob+tanox+t2aerob

Unless the optimal solution be u=0 (it means that there is almost no ammonium nitrogen (S2) in the effluent, that is when S2(t0)<S2N), two distinct cases can arise: either the optimal trajectory first reaches the plane defined by S1=S1N or the one defined by S2=S2N. Since both concentrations S1 AND S2 must verify S1(tf)<S1N AND S2(tf)<S2N, the problem can be rewritten as the search for t1 and t2 such that:


[image: image37.wmf]
where f and g describe the dynamics of the system, be minimal.

To solve the general case (find the switching instants for t1 and t2 of the control sequence aerobic/anoxic/aerobic), the maximum principle is first used. Using this principle, it is possible to show that there exists a switching plane which defines the commutation instant t2. In order to compute t1, an optimisation problem is solved numerically: it corresponds to the search for t1 that minimizes the anoxic phase time period. during anoxic phases, u=0. Thus S2 is constant while S1(t) and S3(t) are linearly related referring to the relationships obtained from the first integral 
[image: image38.wmf]. In order to parameterise the anoxic phase time period, we introduce the following variable: 
[image: image39.wmf] such that S1=S1(t1)-  and S3=S3(t1)- Let  be the variation of S1 in the anoxic phase (it is proportional to the variation of S3 over the same period). It is given by 
[image: image40.wmf]. The anoxic phase time period is then given by:
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where h describes part of the dynamics of the system and 
[image: image42.wmf] is the solution of the dynamical system (2.10) for u=1 at t=t1.

The biological interpretation of the optimal solution is as follows. The nitrogen removal kinetics is very slow compared to the carbon removal. Thus, the required aerobic time corresponds essentially to the nitrogen removal. Since nitrogen is not eliminated in anoxic phase, the aerobic phase duration cannot be minimized. We can only reduce the total cycle time by reducing the anoxic phase time.

In standard cases the anoxic phase takes place at the beginning of the cycle. The anoxic reaction rate depends on the two substrate concentrations S1 and S3. At the beginning, the maximum of carbon is available. In most cases (depending on the initial conditions), the optimal control strategy consists in starting with an aerobic phase in order to maximize the anoxic reaction rate. During the first aerobic phase, S3 increases and S1 decreases. The anoxic phase is applied when the maximal possible rate of the anoxic reaction is reached, so that the total time of this phase is reduced. Of course if the maximum anoxic rate is given at the initial time, the batch starts with the anoxic phase as in the classical approach the total time cannot be further reduced.

WP7 & WP8

Given the objectives defined for the WP7, two different systems were developed depending on the available sensors :

· Case #1 : a Decision Support System (DSS) for a configuration involving a low instrumentation process

· Case #2 : a DSS for a configuration involving a process equipped with an advanced instrumentation

Again, by "low instrumentation configuration" (or "low instrumentation level"), we define a sensor configuration including widely used industrial sensors such a pH, Redox Potential and/or dissolved Oxygen while we call "advanced instrumentation" a configuration involving sensors able to deliver information about the concentration of several chemical species (substrate concentration) or pollution indicators as Chemical Oxygen Demand or ammonium nitrogen, nitrate or nitrite concentrations.

For the low instrumentation configuration, two subcases were investigated :

· Case #1.1 : Model-based approach

· Case #2.2 : data-based approach

Details of the development of these modules are given elsewhere (cf. in particular deliverables D72 to D75).

Results

WP1 & WP2

As underlined above, the results within these two WP were the generation of data used both for modeling and validation of mass-balance models.

WP5

CS1 gave excellent results : it was tested at the beginning of the project. In the last year of the project only CS2 and CS3 were evaluated. The function of CS2 was to avoid a long non aerated phase by introducing an aerobic phase between the settling and the anoxic phase. As explained above, the switching instants were computed such that the total reaction time be minimal. This strategy was tested and evaluated during February, March, and April. This control in not always possible because under some initial conditions the process can not be started with aerobic phase. In this case the strategy CS3 is applied. This strategy consists in changing the volume added in the reactor to change the initial concentration. With this strategy, the reactor is filled progressively with small volumes where the phases fill-anoxic-aerobic are sequentially applied until the reactor is full. Then settling and withdraw phases can be applied.

Table 3. Phases duration comparison with real data

	
	Anoxic

Time (min)
	Aerobic

Time (min)
	Total

(min)

	Classical cycles
	32
	390
	422

	
	35
	410
	435

	
	30
	400
	430

	Optimal control approach
	28
	10+380
	418

	
	25
	10+360
	395

	
	26
	10+380
	416

	
	22
	10+400
	432

	
	24
	10+390
	414


In Table 3, we present a comparison between the application of a classical control sequence based on a constant time period approach (anoxic/aerobic) and the above presented optimal control approach CS2. Initial conditions are about S1(0)=700 mg/l, S2(0)=50 mg/l, S3(0)=30 mg/l. The switching instants were computed off-line using the influent characterisation and the initial biomass concentrations. 

Simulation results are presented hereafter:

[image: image43.wmf]
Figure 2.: Phases duration comparison with real data 2

The optimal approach was applied with several replicates. Globally, The average of the anoxic phase duration in standard case was 32 ( 3 min and the aerobic phase  410 ( 15 min. with the optimal approach the average of the anoxic phase time was around 25 ( 5 min and the aerobic phase 390 ( 20 min. The time reduction for the anoxic phase is around 13% while the total reaction time was reduced at only 4%. This happen because the long aerobic phase depends essentially of the nitrogen removal which is not eliminated in the anoxic phase. The anoxic reaction time is reduced by increasing the anoxic reaction rate. 
Short term effect

Figures 3 show the dissolved oxygen and pH curves. In the left, one day cycle with CS2 and in the right, one day cycle with CS3. The oxygen is a good indicator of the reaction time when the oxygen reaches the saturation values it means that the reaction is finished. For CS2, it is shown that when it is possible to apply aerobic-anoxic-aerobic sequence, the reaction time is smaller than the reaction time of a cycle with anoxic-aerobic sequence. The gain depends on the initial concentration. For more detail refer to D51 and D52.

Long term effect

Firstly, we recall that with CS1 the nitrification activity was lost in 3 weeks and with the standard operating mode the activity was continuously decreasing. With CS2 strategy, the nitrification activity was maintained for long period, the nitrification was full and all the nitrogen was converted into nitrites but the reaction was very slow and the nitrification activity was low. When we applied the CS3, and using the on line monitoring by TITAN, we observed an increase of the nitrification activity. See WP3 for TITAN validation and the INRA sludge activities.

Our conclusion comparing all the strategies is that to minimize the reaction time and maintain a high nitrification activity the best way is to use a small sequences fill-anoxic-aerobic of fill-aerobic-anoxic-aerobic where the initial concentration are not very high and the duration of each phase in not very long. This strategy avoid a long non aerated period and a long endogenous period where the bacteria decay rate is too high. The time minimisation is granted using the algorithm developed in CS2 and it gives the sub-optimal switching instances.
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Figure 3.1.  pH and dissolved oxygen with CS2 over one day cycle
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Figure 3.2.  pH and dissolved oxygen with CS3 over one day cycle


Figure 3.  pH and dissolved oxygen with CS2 and CS3

We observed also that this operating mode is not favourable for the filamentous bacteria growth. In figure 6 microscopy pictures of the INRA sludge. In the left : just before starting CS3; in the centre : 5 days later and in the right : 2 months later. We observe clearly that the filamentous disappear from the sludge.

[image: image46.wmf]
Figure 4.  Filamentous evolution in the LBE SBR

WP7 & WP8

DSS module : cases #1.1 and #1.2

To validate the approach, it was decided to proceed to a number of experiments. Both approaches (model based and data based) were investigated. For the model based approach, in order to be as close as possible from experiments, the simulation corresponding to the standard conditions were realized using the average values of the parameters obtained experimentally. For both the model based and for the data based approaches, the results were satisfying. Details are given in deliverable D74.

DSS module : case 2

The Case 2 DSS approach was validated using about 50 data points (mass-balance data provided by off-line analyses) obtained over 6 month of functioning. The details of the equations used for recovering the theoretical quantity of oxygen consumed as a function of the aeration (Kla) and of the COD and ammonium nitrogen concentrations as well as the validation results are reported elsewhere (cf. Deliverable D15). 

Problems encountered

Concerning WP1, WP2 and WP5, we discovered during the first year that part of the pollution was adsorbed in the flocs immediately after the filling of the reactor at the beginning of a cycle. At the end of the first year of the project, it was then decided to study this phenomenon. The studies that were performed confirmed the phenomenon but we did not had time to include this specific reaction into the model. It can explain the discrepancies that we observed between the identified models and the data sets we acquired. It is the first reason why we were not able to finally apply the most advanced optimal control strategy that was theoretically proposed by the INRA-LBE at the end of the second year. The other reason was a technical problem related to the difficulty of automatically sampling the medium to be analyzed by the hardware sensors. The fact is that the minimum possible sampling period was of the same order than the time we could expect to win in applying the optimal control law. As a consequence, the advantages of using the advanced optimal control strategy was cancelled by this technical sampling problem. However, as underlined hereabove, the other strategies (in particular the "industrial one") were implemented, evaluated and finally validated.

Concerning the WP7, although a very strong cooperation was observed between SPES, the partner in charge of the integration, and the INRA-LBE, it was not possible – for purely technical reasons – to integrate as an independent self-running module the EOLI DSS, simply because the DSS module was developed under a MATLAB environment involving the MATHWORKS Guide User Interface tool which cannot be compiled with the MATLAB compiler. However, as for the optimal control module, it was possible to add to the developed modules a number of scripts allowing the module to manage themselves and online the real-time operation of the pilot plant. As a consequence, although not compiled as originally planned, the modules were able to interact adequately with the software and hardware platform as if they were completely integrated.

Conclusion

Given that the EOLI system was implemented in July 2005 at the INRA-LBE (both the hardware and software platforms are still running now). From that time we have not encountered any important problem. The general database is storing the data in Italy using internet connections. These data can be consulted by any of the members of the consortium in real time from any internet connection poçint in the world and the maintenance is also realized by internet from Fabriano, Italy. Given these data, it seems to us that the system can be said validated on the long term and can now be installed on any new process. For sure, this adventure can be said to be a "success-story".

3.3 Gradient

Participating staff

	Name
	Background
	Activities in EOLI

	Prof. André Pauss
	Biochemical scientist
	WP3

	Dr. Meriem Bekri
	Environmental engineering scientist
	WP3

	Dr. Thierry Ribeiro
	Environmental engineering scientist
	WP3

	Ass. Prof. Olivier Schoefs
	Biotechnological engineering scientist
	WP3


Objectives

The main objective of Gradient, within the WP3, has been the development of a hardware sensor, which has been used as optional components of EOLI control systems. The UV on-line spectrophotometric sensor have been used for analysis of the wastewater, i.e. to monitor on-line nitrification and denitrification organic loads and performances as well as specific organic compounds. Both hardware sensors considered in WP3 have been incorporated within the final control system (WP8).

Activities

Ultra-violet (UV) spectral analysis can be used to quantitatively monitor several compounds in water. The main objective is to develop a low-cost on-line UV spectrophotometric sensor to monitor on-line specific compounds (such as nitrate, biomass and organic nitrogen) during the operation of a Sequential Biological Reactor (SBR). The global methodology consisted in:

· Evaluating the applicability of UV spectrophotometric existing sensors to quantitatively monitor target compounds water.

· Developing a simplified low-cost UV spectrophotometric sensor to monitor on-line target compounds during the operation of a SBR.

· Evaluating the performance of the developed spectrophotometric sensor on a pilot-scale SBR bioreactor.

In the first year, the activities have focused on 1) evaluating the applicability of the UV spectral analysis for target compounds, 2) developing a lab-scale SBR that can be used to test the developed spectrophotometric sensor, and 3) converting the output of the spectrophotometric sensor into a standard format file.

In the second year, off-line UV spectral analysis was tested with three target wastewaters (OECD-effluent, UU wastewater and UNAM wastewater). The first wastewater tested during the second year was the OECD effluent as defined with the group of Polimi, who is also involved in the WP3. Since June 2004, Gloria Moreno form UNAM and Alejandra Benitez from UU have tested the UV spectral analysis to their respective wastewaters. Providing that the resolution of the UV spectrophotometer is good enough (<2nm) and that standards are mixtures of nitrate, nitrite and COD, the UV spectral deconvolution permitted to monitor satisfactorily nitrate, nitrite and COD during SBR cycles.

In third year, the on-line UV spectrophotometer was developed jointly with SECOMAM company and was implemented on the pilot-scale SBR at INRA in Narbonne. The STAC spectrophotometer is composed of three connected modules, a rinsing/dilution module, an electronic module and an optic module. The device can analyze nitrate and nitrite from 1 to 50 mg/L and the carbon material from 5 to 350 mg/L expressed as soluble COD. Since August 2005, the STAC have collected data from the INRA SBR. Nitrate and nitrite were accurately estimated by UV spectral deconvolution. The sCOD time evolution was qualitatively monitored but UV spectral analysis was less efficient for quantitative monitoring of sCOD. Finally, cross validation of set-point titration (TITAAN, Polimi) and UV spectral analysis (Gradient) was satisfactorily performed.

Results 

Evaluation on the applicability of lab scale UV-spectrophotometric sensor

On pure constituents

The UV sensor was first tested with pure molecules. As the SBR process involves the treatment of organic and nitrogenous compounds, both types of compounds were tested. Amino-acids, urea, ammonium chloride, and nucleic compounds were oxidised into nitrates as described before. The UV spectra were then obtained and deconvoluated.

Results show that most amino-acids are correctly oxidised and can be accurately quantified in the range of 1 to 9 mg /L of nitrate-equivalent (glycine, NH4Cl, urea). For other molecules (like lysine), the UV spectral analysis is less efficient. Thymin, guanin, and cytosine were also analyzed for a unique concentration of 25 mg/l. These three nucleic acids were estimated at 93.6 %, 25.7 % and 71.7 % of the theoretical values, respectively.

These results show some discrepancies with the literature data with respect to the efficiency of the UV spectral analysis for constituent quantification in wastewater. They indicate conversely that, according to the author’s experience, specific models are needed to achieve correct deconvolutions of nitrogenous compounds, starting that wastewaters can contain various different chemical species. For real reactors, building UV-models based on global parameters measured on the real wastewaters (COD, BOD, TSS, COT, etc.) would be better than considering single chemical species.

On wastewaters
1. UNAM effluent

The UNAM effluent mainly contents 4-chlorophenol with an average concentration of 365 mg COD/L (266 mg/L). At this concentration, 4-chlorophenol exhibits a remarkable UV-spectrum with a double peak, which thus could be estimated by UV-deconvolution. 

2. OECD-wastewater

The peptone and the meat extract present important UV absorbance. Peaks around 230 nm can be attributed to the aromatic amino-acids. These peaks could be confused with the nitrate and the oxidant peaks that are about the same wavelength. Specific models should be carefully built to distinguish between the incoming material and the nitrate, one of the most important molecules during the SBR running. However, the small peak around 270 nm, that do not exist with the nitrate nor the oxidant, should help us. The SBR monitoring with this wastewater is described below.

3. INRA effluent

Spectral analysis was also tested on the INRA-Narbonne wastewater (synthetic dairy wastewater). As for the OECD wastewater, peaks of the different compounds present in the bioreactor differ sufficiently to be confident in developing an adapted deconvolution model. 

4. Suspended solids

The UV sensor can also estimate the suspended solids of the wastewaters. Obviously, no information can be obtained on-line about the bacterial content of the suspended solids, but it is a practical way to have an on-line estimation of the bacterial content. The crude SBR effluent (OECD-effluent) was separated into two parts whose one was filtrated (0.22 mm). Both parts were diluted three times and the UV-visible spectra were recorded. 

The largest difference between the optic density of the crude and the filtrated parts is obtained for wavelengths ranged from 500 and 700 nm. At these wavelengths, a linear relation between the optic density and the mass of suspended solids can be obtained (that is for suspended solids from 0.38 to 3.1 g/L).

UV spectral analysis during SBR cycles

The first results obtained from the UV spectral analysis are promising to monitor biomass, total organic carbon and nitrogenous compounds (nitrates, nitrites and ammonia) during SBR cycles. Indeed, for each wastewater (OECD, INRA-Narbonne and UNAM effluents), these compounds absorb in the UV at wavelengths sufficiently different to ensure discrimination between the corresponding spectrum peaks. This will permit to build models for the monitoring of these compounds. It was thus decided to build a lab-scale SBR, fed with the OECD wastewater, to study the estimation capacities of the spectrophotometric sensor. Other wastewaters were also tested.

The evolution of key parameters and variables during a typical cycle is presented at Figure 1.


Figure 1. Evolution of TOC, COD, NO3-, NO2-, NH4+ and redox potential

during one lab-scale SBR cycle

Both TOC and COD have been reduced of 75 and 79 % respectively. Nitrate concentration remains constant around 15 mg/L. Nitrite concentration increases up to 6 mg/L in the aerobic phase indicating abnormal conditions. The change in the feed composition and in the operating conditions did not improve the denitrification and nitrites (NO2-) are still produced in the aerobic phase. However, for the purpose of the present study, the presence of nitrite in high concentration is of high interest since the UV spectral analysis aims at quantifying discriminately the nitrogenous compounds. The redox potential is around –250 and –300 mV in the anoxic phase and increases with aeration to + 150 mV. 

At each sample time, UV analysis was performed. The crude SBR effluent was filtrated (0.22 µm) and diluted three times before UV-visible spectra analysis. UV spectra corresponding to the overall cycle and to the anoxic and aerobic phases are presented in Figure 2. During the anoxic phase, a single main peak can be easily identified (maximum occurring at about 195 nm). The peak area decreases during the anoxic phase. During the aerobic phase, the spectral area increases exhibiting two apparent peaks at wavelengths of about 190 nm and 210 nm.
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Figure 2. UV spectra during one SBR cycle
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Figure 3. Spectra of the wastewater constituents absorbing in UV wavelengths.

Elementary spectra of the wastewater constituents absorbing in the UV wavelengths are presented in the Figure 3. Feed, nitrate and nitrite absorb in UV at 191 nm, 205 nm and 211 nm respectively. It can be noted that the wavelengths at maximal absorbance for each constituent are very close indicating that the discrimination between each constituent is possible but also very delicate. Moreover, the same order of magnitude of the emissivity of each constituent may affect negatively peak discrimination (12.33, 14.88 and 11.57 L mg-1 m-1 for feed, nitrate and nitrite respectively). Using the information given by the elementary spectra, the evolution of the UV spectra during the SBR cycle can be qualitatively analysed in accordance with the evolution of the off-line measured parameters. The decrease of the peak area during the anoxic phase can be mainly attributed to the decrease of the TOC. In the aerobic phase, increase of the two peaks is probably due to a structural change in the TOC, and to the increase in the nitrate and nitrite concentrations. 

Several models based on the polynomial spectral deconvolution have been tested using the commercial UV-Pro software developed by Secomam. We have first tested several models based on individual pure compounds, but we not succeeded in the correct estimation of nitrate, nitrite and TOC simultaneously. The possible change of the TOC composition during the SBR cycle has been investigated. Then, given the concentrations of nitrate, nitrite and TOC at different time in the SBR cycle, it is possible to reconstitute effluent samples from the feed solution and nitrate and nitrite solutions. This implies that TOC composition does not change through the SBR cycle. UV spectra of the reconstituted effluents were then performed and compared with those from the reactor. During the anoxic phase, UV spectra of the SBR and reconstituted samples are almost superposed indicating that the TOC composition does not change with time. However, during the aerobic phase, the UV spectra are not the same indicating an evolution with time of the TOC composition. More precisely, the actual peak corresponding to the SBR feed is far below the expected one while another unexpected one appears at about 191 nm. It results that the TOC is probably underestimated and this can explain why mass balance is not qualitatively verified when model C is used. Finally, the fact that model C does not underestimate TOC concentration means that some nitrate is probably quantified as TOC since absorbance wavelengths are very closed. This could point out the problem of sensitivity of the commercial UV-Pro software.

Another strategy was therefore undergone: we did not use further elementary spectra of the compounds which are supposed to be present in the solution and absorbing in the UV-wavelength. But, we built the model with spectra of solutions containing the mixture of these compounds and, secondly, we reduced the range from 190-900 nm to 200-300 nm. This model is called (NO3- + NO2-_ 200-300 nm).

For mixtures containing different ratio of nitrate and nitrite (10/1, 10/10, 10/20, 1/10 and 20/10), a very good correlation between the experimental values and the simulation with the model. The results obtained show that, with this method, it is possible to discriminate between nitrate and nitrite when they are simultaneously present in a solution. 

The deconvolution error (difference between the theoretical and the experimental spectra), for each case, is equal to 0%.

Like for the example for a mixture of nitrate and nitrite, we built a model with spectra of solutions containing a mixture of NO3-, NO2- and TOC, which are supposed to be present in the OECD effluent at the beginning of the cycle and absorbing in the UV-wavelength. The model was built only in the range 200-300 nm.

It was observed that, for nitrate and nitrite, the simulated curves fit satisfactory the experimental data in both anoxic and aerobic phases. For the TOC, there is also a good correlation from 0 to 180 min. After 180 min, the model is not correct and there is a difference between experimental and simulated values. This is due to the change of the TOC change in the aerobic phase. This is in accordance with the results before, where we have observed an evolution with time of the TOC composition. This deconvolution was achieved on three different cycles and the results were similar.

Finally and after long investigations, it was possible to monitor satisfactory the concentration of nitrate and nitrite in a SBR cycle with OECD effluent. It was not yet the case for TOC in the aerobic phase because of the composition change which is not included in the construction of the model. But this could be possible if this composition becomes known, and in this case, it would be most likely feasible to monitor a complete cycle with an exact concentration of each compound.

Others deconvolution methods were investigated. According to the literature (Suzuki N and Kuroda R, Direct simultaneous determination of nitrate and nitrite by ultraviolet second-derivative spectrophotometry, Analyst, vol 112, 1987, 1077-1079), we also evaluated the use of the second derivative of the spectra. But we were never able to see clearly the “isosbestic point” separately for each compound. The isosbestic point represents a wavelength at which the absorption spectra of two species cross each other.

It’s supposed that a too few difference between the absorbance of consecutive measurements does not allow to use this proposed method. We also tested this method after the curve fitting, but without better results.

Finally, deconvolution processes were tested using PLS (Partial Least Squares regression), by our colleagues from INRA. PLS (Partial least squares regression) is a method for constructing predictive models when the factors are many and highly collinear. PLS has been applied to monitoring and controlling industrial processes; a large process can have hundreds of controllable variables and dozens of outputs. 

This method was first evaluated with a various mixtures of nitrate and nitrite. Very good correlation coefficients for nitrate (0.98) and for nitrite (0.99) were obtained from the PLS UV-visible calibration. The calibration was done with 21 values of nitrate and nitrite during three SBR cycles. After that, the validation was done by comparing each point to the calibration curve. The fitting gives a well cross validation for nitrate (a coefficient correlation of 0.95) and less good for nitrite with a coefficient of 0.89.

Later, the application of PLS UV-visible method on the OECD effluent showed that the fitting gives a well validation for nitrate (coefficient correlation equal to 0.95) and less good for nitrite (0.89). Even the PLS UV-calibration for COD is very good (0.99), it is less the case for the cross validation (0.94). 

Evolution of parameters during cycles on a lab-scale SBR, with the UNAM wastewater
To build a UV spectra model for the wastewater contaminated with 4-chlorophenol (4CP), typical spectra of the pure compound were recorded with a spectrophotometer sensor (Secomam model, Anthelie) from 190 to 800 nm. The spectra exhibit two peaks of absorbance at wavelength of 228 and 280 nm. Figure 4 shows that the absorbance at the two wavelengths decreased as the biodegradation of the compound took place. Absorbances at these wavelengths were used to measure 4CP concentration during the operation of the SBR reactor.

To be sure that the UV spectral analysis is an efficient method to quantitatively monitor the 4CP concentration, several kinetic studies, under standard conditions, were performed with this method and compared with the standard method (aminoantipyrine method, 500 nm) at the same time. Results showed the same values for the standard method and the peak of absorbance of 228 nm. 

The monitoring of the biomass evolution using the spectral analysis was also evaluated. The biomass of the SBR reactor acclimated to 200 mg 4CP/L was used. In order to obtain data to construct the model, the samples were taken once a week during three weeks. The sludge was characterized with the sludge volumetric index (SVI), settling velocity (SV) and total suspended solids (TSS). For every sample four dilutions of the sludge (repeated in triplicate) were realized. The results of the figure 2 show a linear correlation between the absorbance and the concentration of SST at a wavelength of 500 nm. Similar results were obtained for the measurement of the biomass for, 550 to 800 nm for TSS from 0.1 to 0.55 g/L. 
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Figure 4. Evolution of UV spectra during one cycle with the UNAM wastewater and correlation with TSS.
The main conclusion for the work is that these preliminary results suggest that is possible to obtain the “4-chlorophenol model” for the UNAM wastewater. 
Evolution of parameters during cycles on a lab-scale SBR, with the UU wastewater
The objective was to evaluate the applicability of UV spectral analysis to the UU wastewater (synthetic dairy raw). A bioreactor was built and operated with the same conditions as in Uruguay. The reactor performance was monitored using standard off-line analyses as well as spectrophotometer measurement. It was observed that the influent spectrum exhibits a maximum of absorbance. This peak decreases during the cycle. The peak corresponding to nitrate is also identifiable. A deconvolution model was tested to monitor COD and nitrate along the cycle.

Development and implementation of an on-line spectrophotometer

As we established that it is possible to correctly estimate the nitrate, nitrite and TOC content of a SBR by off-line measurements with a lab-scale sensor, we designed an adapted an ol-line device, based on the STAC instrument, developed by the SECOMAM company. The STAC was modified to manage the behaviour of SBR with different wastewaters and finally with the INRA wastewater where the system will be finally installed.  The modifications concerned mainly the resolution of 0.5 nm with 256 measurement points, from 190 to 240nm , and latter from 190 to 360, to make possible discrimination between nitrate (205 nm) and nitrite (211 nm) peaks. This adaptation was done in two steps:

· Adaptation of the monochromatic system with, in particular, a CCD detector of 256 pixels and a an adaptation of a new diffraction system,

· Development of the UV-Pro software to manage pumps, lamps, diode captor, for data storage and UV spectrum management and for the interface man-machine.
The measuring range is 1 to 50 mg.L-1 for nitrate and nitrite, and 5 to 350 mg.L-1 for soluble COD.

The STAC spectrophotometer sensor is composed of three modules. The electronic module contains an embedded card with Windows XP, and an dedicated version of UV-Pro software, that allows the complete control of the instrument, the deconvolution of the spectra, and the recording of the spectra and of the results in text files, that can be used for the EOLI control process.

The on-line spectrophotometer was implemented at the INRA SBR, in Narbonne May 2005 and has been operated continuously thereafter. A 60 (m on-line filter and a settling column were installed in a recirculation loop allowing particle-free samples for the UV-measurement 

Two types of signal processing were tested: a Partial Least Square regression method and the spectral deconvolution developed by SECOMAM (UV-Pro software). Both methods were calibrated based on spectra from the INRA bioreactor. 

18 samples, representative of all steps during the cycles, were analysed by reference methods. With these values and the corresponding UV-spectra, three decomposition models were created, one with the UV-Pro software and two with Matlab, simple PLS and mild-centrum PLS (Partial Least Square Regression). For all the models the actual values perfectly fitted with the estimated values. It is thus possible to estimate the nitrite, nitrate, and the carbon contents in a mixture by UV-technique.

20 other samples, representative of all running steps of the cycles, were used to validate the three obtained models. It was found that:

· For nitrate and nitrite, good correlations were obtained for the UV-Pro software, as well as for PLS regression. A PLS mc (mild-centering) was also tested. Both PLS regression methods sometimes exhibit negative values, that have never been found with the UV-Pro deconvolution.

· For soluble COD, all regression methods again show good correlations with the experimental data, with again an advantage for the UV-Pro software that never provides negative values. It can also be noticed that experimental data were sometimes suspicious, especially for the low values, indicating the limits of the analytical technique for such a reactor.
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Figure 5. Nitrate and nitrite contents during a cycle, September 13th 2005.

Application to SBRs monitoring

Since August 2005, the STAC works at the INRA pilot-scale installation. Figures 5 and 6 shows the estimated nitrate and nitrite contents, compared to the actual values; and the same for soluble COD.

[image: image53.wmf]
Figure 6. Soluble COD during a cycle, September 13th 2005.

The results obtained since August indicate that nitrate and nitrite can be accurately estimated by UV decomposition, which is less true for soluble COD, even if the sCOD time evolution estimated by UV technique is analog to the experimental shape.

Figure 5 also shows that nitrite variation was better estimated by UV analysis, due to the lower limit of the experimental technique.

Cross validation of set-point titration and UV-spectrophotometry

To validate data obtained on the INRA-SBR from the two hardware sensors developed within the EOLI project, the titrimetric TITAAN and the UV-spectrophotometer STAC, they were combined and compared. To this purpose, nitrification activity data at 20oC , both from pH-stat and DO-stat titration), were used to estimate the amount of nitrate formed during the SBR nitrification phase These data were compared to the nitrate produced as assessed by the UV on-line sensor. Results were satisfactory since errors between the two techniques were systematically lower than 20%.

Technology implementation plan
The STAC spectrophotometer was tested on the pilot-scale SBR at INRA in Narbonne, The effluent treated was a dairy effluent. When coupled with the spectral deconvolution program, the STAC spectrophotometer was able to monitor accurately nitrate and nitrite but the monitoring was less accurate for soluble COD time evolution even if the global shape is well described. Further experimentations are then required to guarantee the efficiency of the STAC spectrophotometer for the monitoring of SBRs:

i) Testing STAC performance with other effluent types and with other operating conditions;

ii) Improvement of the deconvolution program in order to monitor more accurately carbon material during cycles.

It may be also pertinent to investigate coupling with UV-based biomass measurement and with photochemical oxidation in order to monitor nitrogen compounds.

Nevertheless, the simultaneous estimation of nitrate and nitrite content in water is innovative, and could be used, even with some modification or enhancement of the STAC sensor, for full-scale nitrification/denitrification plants, and for tap water processes. Some major and SMEs are presently interested to test the developed technology.

Conclusion

The hardware sensors tested in the EOLI project can be of great help in monitoring and process control at small and medium size WWTPs both treating urban and industrial wastewaters. In particular, a very effective outcome of the application of these sensors is that they can trigger an early warning to prevent severe faults of the biological processes concerning the inhibition of the autotrophic biomass due to toxic substances in the influent. The hardware sensor has the potential for application to both continuous flow and SBRs.

3.4. POLIMI

Participating staff

	Name
	Background
	Activities in EOLI

	Prof. Alberto Rozzi
	Environmental engineer
	WP1, WP3

	Prof. Roberto Canziani
	Environmental engineer
	WP1, WP3

	Prof. Luca Bonomo
	Environmental engineer
	WP1, WP3

	Dr. Elena Ficara
	Environmental engineer
	WP1, WP3

	Ing. Nicola Fiocchi
	Environmental engineer
	WP1, WP3, WP8

	Dr. Paola Butelli
	Biologist
	WP1

	Dr. Laura Romele
	Chemist
	WP1, WP3


Objectives

The POLIMI group has been mainly involved in WP1 (Process experiments), WP3 (Hardware sensor development) and WP8 (Validation and integration). The main objectives of the group were, first of all, to set up and operate a lab and a pilot scale SBR fed on domestic wastewater, occasionally contaminated with toxicants, to get experimental data on the main bioprocesses involved in carbon and nitrogen removal, which could be used in process modelling, monitoring and control (WP1). Secondly, the group has been involved in the development of a titrimetric hardware-sensor for the monitoring of the nitrification and denitrification processes, in cooperation with SPES. POLIMI had to focus on (a) experimenting the applicability of the measuring principle to SBRs, (b) identifying main hardware and software specifications, (c) verifying debugging and implementing both a laboratory and a field prototype of the titrator (WP3). Finally, POLIMI had to define and implement the integration of the titrimetric sensor in the overall monitoring and control platform (WP8).

Activities

To cope with the WP1 objectives, POLIMI had set-up and operated two SBR reactors: a lab-scale (20-liters volume) reactor (referred to as POLIMI-SBR) fed on a synthetic wastewater and a pilot-scale (500-liters volume) reactor (referred to as ENEA-SBR) fed on a real urban wastewater located sidestream to a full scale plant, located in the outskirt of Bologna (I). This reactor was build and operated in cooperation with ENEA (POLIMI subcontractor). 

As for the lab-scale POLIMI-SBR, its feed was designed to reproduce the composition of a urban wastewater (modified from OECD Guidelines for testing of chemicals. 1993 - 209 ‘Activated sludge inhibition Test’, OECD Paris). The SBR was instrumented to monitor on-line pH, dissolved oxygen (DO), redox potential (ORP) and temperature (T) (by means of sensors connected to an acquisition and logging systems) and to automatically perform the loading, mixing, aeration and decantation tasks (by means of timers connected to peristaltic pumps/mechanical mixed/compressor). A standard 4 h-cycle was adopted, including dump fill (0.17 h), anoxic and aerobic react (total of 5 h, the ratio between anoxic and aerobic time was varied during the experimentation), settle (0.6 h) and draw (0.3 h). The 20% of the reactor volume was replaced at each cycle. Reactor organic and nitrogen loading rates varied between 0.48 (standard condition) and 1 kgCOD m-3 d-1, and between 0.06 (standard condition) and 0.12 kgN m-3 d-1, respectively. Besides on-line signals, standard analytical determinations of total and volatile suspended solids (TSS and VSS) in the mixed liquor, effluent ammoniacal and oxidized nitrogen, COD and VSS content were used to monitor the SBR performance. 

This reactor was first used to perform the 21 experiments under various operating conditions (standard loading conditions, over/under N and COD load, increased/reduced aeration, influent toxicity) planned for model selection, calibration and validation (WP2), as agreed with the other WP1 partners. Secondly, an experimentation was focused on the carbon biosorption phenomenon which was found to be relevant in the  INRA SBR, which was fed on a dairy wastewater. Several experiments were conducted to evaluate and quantify the capacity of the activated sludge grown in the POLIMI SBR to bio-sorb the organic matter present in the reactor feed and in the dairy wastewater. Batch experiments were performed on sludge samples mixed with the selected organic matter; the COD time trend under anaerobic conditions was followed to evaluate the biosorption capacity. Some experiments under aerobic and anoxic conditions were also performed. 

A further investigation on the activated sludge of the POLIMI SBR concerned the understanding of the most frequent abnormal condition experienced in this reactor, i.e. the build-up of nitrites. Nitrites, known to be toxic to human beings as well as to the aquatic life, were found to occasionally build-up during the aerobic phase and eventually in the reactor effluent. Therefore, an experimentation was conducted to try to find out whether specific environmental or operating conditions may favor nitrite producing organisms (ammonia oxidizing bacteria - AOB) over nitrite consuming organisms (nitrite oxidizing bacteria - NOB), thus giving rise to the observed nitrite increase. Specifically, this experimentation was focused on (1) the evaluation of the effect of pH, DO and free ammonia (FA) concentration on the activity of AOB and NOB  and (2) the identification of SBR operating conditions (aeration pattern, micronutrient support) which can prevent nitrite build-up. 

Moreover, the SBR sludge was used to study the applicability of set-point titration to discontinuous processes and to perform debugging activities on the off-line pH/DO-stat titration prototype (MARTINA) developed in this project (WP3). 

The 500 L-volume pilot-scale ENEA-SBR was located sidestream to a full-scale WWTP, mainly treating urban wastewater. The influent was collected from the full scale plant after great removal. The SBR was fully automated and implemented in the EOLI digital platform for on-line logging of pH, DO ORP and T and the actuation of pumps, mixer and aeration according to time or level-based strategies. A 6 h cycle was implemented including dump fill, reaction (4-5 h under anoxic/aerobic conditions) settle/decant (1h) and idle (0-1 h). At each cycle, 100-150 L of influent were loaded, corresponding to an organic load of 0.2-0.5 kgCOD m-3 d-1,  during day-time. Influent COD/N was found to be 8.1((0.1. Sludge age was 20-22 d, while sludge concentration was 1-3 gVSS/L. Besides on-line signals, standard analytical determinations of total and volatile suspended solids (TSS and VSS) in the mixed liquor, effluent ammoniacal and oxidized nitrogen, COD and VSS content were used to monitor the SBR performance.

A monitoring campaign (9 experiments) of the SBR behaviour, according to the EOLI WP1 protocol for model selection and calibration, was performed on the ENEA-SBR. The ENEA-SBR was mainly used for testing the response of the off-line titration hardware sensor (MARTINA) on real sewage and to perform field tests with the on-line prototype (TITAAN) (WP3) before it was sent to the INRA laboratory to be integrated in the EOLI monitoring platform. Off-line and on-line nitrification tests for assessing process rate, inhibition and ammonium concentration were thus performed on the SBR activated sludge.  

Finally, POLIMI took part in the integration activities (WP8) by taking care, in cooperation with SPES, of the installation of the TITAAN at the INRA SBR and by following the experimentation aimed at validating its applicability to the new working conditions. As a matter of fact, due to the very different influent quality (dairy versus urban wastewater), most of the operating parameters, which were calibrated on the ENEA-SBR, had to be adjusted and adapted to the INRA process. Finally, a validation campaign was conducted by comparing the TITAAN response to the one of the UV on-line sensor.  

Results

POLIMI activities lead to two kind of results: (a) a better understanding of some critical aspects of the biological processes responsible of pollutants degradation in SBR for carbon and nitrogen removal, mainly in relation to biosorption of carbonaceous substances and to nitrite build-up; (b) the development, in cooperation with SPES, of an off-line and an on-line titrators, to be applied to the monitoring of the biological processes responsible for nitrogen removal, or for the monitoring of bacterial activity, in terms of respiration, for those SBR design for the sole carbon removal. 

In the following paragraphs, these results are briefly summarised, while a more detailed description is reported in the POLIMI Annexes. 

Biosorption of carbonaceous substances on activated sludge flocs (WP1 and WP2)

Biosorption is a floc-mediated process responsible for the removal of soluble and particulate organic matter from the liquid phase previous to their degradation by sorption on flocculated biomass. It is mainly a surface phenomenon, possibly followed by an active uptake of the rapidly degradable substances into sludge cells for storage. During the experimentation devoted to model selection and validation, a relevant biosorption was observed on the INRA SBR, but, apparently, it did not take place in the POLIMI-SBR. Thus, the POLIMI biosorption tests were aimed at verifying the magnitude of the biosorption process for the POLIMI-SBR sludge in the presence of the usual substrate (urban wastewater) and of milk serum (similar to the INRA dairy wastewater). 
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Figure 1. Fraction of organic matter remained in solution in adsorption anaerobic tests with two organic sources and at different contact times.

Experimental results suggested that the biosorption behaviour of the POLIMI-SBR sludge resulted to be similar in all tests and limited to a fraction, ranging from 15 to 20%, of the initial amount of COD added. The extent of biosorption of organic matter on sludge flocs (Figure 1) was similar with both organic carbon sources (urban wastewater and milk serum) and much lower than the one observed on the  INRA SBR sludge (up to about 50% of the initial amount of COD added). No correlation between biosorption and initial food to biomass ratio (F/M) was observed within the experimented range (F/M=0.05-0.19 gCOD/gVSS). Kinetically, biosorption resulted to be quite fast and substantially concluded within the first 10 min of contact. Moreover, the POLIMI-SBR sludge was found to denitrify efficiently in the presence of its usual substrate, while no denitrification took place when milk serum was fed as carbon source. These observations, together with those obtained by INRA, lead to the conclusion that the extent of biosorption and denitrification of a sludge on a specific carbon source is not only dependent on the characteristics of the latter, but is also strongly dependent on the former and therefore on the process conditions that have defined the sludge evolution.

Nitrite build-up (WP1 and WP6) 

During approximately 2 years of operation of the POLIMI-SBR, several episodes of nitrification unbalancing leading to nitrite build-up were observed. In some cases, a balanced nitrification could not be restored by acting on relevant operating parameters (aeration, aerobic react time, sludge age) and sludge inoculation was eventually required, which is not always a feasible strategy for full scale installations. Therefore, an experimentation was conducted to elucidate factors affecting nitrification unbalancing due to a reduction in the nitratation rate, i.e. in the activity of nitrite oxidising bacteria (NOB), with respect to the nitritation capacity, i.e. in the activity of ammonium oxidising bacteria (AOB). It is relevant to stress that both AOB and NOB activities were assessed by the MARTINA instruments, developed within the project. Experimental results evidenced some conditions which were found to be favorable to ammonia oxidizers over nitrite oxidizers, thus possibly leading to nitrite build-up. First, very low oxygen concentrations (less than 1 mg/L) and high pH values (above 8.3) during the aerobic react phase, due to the fact that this could are more favorable to AOB than to NOB (Figure 2).
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Figure 2.  AOB and NOB activities at various DO and pH levels.

Free ammonia was found to exert a significant inhibition of NOB activity at a concentration above 10-20 mgN/L, which is rarely achieved under real working conditions. On the other hand, by comparing AOB and NOB decay rates assessed by fitting activity data measured under various redox conditions (Table 1), it was concluded that prolonged endogenous periods under anaerobic conditions may favor nitrite build-up. These conditions may take place in SBRs during the anoxic mixed-react phase under low loading conditions and, according to these experimental results, their duration should be limited. 

Table 1. Decay rate for AOB and NOB under different redox conditions.

	Redox condition
	decay rate (d-1)

	
	AOB
	NOB

	Aerobic/Anoxic
	0.45
	0.30

	Anaerobic
	0.08
	0.08


Finally, a constant supply of micronutrients was found to be essential in the POLIMI-SBR to support a balanced nitrifying population. This support may be required when dealing with industrial wastewater which are often lacking in both macro and micro-nutrients.

Development of an off-line titrator (WP3)

The first relevant achievement of POLIMI is the evaluation of the feasibility of applying the set-point titration technique on SBRs. To this purpose a first literature review of the main fields of application of this technique was conducted, as summarized in D3.1. Secondly, preliminary set-point titration tests by using laboratory titrators allowed the determination of actual and maximum nitrification rates and the estimation of the time required for ammonium oxidation in the SBR. A relevant conclusion of this preliminary investigation was the identification of some limits of the existing titrators, which were to be overcome by a new combined titrator. A cooperation was then established with SPES to developed such instrument which lead to a first prototype.  

The MARTINA instrument was intensively used to perform titration tests on sludge samples drawn from the POLIMI-SBR. Specifically, it was applied: (a) to monitor the evolution of the nitrification process during the aerobic react phase (an example of the correspondence between N-forms evolution, as assessed by chemical analysis and by se.point titration, is illustrated in Figure 3), (b) to assess AOB and NOB activity under various conditions (as reported earlier in this report), (c) to compare DO-stat titration to closed respirometry (automatically  performed by a dedicated routine implemented by MARTINA)  and (d) to develop a reliable titration test to measure nitrate concentration and denitrification rates. The comparison between DO-stat titration (in which oxygen is furnished as H2O2) and closed respirometry lead to interesting results. It evidenced a different respirometric behaviour of activated sludge samples oxygenated with air or with hydrogen peroxide. A higher oxygen request was observed for the biodegradation of the synthetic influent used to feed the SBR and for the oxidation of two rapidly biodegradable substrate (glucose and acetate, Figure 4). The different behaviour could be due to the fact that H2O2 may be responsible for a lower biomass growth yield and/or a higher rate of hydrolysis of the particulate organic substrate and of the cell debris within the biomass flocs. These results evidenced that respirometric tests with H2O2 cannot be used to estimated the heterotrophic growth yield, since the latter would be underestimated. 

[image: image56.wmf]
Figure 3. N-forms trends during the aerobic react phase, chemical analysis (dots) and titration data (lines).

[image: image57.wmf]
Figure 4. Glucose and acetate respiration by using air or H2O2 as oxygen source.

As for the determination of the nitrate concentration and denitrification rate by pH-stat titration, a two step procedure was developed, as illustrated in Figure 5. First acetate (non-limiting) is added to a nitrate containing activated sludge sample and the resulting titration curve is recorded; then, in the same sample, a known amount of nitrate is added and a second titration curve is collected to assess the ratio between nitrate reduced and amount of acid needed and this ratio is used to estimate the original nitrate content of the sludge from the amount acid dosed during the first titration step. The precision of the method was evaluated by comparing nitrate concentrations estimated by titration results with those measured by classical chemical analyses. An average discrepancy of 3% on 42 data was obtained and considered to be acceptable for process monitoring purposes. Moreover, the slope of the titration curve was used to assess the denitrification rate, which was monitored on the SBR over a four months period (average value was: 14 [7-23] mgN gVSS-1 h-1).
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Figure 5. Two-steps pH-stat procedure to assess the sludge nitrate content and denitrification rate.

The next step consisted in the development of experimental protocols (named MODEs) for the monitoring and control of the loading and react phase of an SBR. Therefore, by matching the potentialities of the titrator (as listed in the literature and identified by POLIMI experimentation) to monitoring requirements on SBRs, fives MODEs of operation were conceived. MODE 1: detection of acute toxicity of sewage on autotrophic biomasses; MODE 2: evaluation of the nitrifiable nitrogen content of the SBR influent; MODE 3: estimation of maximum nitrification rate; MODE 4: estimation of the time required to achieve full nitrification in the react phase; MODE 5: evaluation of the NOx- concentration at the end of the anoxic/aerobic phase. Each MODE was carefully studied in all phases: sludge and/or sewage sampling, set-point titration and data handling. As stated before, the development of MODE 5 required a deeper investigation, since the use of pH-stat titration to the studying of the denitrification phase was less established. 

Again, according to POLIMI specifications, an on-line titrator was developed by SPES which could automatically implement all of the MODEs. The first release of the instrument, named TITAAN (TITrimetric Automated Analyser) was made available and installed for debugging at the ENEA-SBR at the end of the second year. In agreement with SPES, it was decided to focus on the tuning and validation of MODE 1, which is, among all, the most challenging one. 

During the third year of the project, debugging activities were performed, first, at the ENEA plant and, later, at the INRA laboratory. As for the former, the first months were dedicated to the installation, calibration and setting of the main parameters that have to be defined by the operator to allow the automated performance of titration tests and data handling. Then, a limited number of fully automated tests in Mode 1 could be performed, which could identify a case of nitrification toxicity possibly due to the recycling of anaerobic supernatants. 

As for the experimentation at the INRA, it was aimed at integrating this hardware sensor within the EOLI integrated monitoring and control system. The simultaneous operation of the UV-spectrophotometric sensor made it possible to compare the response of the two hardware sensor on the estimation of the nitrification activity. As illustrated in Figure 6, a very satisfying correspondence between the two instruments response was obtained. 

[image: image59.wmf]
Figure 6. Comparison between the response of the two on-line hardware sensors (TITAAN and UV-sensor) on the estimation of the nitrification activity of the INRA SBR sludge.

Finally, tests were performed in MODE 1 by adding a well known nitrification inhibitor to the influent loaded by the TITAAN, in order to test the response of the procedure under various degree of expected reduction in nitrification activity (and without seriously affecting the proper operation of the  INRA SBR). Figure 7 depicts the inhibition of nitrification activity as measured by MODE 1 versus the concentration of inhibitor loaded in the TITAAN titration vessel. A typical dose-response curve was observed, indicating that the system was able to correctly appreciate the nitrification activity reduction caused by inhibitor additions. 

This last experimentation fully demonstrated the reliability of the TITAAN instrument to assess the SBR nitrification activity both under normal operation and in the presence of a nitrification inhibitor. 

[image: image60.emf]
Figure 7. Nitrification inhibition as measured by TITAAN in the presence of various concentrations of a selective nitrification inhibitor (Allylthiourea). The fitting curve is based on the expression: I (%) = 100(1- [1/(1+ Ca/b)](.

Problems encountered 

The main objectives of POLIMI in the EOLI project were successfully achieved. The only task that could not be fully concluded was the field-testing of all the TITAAN modes of operations. After the delay on the field test at the ENEA pilot-scale SBR due to the unusually cold and snowy winter (which caused both technical problems related to tube clogging and the loss of biomass activity due to the abnormally low water temperature), it was decided to focus on the full development of the most challenging operation MODE, i.e. the assessment of toxicity and inhibition on the nitrifying activity. Its successful implementation and validation, together with the experience gathered during this field experience, allow to reasonably expect a successful extension to the other operation MODES of the TITAAN. 

Technology implementation plan
The main exploitation plans relate to the MARTINA off-line titrator and to the TITAAN on-line instrument. The experience gathered during the field tests allowed to identify several needs for further improvements of the first prototypes.

Conclusion

Main achievements of the project are hereafter briefly summarised.The lab-scale POLIMI-SBR and the pilot-scale ENEA-SBR were successfully run for approximately two years. Both of them were fed on a typical domestic wastewater (synthetic for the lab-scale SBR and real for the pilot-scale SBR) and were able to guarantee a satisfactory effluent quality for most of the time. The experience gathered confirmed that SBRs are a suitable technology for the removal of organic matter and nitrogen from wastewaters. Main abnormal conditions that were experienced were related to the nitrogen removing processes (nitrification and denitrification). Nitrites were found to occasionally accumulate in the POLIMI-SBR, while the insufficient wastewater carbon content was found to limit nitrates removal in the ENEA-SBR. As for nitrite build-up, main environmental and operating conditions affecting the POLIMI-SBR nitrite oxidation capacity could be defined by a dedicated experimentation. 

Two hardware sensors were developed in cooperation with SPES based on the principle of set-point titration (evaluation of a reaction rate in terms of titrant addition rate required to keep one of the species involved in the reaction at a constant level in a batch reactor). The laboratory unit is a valuable instrument for research as well as for process analysis, allowing for the determination of nitrification and denitrification rates and of heterotrophic activity under controlled experimental conditions. The field automated unit, equipped to implement titration experiments on sludge and/or sewage samples (automatically collected) and to on-line perform data analyses, allows for the in-line determination of (1) the rate of the main bioprocesses, (2) relevant influent characteristics (nitrifiable-nitrogen load, inhibiting potential) and (3) nitrate concentration in the effluent. All these determinations, of crucial importance for process diagnosis, were made available to the EOLI integrated monitoring and control platform. The experimentation performed on the pilot scale ENEA-SBR and INRA SBR confirmed the applicability of TITAAN to bioprocess for the treatment of domestic and dairy wastewater. 

It is relevant to stress that the hardware sensors are also applicable to the monitoring of continuous-flow wastewater treatment processes, which are far more widespread, especially for the treatment of domestic wastewaters.

3.5. SPES

Participating staff

	Name
	Background
	Activities in EOLI

	Ing Paolo Ratini
	Electronic Engineer
	WP3 and WP8 

	Ing Davide Mancini
	Electronic Engineer
	WP3 and WP8

	Ing Fernando Negozi
	Electronic Engineer
	WP3 and WP8

	Ing Franco Bodreghini
	Electronic Engineer
	WP3 and WP8

	Ing. Mirko Bartolucci
	Hardware Designer
	WP3 and WP8

	Ing. Massimiliano Pirani
	Software Designer
	WP3 and WP8

	Dr. Simone Mariani
	Chemist Technician
	WP3


Objectives

SPES has been mainly involved in WP3 (Hardware sensor development) and WP8 (Validation and Integration). The main objectives were:

· the development of a titrimetric hardware-sensor for the monitoring of the nitrification and denitrification processes, in cooperation with POLIMI;

· the development of the EOLI digital platform, that is of a framework based on digital signal processing techniques able to integrate in a whole system several hardware and software modules for the monitoring and control of a batch WWTP;

· operate with this framework several lab and pilot scale SBRs fed on domestic and industrial wastewater, occasionally contaminated with toxicants.

SPES activity was focused on requirements specification and assessment, design of embedded electronics, software development and field test activity for the integration at the pilot plant’s sites of the overall EOLI monitoring and control system.

Activities

Concerning with the activity in the WP3, during the first year of the project the effort was focused on the development of the off-line version of the titration biosensor.

The embedded electronic board used to control the instrument was designed and developed on the basis of the following hardware requirements:

· 8 A/D 16 bit resolution channels ,with galvanic isolation, signal amplification and noise reduction implemented on board, for the acquisition of:

· 2 DO signals, 

· 4 pH or ORP signals,

· 2 temperature signals (Pt100).

· 12 ON/OFF switches for the actuation of:

· 4 micro-solenoid valves (24 Vdc 6W) and 2 peristaltic pumps (24 Vdc and 6W) to control titrant dosage,

· 2 aerators (230 Vac max 50W),

· 2 heaters (230 Vac max 50W),

· 2 mixers (230 Vac max 50W).

· human interface:

· leds,

· RS232 serial link for PC connection.

A 8 bit hardware platform, based on micro-controller technology, was chosen.

The firmware was developed using the IDE (Integrated Development Environment) supported by the supplier of the micro-controller platform chosen for the electronic board: the use of ANSI C language to implement this firmware (5722 lines of code) empowers the portability of the architecture: the firmware produced is independent of the micro-controller brand and can be compiled for every hardware platform using the suited compiler. Compared to the previous available titrators, this new hardware configuration allows considerable costs reduction since the following commercially available components are no longer required:

· pH or ORP signal amplifiers

· DO signal amplifiers

· Pt100 signal amplifiers

· A/D converters

· ON/OFF switches

Moreover the micro-controller on board implements some algorithms and functions for auto-diagnosis and fault detection, so that the instrument is able to alert the operator in case of malfunctioning of some components, such us pumps, solenoid valves, etc.

On the basis of these requirements the design of the electric schemes and the manufacturing of the electronic embedded board were carried out (Figure 1).
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Figure 1. the MARTINA titrator lab version and its embedded control board

All the routines and algorithms for digital signal acquisition and processing and for the experiment control are implemented into the firmware on board.

The instrument can be configured and the data can be stored in Excel format using a PC software environment developed on purpose (National Instruments CVI IDE ANSI C/C++ 16519 lines of code).

The basic idea, concerning with the PC software requirements, was to maximise instrument flexibility: the user is free to set the experimental configuration according to the variable to be measured.

As a consequence, the software allows to perform, by the way of a graphical user-friendly interfaces, the following operations:

· calibration of all probes (pH, DO, ORP, Pt100);

· calibration of each titrant dosing line;

· experiment set up, including selection of:

· number of beakers working in parallel; the hardware configuration allows to work with up to 2 fully instrumented beckers (equipped with 1 pH-probe, 1ORP-probe, 1 DO-probe, 1 temperature probe, 1 aerator, 1 mixer, 1 heater) or with several, partially instrumented, beckers in case not all signals or actuators need to be handled; 

· type of signals to be read in each beaker; for each beaker the user can define which signals should be read either to be monitored or controlled;

· type of control to be performed on one or more the measured signals (up-bound, low bound, set-point);

· definition of the experiment duration and data acquisition frequency;

· data logging on the PC hard disk;

· data plot of each acquired signal and of the amount of titrant dosed during the course of the experiment;

· saving and re-loading of the experiment set-up.

The in-circuit test and debug of the electronic embedded board was performed at SPES lab.

A strict co-operation with POLIMI lab was then required in order to debug the first instrument release.

During the second year of the project the activity carried out within the WP3 was focused on the development of the on-line version of the titration biosensor. The new instrument was named TITAAN (TItrimetric Automatic ANalyzer), and it was designed and developed conceiving a modular hardware architecture based on four electronic embedded boards:

· the power module

· the analog interface

· 16 bit microcontroller architecture

· 8 A/D 16 bit resolution channels ,with galvanic isolation, signal amplification and noise reduction implemented on board, for the acquisition of:

2 DO signals, 

4 pH or ORP signals,

2 temperature signals (Pt100)
· the actuators interface

· 4 peristaltic pumps 24V dc 6W

· 20 solenoid valves 24V dc 6W

· 3 stirrers 24V dc max 50w

· heater 24V dc max 50W

· aerator 24V dc max 50W

· the main board

· 32 bit microcontroller architecture with embedded OS onboard

· human interface: touch-screen

· local area links and connections:

RS232 serial link for PC connection

RF (DECT standard) wireless link

· remote links: PSTN modem link

· data storage: Compact Flash Card

On the basis of these requirements the design of the electric schemes and the manufacturing of the electronic embedded boards were carried out (Figure 2).
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Figure 2. the four embedded boards mounted into their rack

The firmware was developed using the IDEs (Integrated Development Environments) supported by the suppliers of the micro-controller platforms chosen for the electronic boards: the use of ANSI C language to implement this firmware (15365 lines of code) empowers the portability of the architecture: the firmware produced is independent of the micro-controller brand and can be compiled for every hardware platform using the suited compiler. Moreover the micro-controllers on board implement some algorithms and functions for auto-diagnosis and fault detection, so that the instrument is able to alert the operator in case of malfunctioning of some components, such us probes, pumps, solenoid valves, etc. All the routines and algorithms for digital signal acquisition and processing, for the experiment control and for data analysis are implemented into the firmware on board. The instrument can be fully configured using a graphical human interface developed on purpose and implemented using a touch screen; the data can be processed in real time and stored in Excel format into the Compact Flash Card.

The basic idea, concerning with the firmware requirements, was to maximise instrument flexibility in order to replicate the lab version functionalities without the use of a PC: the user is free to set the experimental configuration according to the experimental modality selected. The firmware allows to perform, by the way of the graphical user-friendly interfaces implemented in the touch screen, the following operations:

· manual switch of each actuator (pumps, valves, etc…);

· calibration of all probes (pH, DO, ORP, Pt100);

· calibration of each titrant dosing line;

· calibration of each reagent dosing line;

· experiment set up, including selection of:

· experimental modality: there are up to five modalites to select; 

· type of signals to be read either to be monitored or controlled;

· type of control to be performed on one or more the measured signals (up-bound, low bound, set-point);

· definition of the experiment duration and data acquisition frequency;

· data logging on the Compact Flash Card;

· real time data plot of the amount of titrant dosed during the course of the experiment;

· saving and re-loading of the experiment set-up.

Additionally the firmware on board will also allow to set and manage sample collection and discharge, routing for the identification of the different phases of the experiments and for the activation of the addition reagents at the appropriate time, identification of knees in the titration curve and for the automatic identification of the end of the titration experiments.

In Figure 3 are presented some screenshots as examples of the Graphical User Interfaces implemented.
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Figure 3. TITAAN’s Graphical User Interface

A PC software package was designed and developed to record, debug and evaluate the performances of the several functionalities of the on-line titrator during the field test. Actually this software is the main tool used for the validation of the results produced by the titrator analyzer. It has been developed within Matlab environment for two main purposes: to speed up design and test of the analysis algorithms , and to make it become the first release of the software which will permit the user-friendly analysis and storage of the experimental data.

The activity of SPES within the WP3 was completed during the third year and the extension of the project with the validation of the on-line version of the titration biosensor, the TITAAN, and its integration into the EOLI digital platform. The major issue of this activity is the field test of the instrument both at the ENEA pilot plant in strict co-operation with POLIMI and at the INRA pilot plant (Figure 4). The TITAAN was shipped to Bologna and located at the ENEA pilot plant in the second half of October 2004. Since November 2004 till June 2005 the biosensor was under test and debug. Three technicians from SPES were continuously in Bologna during this period to accomplish this activity. On July, at the beginning, the TITAAN was removed from the ENEA pilot plant and shipped to Narbonne to be located at the INRA pilot plant. Six persons from SPES were in Narbonne for two weeks in July, since the 4th till the 20th, to provide support for the installation, the set up, the startup of the biosensor and its integration into the EOLI digital platform. A set of hardware and software tools were developed and set up to provide tele-assistance for the maintenance and the update of the biosensor. At now, two technicians working at the SPES’ facilities are full time employed both in providing tele-assistance for the tuning and maintenance of the biosensor and in the co-operation with the work for the experimental activity carried on in Narbonne at the INRA labs.
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Figure 4. the TITAAN and its location in Narbonne at INRA lab.

The activity within the WP8 during the first year was focused on the tasks needed to achieve an integrated digital platform for the EOLI system, defining the architecture system specifications both at the hardware level and at the software level. First the state of the art was investigated and revised. In the recent years, the development and improvements of high performance bioreactors, of on-line facilities and the application of automatic control have brought evidence that bioprocesses could be optimised and, when concerned with biological wastewater treatment, that efficient pollutants removal could be achieved. 

Solutions available on the market was considered and compared with the development of an embedded solution based on low cost components. Requirements for the design and implementation of the hardware and software architecture of an integrated system were defined and assessed.

The activity within the WP8 during the second year was focused on the design and the development of the integrated digital platform for the EOLI system. The first release of the hardware and software components of the platform was designed, implemented and realized (Figure 5 and Figure 6).
· The electronic slave board to manage and operate sensors and probes: it acquires and performs a first conditioning of the signal from the probes and applies actions and commands to the actuators; if required, periodical operation of diagnosis, such as detection of faults, and auto-calibration are implemented. Basic features are:

· 16 bit microcontroller architecture

· 4 A/D 16 bit resolution analog channels ,with signal amplification and noise reduction implemented on board;

· local area links and connections:

RF wireless link

RS232/RS485 serial link.

· The electronic main board of the plant able to communicate using a RF/serial link with the slave boards to gather the data directly on a digital media and to store them or to apply control actions to the actuators; this board has two serial RS232 interfaces to exchange data and command with both a PLC and a PC. Its basic features are:

· 32 bit microcontroller architecture with embedded OS onboard

· human interface: touch-screen

· local area links and connections:

RS232/RS485 serial link for PC and PLC connection

RF wireless link

· remote links: PSTN modem link

· backup data storage: Compact Flash Card.

Figure 5. the main board.

Figure 6. hardware architecture

The software environment has been designed and implemented according with the requirement specifications assessed in the deliverable D8.1. It provides all the functionalities needed for monitoring and control.

The EOLI project is based on the idea that each remote WWTP is connected to a Remote Server Machine – located at a remote control centre - in order to upload measured data and alarms and download control actions. This Remote Server is essentially a supervisor system which implements a distributed control architecture. It has been chosen to use Internet as the main connection infrastructure between the Remote Server and each plant; this is because of the flexible, inexpensive and widespread nature of this medium.

The core, both at the remote control centre and at the local plant, is a relational database, implemented in MySQL technology, and it is used to store all the data gathered (measurements), generated (commands), transferred and managed by the EOLI system.

At the local plant level, the main frame software is organized in modules. Software modules can be enrolled into the system to implement features and functionalities.

The EOLI software architecture is based on the client/server technology in which different modules implemented for different purposes, can share the same resources using a relational database management system (DBMS) that is introduced to replace the limitations of the file sharing architecture: the client/server technology is a versatile, message-based and modular infrastructure that is intended to improve usability, flexibility, interoperability and scalability.

During the third year and the extension of the project, as far as  the WP8 concerned, the sensors’ network configuration was defined, validated and reported in the Deliverable D8.2, while the design and implementation of the system architecture was over and detailed in the Deliverable D8.3, and the validation of the integrated EOLI system was implemented at the two pilot plants, the one locate at INRA facilities and the other one in Bologna, and the Deliverable D8.4 was provided to present the final results of the work.

Results

A strict co-operation with POLIMI was started and carried on for the design and the development of a new off line combined titrator to be applied to SBRs monitoring. POLIMI identified some limits of the existing titrators and gave the main instrument’s specifications to overcome them. SPES developed both titrator’s hardware and software, using embedded electronics with the aim to realise a compact, reliable and affordable instrument.

The new instrument was named MARTINA (Multiple Analysis Reprogrammable TItration Analyser). Its innovative content, if compared with existing titrators, can be summarised in the features and functionalities listed below:

· it is able to perform combined titrations on the same sludge sample;

· it allows to perform titrations on two (or more) samples in parallel;

· it is flexible in order to allow the implementation of all titration applications described in the literature.

In a second step of the project the design and the development of an on-line version of the combined titrator MARTINA, to be applied for on-line monitoring to the SBR pilot plant in Bologna, was started.

POLIMI defined the procedure and the modalities for on-line titration experiments implementation. The new instrument was named TITAAN (TItrimetric Automatic ANalyzer). The instrument is able to perform the following tasks:

· withdraw the sample to be analysed;

· execute the titration experiment at the same temperature of the tank;

· discharge the sample;

· perform combined titrations on the same sludge sample;

· elaborate in real time the data collected during the experiment;

· provide in real time elaborated data available for monitoring and control systems.

To implement, monitor and control these features, a modular hardware architecture was designed and developed, based on four electronic embedded boards.

Within the project, there are several wastewater treatment plants that are being fitted with the EOLI system, adapted to their individual needs. These are the project’s integrated systems. Integration means the setting up and basic testing of the EOLI modules on a SBR plant site, within the framework - the middleware - that allows them to communicate with each other and with the SBR process itself. The integration activity involved two real physical plants with the aim of validating the reliability and customisability of the system: the pilot scale plant at ENEA (Italy), and the pilot scale plant at INRA (France). These plants have very different characteristics, and thus it was a strong test for the EOLI approach to be able to integrate them all using the same framework.

Starting from the beginning of November 2004, at the ENEA pilot plant a complete field test of the EOLI digital platform and its hardware and software components was performed. In this phase of the project, as far as the hardware sensor integration concerned, the biosensor titration TITAAN – developed in WP3 - was run and tested in parallel at the ENEA pilot plant: the TITAAN is managed by the main board of the EOLI digital platform in the same way of a slave board, connected by a RF link or a serial link, that's why the TITAAN is provided with the same kind of links as it is a slave board (see deliverable D8.2 for details). So its integration is attended by simply enrolling the variables needed for the management of the measurements produced into the EOLI local software, and this implies automatically the update of the database tables.

For the whole period of the field test at the ENEA pilot plant, three tecnictians from SPES spent three weeks a month in Bologna (250 KM away from SPES facilities) - since November 2004 till June 2005 (Figure 7).
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Figure 7. details of the electric cabinet set up and of the control room at the pilot plant in Bologna

When the field test was over, in July the platform was installed at the INRA pilot plant for the integration of the other hardware sensor – the UV sensor – and of the Matlab Modules (control and supervision) and for the validation of the whole EOLI supervision system.

The UV sensor is managed by a devoted PC: the EOLI system interact with this alien PC using a software module as media. As a consequence the integration of this hardware sensor is reduced to the enrolment of the related both software module and variables, to manage the measurements produced, into the SPESGateway - the EOLI local Software (for more details see deliverable D8.4) –actions that automatically imply the update of the database tables. 

At the same time, the TITAAN was shipped to Narbonne and installed at the INRA pilot plant too. In July, since the 4th till the 20th, six technicians from SPES were in Narbonne to provide support for the shipping, the installation and set up and for the start up of the EOLI system at the INRA pilot plant (Figure 7). At now the full integrated system is running at the pilot plant in Narbonne.

The EOLI remote control centre was set up. The EOLI project is based on the idea that a web WWTP is connected to a Remote Server Machine – located at a remote control centre ‑ in order to upload measured data and alarms and download control actions. This Remote Server is essentially a supervisor system which implements a distributed control architecture. The lab and pilot scale plants enrolled in the EOLI system are: two lab plants at UU, two pilot plants, one at INRA and the other one at ENEA, and one full scale plant at IbTech in Mexico. The data from these plants are available at the remote server. At the login page http://82.190.245.149/eoli, a public login, user name demo, password demo, is available to experience the general features and functionalities of the EOLI systems as far as the remote monitoring and control of the plants.

In order to test and to demonstrate the potentialities and capability of the EOLI system as far as the data management and integration, three plants ,than the two pilots, located out of Europe, the IbTech full scale plant in Mexico and the two lab plants at UU have been logged to the EOLI remote server. SPES provided assistance and know how to realize the software packages for the data transfer from these plants to the remote server.

Technology implementation plan
The main exploitation plans relate to the MARTINA off-line titrator and to the TITAAN on-line instrument. The experience gathered during the field test allowed to identify several needs for further improvements of the first prototypes. Also the exploitation of the EOLI digital platform for monitoring and control can be considered in terms of technology transfer for promoting the use of technology innovation in the small and medium size WWTP management and optimization 

Conclusion

The whole integrated system (Hardware Sensors + Software Modules + EOLI digital platform) produced at the end of the project is characterised by the high level of modularity pursued for the integration that makes it possible to configure, to enrol, to enable or to disable all the several components: so the system can be applied at plant of different size, under different sensors network configurations. The experience from the installation, running and maintenance at two different pilot plants, the ENEA and the INRA ones, confirm this result. The full customisability, that was a key requirement for the development of the system, is a consequence of this high and reliable modularity.

3.6 UNAM

Participating staff

	Name
	Background
	Activities in EOLI

	Prof. Germán Buitrón
	Bioprocess scientist
	WP1, WP3

	Prof. Jaime Moreno
	Process control scientist
	WP2, WP5

	Prof. Cristina Verde
	Control scientist
	WP6, WP7

	Prof. Alejandro Vargas
	Control Scientist
	WP3

	Dr. Wilberth Villatoro
	Biotechnological scientist
	WP1

	Dr. Manuel Betancur
	Process control scientist
	WP2, WP5, WP7, WP8

	M. Sc. Iván Moreno
	Biotechnological scientist
	WP1

	Ing. Antonio Linares
	Bioprocess scientist
	WP1

	M. Sc. Gloria Moreno
	Biotechnological scientist
	WP1, WP3

	Ing. Teófilo D. Martínez
	Bioprocess scientist
	WP1

	M. Sc. Dieter Wimberger
	Computer scientist
	WP6, WP7, WP8

	M. Sc. Juventino Cuéllar
	Control Scientist
	WP6

	Ing. Rodrigo Cervantes
	Bioprocess scientist
	WP1

	M. Sc. Elia Velázquez
	Bioprocess Scientist
	WP1

	M. Sc. Jaime Pérez
	Bioprocess Scientist
	WP1

	Ing. Leonardo Jiménez
	Bioprocess scientist
	WP1, WP3

	Ing. Alma Corrales
	Bioprocess scientist
	WP1

	Ing. Norman García
	Control scientist
	WP8

	M. Sc. Jesús Mina
	Control Scientist
	WP6, WP7

	Dipl.-Ing Alexander Schaum
	Control Scientist
	WP5

	Dra. Celia Barrena
	Bioprocess scientist
	WP1


Objectives

The general objective of UNAM in the project was to study, and to improve, the toxic wastewater aerobic treatment processes for urban settlements, especially for those urbanized areas where industries contribute heavily to water pollution with toxic organic compounds.

The process experiments of the partner 6 (UNAM) concerning the WP1, in which the particular case of an inhibitory wastewater was studied, can be divided in three main set of experiments to achieve the next objectives:

WP1.2
Experiments to provide data for the mathematical modelling and validation.

WP1.3 Evaluation of the process improvements with the application of the optimal control strategy by comparison with a non optimal strategy.
WP1.6
Start up and ED-TOC strategy operation in the field scale plant.
The objective in Work-Package 2 (WP2) was to obtain a validated process model using the experiments performed by WP1. The objective in Work-Package 3 (WP3) was to evaluate the use of spectrophotometric techniques to determine on-line measurements of concentrations during biodegradation of toxic (aromatic) substances, i.e. as a hardware sensor. Using the structure of the model obtained by WP2 the WP5 objective was to design a modular low-cost, optimal and reliable control system. In order to minimize the reaction phase duration, distributing the feed with time in order to avoid accumulation inhibitory substances was a must. Only available online measurements, i.e. Volume (V) and Dissolved Oxygen concentration (SO), were to be used for such a control.

For the Workpackages 6 and 7 (WP6, WP7) the objectives were:

· to participate in the design and development of the fault detection and isolation algorithms for the SBR, 

· to contribute in the design of a low cost supervision scheme, which has to be flexible and to allow the integration of the diverse requirements of the control and monitoring of an SBR, 

· to select and validate the hardware for the implementation of the digital system developed for the SBR pilot scale plant of the UNAM, 

· to get experience in the diverse aspects of the design of a low cost, modular and reliable monitoring system of a SBR for WWTP with the collaboration and cooperation of other institutions in Europe and Latin-America, including industrial companies, 

· to establish academic cooperation with the experts in the areas of fault detection and identification and supervision systems involved in the EOLI project, 

· to involve graduate and postgraduate students at the UNAM in a multidisciplinary project with bio-process, automatic control and instrumentation communities.

For the Workpackage 8 (WP8) the objective was to integrate the sensors, control, fault detection and supervision systems for the SBR operated at the UNAM.

Activities

WP1. The experiments were carried out in an aerobic automated SBR system of 7L and an exchange volume of 57%. The airflow rate was 2.0 L/min and the temperature was maintained at 20ºC inside the reactor. The reactor was inoculated with 2000 mgVSS/L coming from a municipal activated sludge wastewater treatment plant. The reactor was operated degrading synthetic wastewater containing 350 mg/L of 4-chlorophenol (4CP) this compound was used as a sole source of carbon and energy. Nutrients and oligo-elements were added as recommended by AFNOR (1985). 

WP1.2. The experimental results to provide data for the modelling and validation of the biodegradation of a toxic wastewater containing 4CP as model of an inhibitory compound were obtained. Experiments of standard conditions were conducted using the Fixed Time Control strategy. Experiments of the biomass acclimation and the effect of starvation were also conducted.

WP1.3. The optimal control strategy proposed by WP5 (ED-TOC) was evaluated under the standard conditions. The evaluation of the process improvement with the application of the optimal control strategy includes too the evaluation of long-term stability of system under the standard conditions and response of the ED-TOC to the introduction of shock loads (D1.2).

WP1.6. The start-up and operation of the field scale plant of 1m3 (Figure 1) was conducted (D1.7). The exchange volume of the reactor was 40%. To evaluate the hydraulic regime in the reactor, tracer test and KLa experiments were carried out before to the operation of the field scale plant. The reactor operation included the start up, acclimation of the biomass and operation of the bioreactor with the ED-TOC strategy (proposed by WP5).The degradation of 250 mg 4CP/L and a punctual concentration peak of 1000 mg 4CP/L were studied.
WP2.1. Model Selection. 

For the EM-1 case the WP2 involved partners were UNAM, UCL and UU. The model structure was selected based on the experience of the partners with respect to the dynamical modelling of WWTP and SBRs, on the specific features of the studied processes and on the availability of the process variables for measurements. The following model represents the fed-batch part of the cyclic operation assuming one single aerobic growth reaction and an endogenous respiration reaction:
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where the variables X, SC, SO, V and  qin  represent, respectively, the biomass, the toxicant substrate and the dissolved oxygen concentrations, the liquid volume inside the reactor and the inlet flow rate. The parameters µ, k1, k2, b, KLa, SC,in, SO,in, SOs stand for the specific growth rate, the yield coefficients (between X and SC, and X and SO), the endogenous respiration kinetic constant, the oxygen transfer coefficient, the inlet organic matter and oxygen concentrations, and the oxygen saturation concentration, respectively.

The specific biomass growth rate is represented by the following modified Haldane model:
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WP2.2 Experiment design for parameter identification. An experiment protocol was designed to cover the largest possible spectrum of operating conditions, while taking into account the numerous practical constraints. The experiments, using 4-chlorophenol (4CP) as the toxic model compound, were performed by WP1-UNAM.

WP2.3 Parameter Identification and model validation. The experiments were divided in two sets: one for parameter calibration and other for model validation. The calibration of the parameters of the model from the data of the first set was performed after separating them into different categories in order to perform independent calibrations. Different variations of calibration methods and of model modification (e.g. to take into account the sensor dynamics or to modify the early part of the inhibitory Haldane model used to approximate µ) were accomplished. After that, models validations were performed with the second data set by numerically simulating the identified models. Then the best variation was chosen i.e. the one that captured the main dynamical behaviour of the process with the minimum of model complexity. Finally a detailed statistical analysis was done in order to evaluate the reliability of the model and of its parameters.

WP2.4 Model Evaluation. The validated model was used to evaluate the performance of control algorithms, especially considering the kinetic parameter variability expected from biomass changes. Two model simulators were built, one in Matlab and other in Labview. The latest was used to perform extensive debugging and validation of the real-time control algorithm prior to transferring it to the real reactor, thus allowing to comply with the project’s integration policy agreed in WP8. 

WP3. Two spectrophotometer-based techniques to estimate the concentration of 4CP and of a metabolite during its biodegradation in a sequencing batch reactor were considered. In the first the compound concentration was estimated using the absorbance at just one wavelength; this was dubbed the monowavelength technique (MWL). In the second the concentration was also estimated using the SD (spectral deconvolution) technique for the same set of data. Both techniques were then compared. Two experiments were performed, in cooperation with GRADIENT. A first one was simply to test the technique under no oxygen limiting conditions, i.e. no metabolite formation, in which case only one base spectrum is needed for the SD technique. An 8 liter laboratory biorreactor with an exchange volume of 6 liters was operated as an SBR. It was used to treat synthetic wastewater composed of 4-chlorophenol (4CP) as model substrate. The second experiment was done to test the SD technique when metabolite is formed and oxygen is limiting.

WP5.1. Specification of control variables and optimisation objectives. For the EM-1 case the WP5 involved partners were UNAM and IBTECH. The optimisation objective was defined as to reduce reaction time in order to increase the daily applicable load for a given size reactor. Robustness to unknown shock loads of toxicant was also a must. Then the controlled and manipulated variables were chosen after analysing the process model (WP2) and the availability, and possibilities, of hardware (WP3) and software (WP4) sensors.
WP5.2. Design of optimal and adaptive suboptimal control laws. For the EM-1 case, SPES methodology for integration (WP8) was followed. However, due to scheduling planning constrains, SPES hardware was not to be yet available at the time of designing the Mexican reactors (UNAM and IBTECH). Instead, to balance WP5, WP6 and WP7 needs, low cost commercially I/O hardware and software were chosen. The controller proposed by UNAM, the Event-Driven Time-Optimal-Controller (ED-TOC) was simulated in Matlab and real-time implemented with LabView. Such a controller needs the estimation of two events in order to control de feed. The first event, “inhibition begins”, detects when inhibition is just beginning to happen during the filling. The ED-TOC, then, may turn OFF the inlet pump. The second event, “depletion begins”, detects the instant when the reaction treatment process is slowing down because of substrate depletion. Then the ED-TOC may turn the inlet pump ON again. This ON/OFF behaviour produces a fed-batch reaction comparable to a series of non-inhibited “mini-batches”, thus keeping the whole treatment process near its maximum potential i.e. avoiding both inhibition and depletion during the fill. In order to detect the switching events it was defined the Oxygen Mass Uptake Rate (OMUR), soft-computable by using only the available sensed variables, which is proportionally related to the substrate conversion rate. As such, during the filling, a maximum of the OMUR is obtained just before inhibition appears. After that, its value decreases as inhibition builds up. This behaviour allows to software-sense the “inhibition begins” event. Conversely, during the pure reaction phase, i.e. with no filling, a decreasing behaviour in the OMUR is related to the depletion of the toxic substrate, thus allowing the detection of the “depletion begins” event.

WP5.3. Control law validation. For the EM-1 case two different series of validation experiments were performed by WP1 at UNAM, using 4CP as the toxic model. The first one measures the optimality and robustness of the ED-TOC by applying increasing shock loads of the toxicant concentration value in the fed (SC,in). The second one assesses the long term stability of the ED-TOC in standard conditions (SC,in=0.35g4CP/L). 

Both, simulations and real offline data of the substrate concentration obtained during the experiments, were used to validate the ED-TOC.
WP5.4. Process improvement evaluation. For the EM-1 case a comparative analysis was performed between the ED-TOC and the classical batch operation mode, the Fixed Time Control (FTC). Total processing time for each batch, energy and air consumed were measured for both the standard conditions and for shock loads. As big shock loads can not be processed by the FTC, it was assumed that the shock load concentration value was known in order to pre-dilute the influent to the standard concentration before treatment. No dilution was performed for the ED-TOC batches. 
WP6. 

To capture the more important and critical faults in the instrumentation and the SBRs from the EOLI bio-process experts by a poll. The identification and characterization of critical situations in components and process for a general aerobic SBR: a) the dissolved oxygen sensor, PH sensor, the set of valves used in the fill and draw phases and the air blower, (b) the reduction in the nitratation capacity reported in the POLIMI laboratory.

The selection of the architecture used for the FDI issues has been handled as follows. For each device a specific detection algorithm was designed without specific process considerations. This fact demanded an extra effort in the design, but it was compensated with the benefit of modularity, transportability and information interchange with other levels in the supervision structure.

For the design of a self diagnosis scheme for damage in a Dissolved Oxygen Sensor of type Clark, the attention was focused on fouling and damage in the membrane and it is proposed to use the time of the settling cycle of the SBR to test the sensor behaviour. To identify automatically a deviation of the time constant of the probe, the impulse response of the diffusion process of the probe measured by the electrolyte current was considered.

The adaptation of the Dynamic Principal Component Analysis, DPCA, as fault detector for the case of non stationary data and its application to detect three classes of faults in a Servo-Valve with control (valve clogging, valve plug or valve seat sedimentation and valve plug or valve seat erosion) has been considered. Since analytical models for a generic valve are not available and specific valve behaviour patterns requires in general external perturbations to the system, to test a faulty valve statistical consistent relationships between the time sequences of the variables (control signal, plug position and outflow) are used. Specifically the UNAM’s participants modified the DPCA algorithm to reduce the false alarms rate, when the valve is working in an operation point different from the used in the algorithm tuning. The key of the DPCA extension was the on-line adaptive standardizing process during the test interval holding the consistent correlation functions of the data in normal condition for linear systems.

To tackle the diagnosis issue of the process degradation two activities were planned. One associated with the use of the quantitative model described in WP2 to reproduce the nitrites build-up effects reported in WP1; the other one related with a very general design of diagnosis based on respirations patterns. The late proposition can work without an explicit analytical model if classified historical data are available in normal and abnormal conditions. Starting from the analytical model EM2a given in Deliverable 2.3 in EOLI a simulator was implemented trying to reproduce the nitrites build up issues as occurred in the experiments. Diverse set of parameters and situations were tested, however the reactor model is not able to reproduce the nitrites build up condition; this limitation could not be overcame even with extra experiments carried out by WP1 the last year of the project.
Related with the diagnostic procedure based on signal processing, a sensitivity analysis of the respiration rate with respect to the 4 parameters uncertainties shows that each parameter has a different effect in the form of the respiration (magnitude and time) during the reaction time. These results allow the extraction of 13 features to classify deviations of the parameters Ki and Ks for the laboratory reactor EM1 at the UNAM. On the base of these features two Artificial Intelligence classification models were tested using a estimated respiration signal. Both classifiers are part of the WEKA Machine Learning Toolkit; the J48, implementation of the C4.5 algorithm and a Multilayer Perceptron with back propagation training. To get a robust calculation of the respiration it is proposed to estimate the oxygen mass transfer coefficient Kla periodically introducing a re-aeration before the fill phase.

Results 
The experimental results for modelling and validation showed a reduction in the degradation time during the acclimation process. In the case of 50 mg 4CP/L, degradation time was reduced from 40 h to 50 min, after 71 h and from 52 to 1.16 h, after 105 h. By comparing the necessary time to acclimate the consortia to 50 and 100 mg/L, it is noted that doubling the initial concentration of the toxic only generates 25% increase of acclimation period (71 vs 105 h). As the acclimation proceeded, it was found that the affinity of the consortia to biodegrade the toxic increased, whereas the ability to biodegrade acetate decreased. The evolution of the substrate uptake rate over time during the acclimation period was highly correlated with an exponential relationship. The exponential behavior observed suggests that the adaptation might have been caused by the growth of a new population. There is a decrease of the toxic metabolite production as the bacteria adapt to 4CP degradation. Acclimation to 4CP also decreases the SVI, improving the settling properties of the sludge (deliverable D.1.1).

In the case of starvation experiments it was observed in general a decrease on the microbial activity. In general, a decrement from 21 to 44% was observed on specific degradation activity due to the introduction of starvation periods, and from 26 to 35 % of activity lost measured as specific oxygen uptake rate. The extent of the deacclimation of starved microorganisms seems to be affected by the history of the culture. The effect of starvation on the degradation rate is less significant when microorganisms are starved, recovered and then starved again, than in the case where starvation is cyclically presented without recovery period. In any case, there exist an activity decrement generated by the variation of the toxic and thus a deacclimation of the previously acclimated bacteria that could explain the variations on the performance of treatment of toxic industrial wastes. It was observed that the specific degradation rates during the acclimation (increase) and deacclimation (decay) process followed an exponential model.

With data obtained, the model selection, parameter identification and validation were carried out. The complete sets of results can be found in deliverable D 1.3. Results showed that experiments were coherent with the mechanistic knowledge of the basic biological processes taking place in the SBR.
A validated EM-1 model was obtained that captures the main characteristics of the process. The following table of parameters corresponds to S0,in = 0, S0sn = 6 mg/L, St = 0 and no oxygen sensor dynamics (EM1-A3 in the WP2_UNAM report)

	Parameter
	Value
	Parameter
	Value

	µ0
	0.196 h-1±0.00255
	K2
	1.0363 mgDO/mgVSS±0.0578

	KS
	60 mg4CP/L±0.01499
	B
	0.0059 h-1±0.0004

	KI
	3.753 mg4CP/L±0.00755
	kla
	16.8 h-1±0.1

	K1
	3.7 mg4CP/mgVSS
	
	


For the hardware sensor (WP3) the experiments show that both methodologies MWL and SD give results comparable with those obtained for the standard technique. Both techniques are suitable for the construction of a hardware sensor, such as the one that has already been built by GRADIENT.

The optimal control strategy proposed (ED-TOC) was evaluated under the standard conditions. It was found that a practical implementation of the optimal strategy was possible with stable and reproducible results. A good performance of the reactor operated with the ED-TOC strategy was obtained since the degradation of the 4CP was efficiently completed. During the operation of the reactor with the optimal strategy, average removal efficiencies were 99%, as chemical oxygen demand, and 100% as 4CP. The ED-TOC strategy was also able to manage increments of toxic concentrations in the influent up to 613 mg 4CP/L. There was not a significant influence on the performance when the air inflow rate was varied ±50% with respect to the standard condition, but care must be taken when aeration is low, since harmful by-products may be formed (D1.1). 

In the case of an operation of the bioreactor by ED-TOC in a long-term period, the optimal control strategy showed that it is robust and stable in large periods of operation (more than 100 days), with efficiencies of above 99% for the 4CP degradation, and 97% as COD degradation. DGGE analysis (Biomol technique) showed that there are changes in the microbial population during the acclimation and during the stability in a long operation period by ED-TOC. The analyses of toxicity demonstrate that the bioreactor operated by ED-TOC eliminates the toxicity in the wastewater.

With the application of the ED-TOC strategy it was possible to degrade shock loads of 4CP concentrations and a mixture of municipal wastewater and phenol without any problem. A better performance of the reactor operated with the ED-TOC strategy was observed when it was compared to the response obtained with the reactor operated under the conventional strategy. It was shown that not only higher concentrations of toxic could be treated with the ED-TOC strategy, but also a reduction in degradation time (around 52%) and in the supplied air volume was obtained. A good performance of the reactor operated with the ED-TOC strategy was obtained since the degradation and mineralization of 4CP was efficiently completed. The ED-TOC strategy was able to manage increments of toxic concentrations in the influent up to 7000mg/L of phenolic compounds in the wastewater without any inhibition problem.

In theory the strategy could degrade any influent concentration of toxic wastewater without problems. The use of the ED-TOC strategy can minimize the volume of the reactors because it is not necessary to dilute high concentrated toxic wastewater as in the usual operation mode in order to avoid inhibition. The strategy can be applied for industrial wastewater containing high phenols concentrations and/or other inhibitory compounds. 

For the field scale plant, the correct construction of the reactor was verified together with the instrumentation, pumps and pipes. The hydraulic tracer test showed that the sensors were placed in the most representative point and they did not present problems due to the mixing regime. It was also found that the zone that offers the greatest resistance to the mixing is the bottom of the reactor; however, it reached a total mixing in 30 seconds. The KLa in the reactor was evaluated at different flow rates and volumes of the reactor confirming that the scale-up was according to the specifications. 

The ED-TOC strategy presented a similar behavior in the field scale plant as in the laboratory pilot plant. The degradation of the 250 mg4CP/L was reached at 1.6 h, the degradation efficiency was 99.9% as 4CP and higher than 97% as COD. The specific degradation rate was 36.5 mg 4CP/gVSS/h. The bioreactor was operated during 41 cycles using the optimal control strategy. The operation of the field scale reactor was stable, with efficiencies higher than 99.9% for the 4CP degradation, and 91 ± 3% as COD. The effluent presented 38 ± 15 mg COD/L and 30 ± 12.5 mg TSS/L. In average, the specific degradation rate was 45 ± 12 mg COD/mgVSS/h for the COD and 26 ± 7 mg4CP/mgVSS/h for the 4CP during the operation with the optimal control strategy. 

To evaluate the response of the ED-TOC to a shock load in the field-scale reactor, the influent concentration was increased to 1000 mg 4CP/L in the last degradation cycle. The concentration peak represented an increase of 400% in the 4CP concentration compared to the standard condition of the reactor. The performance of the control was similar to the degradation of 250 mg/L, but in this case, more mini-batches were employed for the total degradation of the influent volume and the total degradation time also increased. The degradation time needed for the total degradation of the substrate was 8 h. 

Theoretically any initial concentration can be fed to the reactor since only the adequate concentration will be introduced to maintain the degradation velocity as close as possible to the maximal degradation rate. Another advantage of the control strategy is that it is not necessary to know the initial or input toxic concentration in the wastewater because the control is based on the oxygen consumption of the microorganisms and thus, directly related to the microbial activity. The field scale reactor showed that the practical implementation of the optimal fill control strategy was possible with stable and reproducible results in an industrial prototype discontinuous reactor (D1.6).
Summarizing, for the EM-1 case, the ED-TOC exhibited a reliable suboptimal behaviour and long-term biological stability. Results were validated both in lab-scale and field-scale reactors for 4CP. ED-TOC’s robustness to shock loads disturbances, up to 20 times the standard load, was observed while still maintaining an optimal operation. The comparative analysis of the ED-TOC versus FTC shows an increase of 63% to 90% in applicable daily load, and savings in energy and in consumed air in the range of 25% to 39%.

The validation of the developed fault detection algorithms was achieved emulating conditions as similar as possible to the faults. To the diagnosis of faults in the DOx sensor the procedure was tested by simulation, changing the parameter associated to the thickness to emulate a fouling membrane. The results generated by the detector are reported in D6.1. The simulator used for the test includes a screen in which the operator can be trained how the detector must be managed (see D6.2). The results shown that temperature disturbances and sporadic sensor calibration affect the accuracy of the diagnosis; systematic test at the same environmental conditions are suggested. The disadvantage of this design is the addition of specific electronic hardware in the device for each market devise and that the operator has to select manually when the test is carried out.

The validation of the detector of faults in the servo-valve was made using the data available by the DAMADICS project for the 3 considered faults. In all the cases the on-line adaptive standardization of data reduced the false alarms and yielded a satisfactory performance as fault detector. The algorithm implementation in MATLAB code is available.
To test the classification methods using the respiration, a comparison of the diagnosis results by simulation for three sets of classes reported in D6.1 was made and shown that the percentage of correct diagnosis is above 95% for all tested cases indicating that the features contain enough system information for the diagnosis and then both classifiers achieve satisfactory performance. The code in MATLAB is available.  

The experiments related to the nitrites build up issue and the conclusions reported in WP1 show that diverse situations can produce this abnormal condition. Then a simple monitoring system is recommended which evaluates the corresponding process signals and indicates the operator if some of the conditions that could cause nitrite build-up occur.

Supervision and integration
For the EM-1 case (UNAM) a supervision system was integrated to the control software in order to guarantee the safety of the reactor operation. The real-time software was designed as to allow its use in different I/O hardware platforms e.g. NatInst data acquisition boards for the lab-scale reactor, and an industrial serial Beckhoff I/O module (MODBUS protocol) for the field-scale reactor. It included 3 basic supervisory features: basic hardware supervision e.g. actuator status and Actuator failure detection; process normal operation limits supervision e.g. Acidification, Oxygen limitation and extreme inhibition detection; and batch phase’s timelines compliance supervision e.g. min/max reaction times. Modularity and integrability were also obtained in the controller’s hardware and software.

Technology implementation plan

For EM-1 related processes, a close interaction with partner IBTECH during the design, construction and starting-up of the field-scale pilot reactor allowed the automatic-control related know-how transfer to this firm. On top of that, wide information diffusion was achieved by attending multiple events, both of academic and industrial interest, in order to introduce the basics of the new control concepts for this kind of processes.

So far all of the experimental tests were performed using a synthetic toxic in the WW. However, there are plans to move the field-scale pilot plant to an industrial location in order to test the whole solution with real, badly-characterised, wastewaters. 

Conclusions

For the toxic wastewater case (EM-1) a mathematical model was proposed and validated. Using such a model an Event-Driven Time-Optimal-Control (ED-TOC) was successfully designed, implemented, and validated in lab-scale and in field-scale experiments. It uses commercially available sensors to control the inlet feed in order to keep the toxic substances from causing inhibition to the biomass, thus allowing an optimal operation. 

Reactor load/size relation benefits from using the ED-TOC. As treating time is reduced in excess of 63% this means the daily load capacity of existing facilities may be enhanced proportionally. It also means that new smaller facilities are required for a given daily load. 

Energy savings, in excess of 25%, come also as a result of treating-time optimization.

Another practical benefit, ED-TOC robustness, means less out-of-service periods caused by shock load perturbations. In fact it was possible to treat toxic shock loads in the influent one order of magnitude greater than the ones treatable in Fixed Time Control batch mode. 

The UNAM proposed a modular distributed scheme for FDI which help the operator to manage a SBR for WWTP and improves the reliability of the process giving information when incipient fault in some components occurs. Advantage of the scheme is that new fault cases or new sensors and actuators can be integrated in the system without system redesign since each fault indicator works independently of the others.  

The estimation of the respiration rate in situ and the extraction of specific characteristics of its pattern with simulated data of the EM1 UNAM  has shown to be useful for fault detection and diagnosis tasks.

The UNAM participants consider that the EOLI project allows to get experience of the real conditions under a FDI system has be designed and to establish academic relationships with important groups in the area of WWTP and process control in Europe.

The lack of general data of normal and abnormal behavior with sufficient justified reports was the main issue. The systematic and automatic capture of SR behavior in abnormal conditions for long period of time is very important from fault diagnosis point of view, even if the reactor operation is useless or its production is inefficient.

The real-time software was designed to allow for integration of control and supervisory modules, and to allow the use of different hardware architectures from different vendors.
3.7 UU
Participating staff

	Name
	Background
	Activities

	Rafael Canetti
	Electrical engineer
	WP2, WP5, WP8 and WP1

	Soledad Gutiérrez
	Chemical engineer
	WP1, WP2 and WP5

	Claudia Etchebehere
	Microbiologist
	WP1

	Javier Menes
	Microbiologist
	WP1

	Angela Cabezas
	Microbiologist
	WP1

	Adrián Ferrari
	Chemical engineer
	WP1 and WP5

	Alejandra Benítez
	Chemical engineer
	WP1 and WP3

	Dayana Travers
	Microbiologist
	WP1

	Nicolás Pérez
	Electrical engineer
	WP3

	Sandra Hermida
	chemist
	WP1

	Mariana Scala
	student
	WP1

	Nicolás Martínez
	student
	WP3

	Noel Cabrera
	student
	WP1


Objectives

General objectives of the research for UU

Dairy processing plants are one of the most important activities in Uruguay. Small and medium size dairy plants often have non continuous production (daily and seasonal variations), and thus an intermittent wastewater generation. For these cases, the implementation of Sequential Batch Reactor (SBR) is the preferred solution to lead with variable loads and flow rates, and to get adequate performance of wastewater treatment. Two kind of dairy wastewater were selected for experimentation, a simulated crude wastewater from a pasteurizing dairy plant and an anaerobically pretreated wastewater, a real effluent of an anaerobic pond from Conaprole-Florida plant. The selection of the wastewaters is specially related with the main removal objectives: for the crude wastewater, the main purpose of SBR treatment will be the Carbon (and nutrient) removal, while for the pretreated effluent the objective is the nitrogen removal.

The general objective of the UU participation within EOLI project is to take part in the design of a low-cost, modular and reliable monitoring and control system for wastewater treatment process. Our particular aim is to contribute to develop a control solution specially dedicated to the treatment of different carbon to nitrogen ratio wastewaters relevant for local industries, as it is the case of the selected dairy plant wastewaters. The contribution lies first on a model generation, calibration and validation, for different C/N ratio wastewaters. Secondly, the aim of UU was the implementation and evaluation of a Control Law at laboratory scale. Finally, an important objective was to increase the knowledge about SBR process, in order to identify variables and environmental conditions to better determine adequate operating points of SBR reactors. 

WP1

Objectives 

- To perform SBRs experiments at lab-scale for the development and the validation of the different algorithms developed within the framework of EOLI for carbon and nutrient removal.

- To perform the laboratory experiments needed to validate and integrate and optimal control law in a pilot aerobic bioreactor for dairy  wastewater.

- To evaluate the long-term behaviour of the lab scale plant and the improvement obtained in the process by the control and supervision strategy for a dairy wastewater.

- To perform field-scale pilot reactor experimentation and data collection, in order to test the controller in an industrial actual case.

- To perform experiments for the evaluation of different operating conditions and find relevant variables not considered in the proposed.

- To evaluate the microbial population composition and dynamics of lab scale reactors 

Activities

UU evaluated the operation of two lab-scale reactors fed with different Carbon to Nitrogen ratio wastewaters.

Design and construction of the laboratory scale reactors. Two 20 l identical acrylic reactors were design and constructed: Reactors M and F. In Figure 1, a diagram of a Reactor is showed. 

Instrumentation of the pilot reactors. For on-line measurements, ammonia (NH4), nitrate (NO3), dissolved oxygen (DO), pH, T and redox potential (ORP) probes were employed.

Reactors operation. Reactor was controlled by a SCADA program as described in WP8 activities. Step time was different for both reactors and was variable during different operation periods.
Figure 1. Reactor diagram

Inoculation and start-up of Reactor M and Reactor F. Start up was initiated in August, 19th 2003, operating in semi automatic mode based on fixed timers. Full automatic mode operation of both reactors is running without interruptions from November 2003 up to date. During start-up, some operational problems were found. During December 2003, severe valve clogging was observed, and automatic operation had to be suspended until new valves were acquired and arrived, in January 2004. During January and February, a new start-up period was followed, by monitoring both reactors. Experiences defined by EOLI protocol were performed during March and April. With the system operating in auto mode, some changes in standard conditions and operating and phases time were adjusted, to better operate the reactors.  Second start up phase lasted from January to March 2004. Both SBR reactors were re- inoculated with sludge. Steady state condition was evaluated by measuring VSS concentration and evaluating the DO profile and effluent COD, nitrate (N-NO3) and nitrite (N-NO2) concentration. 
Wastewater characteristics. Reactor M was operated with semi-synthetic water simulating a dairy processing plant effluent, with diluted milk and sodium nitrate. Reactor M influent (RMinf) was prepared diluting 17.5 ml of hole milk and 67.5 mgN-NO3 in 1 liter resulting in a So concentration of 3000 mg/l and a C/N ratio of 50. Reactor F was initially fed (during 30 days) with effluent from an anaerobic pond of a dairy processing plant. Due to changes in the plant activities, COD of this effluent is actually 500-700 mg.l-1instead of the expected 1500-2000 mg.l-1. The feed composition for Reactor F was modified as the amount of organic carbon was not enough for nutrient removal. Reactor F feeding (RFinf) was then changed to 75% output anaerobic pond and 25% of RMinf.

Experiments for evaluation of the mass-balance model. From March to July 2004, both reactors operated 2 cycles by day, starting at 8:30 and 20:30, during 12 hours each. in order to acquire data for model calibration and validation. Operation  set time for Reactor F was the following: anoxic fill 0.8 hours, anoxic  0.7 hour, aerobic 8.5 hours, settle 1 hour and draw 1 h.. For Reactor M set time was:anoxic fill 0.5 hours, anoxic  1 hour, aerobic 8.5 hours, settle 1 hour and draw 1 h.. Experimental plan was proposed by EOLI during Narbonne and Mexico meetings. First, data had to be collected for standard conditions. Then, different influent C/N, C/X and C/DO ratios and toxic compounds addition had to be tested. Results of the set of experiments were completed during March to June. 2004. C/N ratio was varied by adding lactose (enhancing) or urea (reducing). C/X ratio changes were obtained by diluting or concentrating the influent, and C/DO was varied by enhancing or reducing air flow rate. Toxicant employed were 4-Clorophenol (4CP) and Allyl thiourea. The concentration to be used was evaluated as follows: in a batch test, increasing concentrations of toxicant was added to a sludge sample, and the heterotrophic and autotrophic activity measured. Selected concentrations reduced the heterotrophic activity in 20% (4-CP) and autotrophic activity (ATU) in 20 and 40% 

On-line measurements: Since January 2004, reactors had available on-line measurements, employing the following probes:  DO, pH, and T. Redox probes are available since 03/08/04.  Also, aeration flow rate was manually registered every 30 minutes. Ammonia and nitrate probes were employed during 2004, and their response compared with off line measurements. Unreliable results were obtained for both reactors, thus probes use was discontinued.

Off- line measurements: Twenty two cycles for Reactor M and twenty four for Reactor F were conducted for data acquisition. In them, total influent, total effluent, the centrifuged reactor’s mixed liquor were analyzed, according with EOLI protocol. Twelve samples per studied cycle of centrifuged mixed liquor were analyzed in terms of COD, total nitrogen (N-NTK) and ammonia nitrogen (N-NH4), nitrite (N-NO2) and nitrate (N-NO3). Sludge was evaluated periodically by means of VSS, Total Suspended Solids (TSS), settling velocity (vs) and SVI (sludge volume index) measurements. Sludge metabolic condition was evaluated each cycle by heterotrophic, and ammonia and nitrite oxidizers respirometric tests. Mass transfer coefficient (kla) was measured each cycle by in-situ transient method.

Improvement of reactor performance based on experimental knowledge under a conventional strategy. In order to establish the best operation achievable based on experimental knowledge under a conventional strategy, changes in operating conditions were successively evaluated. Experiences related with the improvement of settling, aeration required time, poor denitrification efficiency and microbial population dynamics were conducted. Finally, a new set of operating conditions RM2 and RF2 were implemented. These conditions included reduction aeration time, small urea addition form Reactor M, pH correction for Reactor F and reduction of aerobic endogenous cycle time.
Evaluation of the optimal control strategy. A sub-optimal control law developed by the INRA was implemented for Reactor M and the reactor operation was evaluated and compared with the conventional strategy RM2. The control strategy and long term stability of SBR (Reactor M) was evaluated under standard and shock load conditions. The conventional strategy RM2 under evaluation has been conducted (more than 120 cycles) before the implementation of CL, after a re-inoculation of Reactor M and allowing reaching its steady state which was completed in 3 weeks (42 cycles). Five standard conditions and three shock loads were evaluated by on line and off line measurements. The CL was evaluated during more than 260 cycles, and in selected 5 cycles by on line and off line measurements.  In order to determine step time proposed by the CL, a desirable effluent quality was set at COD, N-NTTK and N-NOx concentration of 200, 10 and 5 mg/l respectively.

Microbiological analysis. In the first and second year the Microbiology Department research was focus in detect, quantify and identify the nitrifying organisms (ammonia oxidation and nitrite oxidation) During the work performed from October 2004 to October 2005 the work was focus in trying to understand the microbiology of the Denitrification. 
Table 1. Operating condition along time 
	
	Reactor M
	Reactor F
	

	(hours)
	Feb-Oct2004
	June-Aug 2005
	Dic2005-Mar 2006
	Feb-Set2004
	23-27 Feb 2005

	anoxic fill
	0.5
	0.2
	instant..
	0.8
	0.5

	anoxic reaction1
	1-0.5
	0.83
	--
	0.7
	2

	aerated reaction1
	8.5-9
	6
	0.5-1.3
	8.5
	3.1

	anoxic reaction 2
	--
	
	1.2-1.6
	--
	2-

	aerated reation2
	--
	
	1.2
	--
	--

	settling

draw

idle time

air flow rate lN/min
	1

0.5

0.5

10
	1

0.5

3.5

4.5
	2

0.2

3-6

4.5
	1

0.5

0.5

10
	1

0.5

1.9

10

	Organic load (gDQO/l/d)
	0.8
	0.8
	0.8
	0.8
	0.8-1.6

	Sludge concentration g/l
	1.2-2.8
	1-1.5
	
	0.8-2
	0.8-2

	
	model calibration
	RM2 evaluation
	control law evaluation
	model calibration
	substrate addition during 2nd anox.

	
	RM1
	RM2
	CL
	RF1
	RF2


The following activities were conducted for Reactor sludges: a.-Bacterial number determination using Fluorescent In Situ Hibridization along reactor operation. b.- Calculation of the number of cells using the activity values, comparison with FISH values: Reactor F c.- Calculation of the proportion in biomass of cells from the different microbial population: Reactor F d- Monitoring the microbial composition of the sludge samples by T-RFLP. Reactor F along reactor operation  e.- Denitrifiers evaluation:. by using denitrifying activity tests along reactor operation, by studying  the diversity by T-RFLP f.-Characterization of the Denitrifying poplulation by nirS library.g.- Isolation and Characterization of the Denitrifiers.

Evaluation of endogenous decay rate under different environmental conditions and Sensitivity evaluation of ORP probe response. The knowledge about relative decay rate between bacterial groups under different conditions allows to better managing step times in a SBR in order to avoid excessive wastage of a desired group under an unexpected condition. A protocol defined by POLIMI was followed for the evaluation of endogenous decay for heterotrophic and autotrophic bacteria under different conditions: aeration/anoxia and temperature.The ORP signal could be used to control the end of a step cycle. However, reliability of such control depends on sensitivity response of the probe. Experiments employing different compounds at different concentrations were conducted to evaluate this sensitivity. Results of these experiences are at this moment  in process

Results

Experiments for evaluation of the mass-balance model. . Standard cycle time for Reactor M and F, together with influent concentration and biomass content  conditions described in Table 2 where established in EOLI protocol during the experiment design stage. These set of cycle conditions are called RM1 and RF1 respectively. In this Table, CODt_inf (mg/l) are the COD, N-TKN_inf total nitrogen and NO3_inf nitrate concentration of the influent. 
Table 2.  (RM1 and RF1) Standard conditions

	Reactor
	VSS (mg/l)
	COD_inf (mg/l)
	TKN_inf (mgN/l)
	NO3_inf (mgN/l)

	M
	1200-2800
	2500- 3400
	50-80
	70-100

	F
	800-2500
	750-1200
	70-200
	10-25


An example of cycle results is shown in Figure 2.- for Reactor M. More results related with this work are presented in Gutiérrez, et al (2005),and Buitrón et al 2006 .

Improvement of reactor performance based on experimental knowledge under a conventional strategy. Microbial population evaluation showed an improved potential activity for the new conditions (RM2 and RF2) compared with the previous set (RM1 and RF1). Settling of Reactor M sludge was improved by small amount of urea addition. Similar removal efficiency were obtained for these new conditions. Results related with this item are presented in A. Benítez, et al. (2005). and in Gutiérrez et al (2005). Results of the best conventional strategy RM2 showed average substrate removal efficiencies ≥ ~ 90% (COD, TKN and Total - N) and an acceptable effluent quality.

Evaluation of the optimal control strategy. Control law individual cycle results showed that the strategy reduced total cycle time from nine to six hours for standard condition, and total air consumption was reduced in more than 50%, with a comparable effluent quality (removal efficiency greater than 92% for COD and N-NTK) for standard condition. Microbial population evolution showed an improved activity compared with RM2. The control law strategy allowed a long term stable sludge concentration and effluent quality.

Respirometric evaluation. Activity tests results presented an unexpected high variability from day to day. Due to this, a long term evaluation of heterotrophic activity (BHA) was  conducted for Reactor M in order to better understand the information that could be obtained from this value. This evaluation allowed to conclude that variability found in activity tests do not represent variability of observed soluble COD consumption rate in the reactor. In fact, the rate of soluble COD consumption (vCODs) inside reactor is higher than heterotrophic activity values. Average vCODs/ BHA ratio is greater than 2. This could be explained due to a significant sorption-storage phenomenon in the reactor, not accounted in respirometric tests. A shorter period of aerobic endogenous condition resulted in an increase of heterotrophic activity possibly due to the increase of viable to total VSS ratio (VSSv/VSSt). In Gutiérrez et al, 2006 a more detailed explanation of this experience is presented.

Figure 2. Reactor M standard cycle results


[image: image74]
Microbiological analysis. Monitoring the microbial composition of the sludge samples by T-RFLP The study of the micro flora in the Reactor F indicated that the heterotrophic community presented high variation during time and more stable community were detected for the denitrifiers and the ammonia oxidizers organisms. This indicate that the specific population involved in nitrogen removal persisted relatively stable in the reactor but the heterotrophic community, linked to carbon removal, were not stable during time.  This is probably due to the presence of heterotrophic organisms which not present the property to denitrify. The identification of the organisms presented in each population will permit to confirm this hypothesis.

Calculation of the number of cells using the activity values, comparison with FISH values: Reactor F :The cell number for the ammonia  and nitrite oxidizers were calculated using the  maximum and minimum rate of nitrite  and nitrate production for  pure cultures reported in the bibliography. According to this results, in most of the points including in the analysis, the number of cells calculated using the activity values (considering the most active cells) were similar to the number of cells determined by FISH .This confirm that the organisms detected by FISH were the same organisms detected by the respirometric activity test.

The estimation of percentage of cells by FISH was performed by previously estimate the weight of a ammonia oxidizers cell. It was estimated that the weight of an ammonia oxidizing Bacteria is 10 times lower than the measured heterotrophic cells weight (ammonia oxidizers are smaller). With this assumption, the percentage of ammonia oxidizers in the reactor estimated by this method varied between 1 to 5% during reactor operation.

The denitrifying Activity tests were performed in samples taken from Reactor F at different operation times measuring of nitrate and nitrite consuming rate. In order to evaluate the relationship with denitrifying activity and the heterotrophic activity with oxygen, both activities were determined in both samples. They presented the same fluctuation indicating that similar population preformed both physiological activities. Some results of this work are presented in Draper, P., et al (2004), Travers, D., et al, C. (2005) and Travers, D., et al (2005b). 

WP2

Objectives

The main purpose is obtaining phenomenological based models useful for operation and control purposes of the reactors.

Activities

1) The first activities were related to the model selection. Several models were proposed based in the available literature and our experience, based in the general model agreed in the Kick-off meeting in Narbonne.

2) In parallel, experiments were designed in order to provide data rich enough for particular model identification, in agreement with the other partners.

3) The model adopted for Reactor M and Reactor F was Em2_b, a simplification of the general model, proposed by UCL.

Anoxic phase
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Aerobic phase
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Results

Parameters were identified for this model. Table 3 shows the result for Reactor F.

	Parameter
	Value
	Parameter
	Value
	Parameter
	Value

	Yhn
	0.83281
	Somax
	7.19022
	Koh
	153.04217

	k3
	0.18643
	Yh
	0.95251
	mu amax
	0.08558

	mu hnmax
	0.01091
	Ya
	0.25000
	Koa
	55.24532

	Kc1
	473.55362
	B1
	7.78482
	Scmin
	55.88125

	Kno
	56.57654
	B2
	1.45754
	Snmin
	0.73091

	mu0
	0.02424
	mu hmax
	0.01518
	 
	 

	Kla
	0.27502
	Kch
	62.98884
	 
	 


Table 3.- Reactor F parameters

The main difference between both reactors stems from the fact that autotrophic activity is practically negligible in Reactor M due to the small amount of ammonium in its influent. The resulting models were obtained later than agreed.

WP5

Objectives

The main objective was to obtain a control strategy for operating the reactors, with their particular influents: dairy wastewater with and without anaerobic pre-treatment.

 
Figure3. Simulation for Reactor F under CL
 

Activities

Different cost functions were analyzed, related to practical considerations. For optimizing the reactor capability, minimum cycle time subject to reach final conditions in COD, NH, and NO (less than target established by normatives).was selected.
Results achieved

Based on the identified models, the optimization is performed numerically. The operation mode (switching times between aerobic and anoxic phases) are then obtained as a function of the initial conditions and the thresholds that the substrates must not exceed at the end of the reactor’s cycle. As an example, in Figure 3.- it is shown a typical solution for initial conditions: COD 600 mgCOD/l, SNH=10 mg H(NH)/l, SNO=15 mg N(NO)/l, SN=10 mg N/l, Vss=2200 mgVss/l and target concentrations: COD ( 90  mgCOD/l , NH ( 5 mgN(NH)/l, NO ( 7mgN(NO)/l.

WP8

Objectives 

In order to perform experiments in the frame of WP1, and for allowing integration activities as testing of routines such as controllers during the project, an automatic control system for both reactors was designed and built during the first year. Data of experiments should be provided to SPES in order to include it in the database..

Activities

An automatic system was designed and constructed for reactors operation and control during the first and second year. During the thirst year, as the control law to be tested is based on different sequences of anoxic and aerobic stages, the control system had to be modified. The PLC and the SCADA programs, as well as their communication routines were modified in order to perform more complex schedules.  This modification includes real time control routines of the PLC, new operator – machine screen interface in order to program reactor’s operation and recipe files in order to keep typical operation modes.

SPES developed a common database for operating data of EOLI reactors. It was agreed to provide some online records from actual experiments. In order to provide data from lab reactors to this database, a format was agreed for UNAM and UU records: data in text file, tab separated, one column per variable.


Figure 4. Control system structure 



Figure 5. operator’s screen.

Results

Control system block diagram is shown in the Figure 4. It allows manual or full-automatic operation. The most important characteristics of its design were. Robustness., Dependability., Flexibility of operation, specially for system start up. Easy operation. Ability to be used in future tasks. (Eg.: control algorithms testing). Following industrial standards in order to be closer to a final application. Reactors fluids are manipulated by valves, pumps, agitator which are driven by electrical drivers. Some sensors sense its state (levels, leaks, DO, pH, ORP, Temp, etc.). A PLC is programmed to control the reactors by controlling those drivers. It receives signals from level and leaks sensors, and operating orders from a SCADA system to which it sends status data. The PLC performs the actual real time control of the reactors in a robust way, e.g.: not depending of power failures, SCADA failures, etc.The SCADA system resides in a PC. It performs the operator interface through screens as shown in Figure 5.-, sends operating instructions to the PLC, reads the data from the on-line instruments and keeps a historical recording of the reactor operation. The reactor operation of this system was based on a fixed schedule of SBR stages whose duration could be programmed. This schedule is a ordered sequence of the following stages: fill, anoxic, aerate, purge, settle , draw. On – line records for EOLI database. To generate the data files, on – line operating records are exported from the SCADA historical database to csv files which are later converted to agreed format.

Problems encountered

At the beginning of the Project, Prof. María Viñas died. This was an tremendous loss not only for the Project but also for the scientific community of our country due to her scientific conditions and her social compromise. Knowing her future, she trained a young scientist: Soledad Gutierrez, in order to continue the activities of EOLI in her place.

Conclusion

EOLI Project contributed to consolidate a research group in biological process and to consolidate the relationship between the process group, control and microbiology research group  within our University. Also, the Project allowed to start a cooperation with the Université de Technologie de Compiègne, and one student is at present conducting her Master studies in UTC. 

Two lab scale reactors and automation system were designed and operated in order to a).- acquire data for modelling calibration and validation for different C/N ratio wastewaters, b)- perform qualitative and quantitative evaluations of different operational conditions, in order to found the best operating condition achievable by a conventional strategy c)to implement and evaluate a control law and to compare the performance of the control strategy versus the best conventional strategy. Laboratory experience allowed to increase the knowledge about aerobic process for carbon and nutrient removal. A long term respirometric evaluation was conducted, and evolution of microbial activity for different reactor operation conditions was followed, in order to find environmental conditions which ensure flora stability and adequate settling properties. Exhaustive microbiological analyses was performed along the reactors operation, in order to evaluate the specific bacterial group composition of the sludge, identify individual species, and evaluate the dynamics of micro flora under different operational or environmental conditions. A model could be identified for the reactors operating with this wastewater. This model is able to describe the concerned variables evolution during one cycle of SBR operation. A controller that minimizes numerically the cycle time was developed. It is performed as an off-line cycle programmer.

3.8 IBTech

Participating staff

	Name
	Category
	Activities in EOLI

	Mr JorgeLopez
	Senior Engineer
	WP8

	Mr Adalberto Noyola
	Senior Engineer
	WP8

	Mr Juan Morgan
	Senior Engineer
	WP8

	Ms Ana  Perez
	Process Engineer
	WP8

	Mr Rafael Ortega
	Civil Engineer
	WP8

	Mr Jorge Salazar
	Electrical Engineer
	WP8

	Mr Guillermo Guerrero
	Instrumentation/piping Engineer
	WP8

	Mr Enrique Osnaya
	technical
	WP8


Objectives

To develop the engineering project for a pilot-scale SBR reactor that will operate in field conditions for experimentation and data collection according to the following general objectives:

Validation of the experimental work performed by Universidad Nacional Autónoma de México (UNAM, partner 6) and, if proved economically feasible, by other members of the EOLI project, such as Politecnico di Milano (POLIMI, partner 2), Laboratoire de Biotechnologie de l'Environnement (INRA, partner 4) and Universidad de la República Oriental del Uruguay (partner 7).

Implementation of the Fault Diagnosis and Isolation (FDI) supervision system, according to the work performed by Universidad Nacional Autónoma de México (UNAM, partner 6).  

If proven economically feasible, implementation of the hardware and software sensors that may be developed or used by Politecnico di Milano (partner 2), and Gradient (partner 5).

Integration of the supervision and data acquisition system that is being developed by SPES (partner 4). This item still needs further discussion in order to agree the terms of the collaboration between all members of the EOLI project, specially due to the difficulties that have arised during this first year regarding communication protocols and different software platforms that are being used for dynamical modelation of the three different SBR processes (UNAM, POLIMI and Universidad de la República Oriental del Uruguay).

The engineering project mentioned before concerns:

To establish the design basis of the field scale SBR reactor and auxiliary facilities.

To develop the basic engineering project (process engineering) of the field scale SBR reactor and auxiliary facilities.

To develop the detail engineering project for the field scale SBR reactor and auxiliary facilities. 

To construct the pilot-scale SBR plant that will operate under field conditions for experimentation and data collection.

Activities

The activities of IBTech during the project were conducted under close collaboration with the UNAM team, since the main objective was to construct the pilot plant according the engineering design basis based on UNAM specifications.

Regarding WP1, various meetings were held between IBTech and the UNAM team in order to discuss technical aspects referring to the design and construction of the pilot plant, particularly those aspects which were relevant to the controlling system.

IBTech provided technical assistance to UNAM team in the procurement of equipment. In fact IBTech was in charge of all equipment procurement activities, including equipment inspection at manufacturer’s site before delivery.

Apart from that, various meetings were carried out at UNAM’s offices in Mexico with the UNAM team (WP1, WP6) in order to:

a) Coordinate equipment delivery at the construction site.

b) Check pilot plant construction progress.

c) To define the adequate equipment supplier.

d) To coordinate supplier access to restrained UNAM facilities

e) To transport the pilot plant to the final location where it will be used for the experiments

f) To start up the pilot plant

g) Operation of the pilot plant

The construction project was planned to be carried out in four steps:

a) Construction of mobile skid. Tankage and electromechanical equipment mounting. Hydraulic piping installation.

b) Installation of field instrumentation. Wiring of all equipment and instruments.

c) Motor Control Center and Computer control system installation.

d) Precomissioning and commissioning activities.

Results achieved

The design, construction and start up of a pilot plant. The characteristic of the pilot plant are:

Reactor volume:




1.0 m3

Volumetric exchange rate (maximum)

60%

Maximum volume exchanged:


0.6 m3

Maximum volumetric loading rate:


12 kg/m3 in 50 hours.

Fill time:





15 to 20 minutes

Settling time: 





To be determined at field conditions

Decanting time:




15 to 20 minutes


Idle  time:





To be determined at field conditions

Flexibility

The Pilot Plant will not operate if power supply fails.

The Pilot Plant will not operate if air supply fails.

The process air will be supplied by two-air blowers and a diffuser system, consisting of 3-disc diffuser with flexible EPDM membrane.

The climatology and geography data correspond to Mexico City, due to the fact that the FSPP will be tested first in the UNAM’s wastewater treatment plant. So, these conditions should be changed as needed according to some others future site conditions.

On Line Measurements

The online measurements that has been specified for the field scale reactor are:

Dissolved Oxygen Concentration. 

Temperature.

pH

Wastewater Feed flow.

Air flow for the oxic phase.

ORP (if needed in future tests).

Water level in SBR reactor.

Time variable would also determine operation of the reactor according to the mode of operation selected by the operator and specified by the control system. 

Control platform and SCADA

National Instruments LabView 7.0.

Human Machine Interface developed by UNAM Team.

SCADA as integral part of LabView. Interface developed by UNAM Team.

The field-scale pilot plant is based on an aerobic process known as activated sludge in the Sequencing Batch Reactor modality, controlled by the system developed by Engineering Institute of UNAM. All tankage and equipment were mounted on a carbon steel skid and the design will be intended to allow easy transportation of the skid. The skid dimensions are 4.0 meters x 2 meters x 2.70 meters (LxWxH).  Area: 8 m2.

The influent will be fed from a 1.0 m3 wastewater storage tank (ST-01) to the SBR reactor, which will be an 1.0 m3 HDPE tank with conical bottom.

In this process the air is supplied to the reactor by a centrifugal blower and fine diffuser system located at reactor bottom.

This air system is also responsible of reactor mixing, and varying the airflow provides the operational flexibility needed depending on the operation mode desired.

The inlet flow rate of the reactor may be controlled by a peristaltic pump (FP-02) with adjustable drive velocity that will be used in the strategy, or by means of a larger flow capacity centrifugal pump for common operating strategy. This reactor is also equipped with a mechanical mixer with adjustable speed in case anoxic-anaerobic steps are needed for future experiments.

The process will be a batch process with the following conditions:

Star-up and inoculation (acclimation experiments)

Regular operation

The operation of the pilot plant may be continous, but the operation process is typically carried out in batch condition.

Problems encountered

The main difficulties encountered during this period were the following:

Definition of IBTech’s scope of work. This is related to the fact that IBTech, as an engineering firm, has carried out full scale projects according to the common engineering procedures typical of its field of action. So, it was difficult for IBTech to agree the scope of work of each party involved with the scientific team of UNAM (tasks, responsibilities, management), provided that they do not have the practical experience needed to allow a smooth engineering job.

Definition of the equipment and instrumentation specifications. This is related to the different scales that are being handled in this project. For example, it was not very easy to find adequate specifications for equipment and instruments that should be robust enough to work in the adverse conditions encountered in field scale work and whose characteristics are not very familiar to the scientists involved in this project. Another example lies in the software control platform selected by the UNAM: National Instruments’ LabView is not a very common platform in industrial applications, where conventional Siemens or Allen Bradley PLC’s and industry-oriented SCADA are usually selected, so IBTech’s personnel tends to feel more comfortable working with these two later platforms.

Definition of the operational conditions and specifications for the FDI platform. This has to do with the fact that laboratory scale work performed by UNAM Team (WP1) has showed its very specific problems according to this very small scale and according also to almost completely controlled operating conditions. So it is still not very easy to preview problems that should be present in field scale conditions, specially if the pilot reactor is going to be tested treating real crude wastewater, whose characteristics may be too different from the synthetic recipe that has been used in the experimental runs at the UNAM labs.

Definition of the integration of this specific field scale reactor with other parties’ equipment and protocols. This item is related to the fact that each team is working with very different lab experiments and with various different equipment, software and hardware platforms. So, up to date it has not been precisely defined if it will be possible to carry out experiments in this pilot reactor according to the conditions and protocols defined by other EOLI, or even more, if it will be economically feasible to incorporate hardware and software sensors from other parties in IBTech’s reactor.
Supplier’s response for time requirements was very slow.

Some equipment had to be replaced due to factory flaws

Some equipment suppliers did not accept to start to work without a money advance by UNAM. The UNAM regulations concerning this point specify that the full payment of any services will be paid at least two weeks after that the work has been finished by the supplier. IBTech helped to UNAM team to overcome this conflict point between the UNAM administration and some suppliers in order to acquire the equipment as soon as possible. Nevertheless, some delays in equipment delivery happen.

The main difficult that IBTech face on the project was the delay on payments for the first two years and no payment for the last year. This was due to burocratic changes in formats to report the financial reports that were very difficult to understand; we did at least 5 versions of the same financial report. IBTech has urgent economic compromises with its suppliers which help to construct the Pilot Plant; we are waiting the economic resources to pay off the debts.

Technology implementation plan

Do not apply for IBTech

Publications and papers

Do not apply for IBTech

Conclusion

For IBTech, this project was an extraordinary very valuable experience due to the technical and academic interaction carried out with the academic entities participating in the project. The main factor was to have the opportunity to know and work with prestigious European institutions.

The plant was constructed using materials, equipment and instrument of high quality that allow its use for years. The pilot plant designed and constructed by IBTech is an extraordinary tool that could be directly tested in an industry for demonstration and/or research purposes thinking beyond of the EOLI project objectives.

IBTech fulfill its objectives in the project.
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