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1. EXECUTIVE SUMMARY

Using techniques from the IST field the goal of the TELEMAC project was to make usable a very promising reemerging depollution technology, which is not sufficiently used mainly because of the too qualified human expertise it requires to run. TELEMAC focuses on anaerobic digestion, a technology which has not been exploited to its full potential due to the joint lack of on-line monitoring techniques and qualified human expertise. The anaerobic treatment process is based on a complex ecosystem of anaerobic bacterial species that degrade organic matter. Compared to traditional aerobic treatment, it has greater capacity to degrade difficult substrates at high concentrations, produces very little sludge, requires minimal energy and can even recover energy using methane combustion (cogeneration). As such, it can rapidly generate both economies and profits. TELEMAC developed an efficient, modular and reliable monitoring system to remotely control disseminated anaerobic treatment plants. After the implementation in the wastewater treatment plant of a local software associated to a network of sensors, a remote expert centre is able to monitor via Internet the complex non-linear anaerobic digester and to optimise the depollution process. 
Experiments have been carried out, at all the scales (i.e., lab, pilot and industrial scales) to run protocols of normal operating conditions and abnormal working mode (e.g., strong overload was reached with high VFA concentrations) and the data were recorded at high sampling frequency. These data have been first used to feed the development of the various modules and calibrate the developed algorithms.

Two sensors were developed, one based on thermal conductivity to measure the gas composition. The other one (AnaSense®) is a titrimetric sensor measuring volatile fatty acid and bicarbonate concentrations together with alkalinity, it can also estimate the concentration of potentially inhibiting compounds such as ammonium, phosphate or lactate. Software sensors have been developed to complement the hardware sensors and extensively tested for the various plants. A wireless smart acquisition boards that collect the data from the various sensors was also developed. 

Models for normal and abnormal working modes have been developed, together with calibration procedures and validated through comparison with experimental data. Controllers have been designed and validated with a specific attention to robustness issues. A module to detect and isolate a fault based on evidence theory was finalised and tested with the experiments run at pilot and industrial scales. A procedure to on-line validate software sensors and controllers has been developed. Work has been performed on the decision support system to decide which controller is the best relatively to the state of the process. Explorations were made using data mining techniques on sensors relationships. 
All these developed advanced supervision algorithms have been embedded in a very modular way in the smart management module (ODIN) with a graphical and intuitive interface. 

A data base was set-up and continuously updated. It is the core of the TELEMAC system. Both local and remote versions were developed, installed and debugged. They propose graphical interface with a plant synoptic to optimise the plant local and remote supervision. They allow to monitor the process, act on the pumps and electrovalves and finally launch the smart management module. They exchange data in an XML format (PlantML) specially developed for the project. A php module has been developed for connection of the TELEMAC software to an existing non TELEMAC software.

The developed sensors were tested at pilot scale and industrial scale. The test was finally extended to a Spanish company (Estrella) outside the TELEMAC consortium to better assess their applicability for industrial use. Experiments were also run to validate the controllers efficiency. Finally, both local and remote TELEMAC software  were tested and assessed.

A virtual plant has been set-up, including a modular interface that allows to run any new model, to easily generate influent profile and to generate XML data. It can be used as a training software to understand and learn how to manage anaerobic digestion and to test the TELEMAC system on a virtual plant.

A large dissemination strategy has been defined and  advertisement of the TELEMAC product and services have been developed through participation to applied congresses, industrial contacts, writing article in applied journals, etc. The innovation aspects of TELEMAC have been validated and highlighted through strong  representation of the consortium to the worldwide main anaerobic congress that takes place once every 3 years. An open 4 days TELEMAC training and dissemination session was organised at the end of the project. This aggressive dissemination strategy lead to many industrial contacts that emphasise TELEMAC's potential for further exploitation. The future TELEMAC exploitation possibilities were assessed and 2 spin-off are starting to exploit the TELEMAC concepts and products. 

These results are the consequences of a high level of co-operation between the partners that can be seen through the exchanges of students within partners, through the technical meetings that took place all over the year. Finally, the high scientific quality of most of these new results is validated by presentations in conferences (56 presentations with published and reviewed proceedings) and 18 scientific publications have been published this last year or will very soon appear in high standard journals.

2. PROJECT OBJECTIVES

2.1 TELEMAC’s  motivations

Reducing pollution generated by a widespread network of industrial units is a major issue. This is all the more true with specific and polluting industries like wineries where the treatment of vinasses and alcoholic wastes  is difficult. These wastewaters have a deep environmental impact in Europe (e.g. European viticulture represents 60% of the global production) of  as well as in other regions of the globe (Mexico, Brazil...). Most of these wastes are produced by SMEs and generate an important pollution. For example, a middle size winery generates a pollution equivalent (in Biological Oxygen Demand) to 15 000 habitants. For, a middle sized Tequila producer, it is equivalent to 125 000 habitants. The alcoholic beverage producers belong to the category of sensitive industries that have been given special attention (see 91/271/EEC Annex III). The high environment damages associated with alcohol processing justify alone the need to address this problem. This is why TELEMAC is essentially focused on the treatment of vinasses and alcoholic wastes. 

For the purpose of project efficiency we decided to focus on this wastewater because of its deep environmental impact. On top of this, the following reasons justify to focus the vinasses treatment challenge:

· Vinasses are composed of difficult and concentrated substrates that require anaerobic digestion treatment

· In Europe the vinasses are produced mainly by SMEs that have their own treatment plant but cannot afford an expert to monitor it.

· The polluter-pays principle guarantees that these companies will dedicate a significant budget to wastewater treatment processing.

2.2 TELEMAC’s Challenge

In order to maximise the success of the depollution process, we decided to focus on an re-emerging industrial wastewater treatment technology, the anaerobic digestion, which clearly suffers from a lack of tools to take benefit of its  full potential. The anaerobic wastewater treatment process is based on a complex ecosystem of anaerobic bacterial species that degrade the organic matter. It presents very interesting advantages compared to the traditional aerobic treatment: it has a high capacity to degrade difficult substrates at high concentrations, produces very few sludge, requires little energy and in some cases it can even recover energy using methane combustion (cogeneration). 

But in spite of these advantages, industrials are reluctant to use anaerobic treatment plants, probably because of the counterpart of its efficiency: it can become unstable under some circumstances (like variations of the process operating conditions). A disturbance can lead to a destabilisation of the process due to accumulation of intermediate toxic compounds resulting in biomass elimination and several months are necessary for the reactor to recover. During this period, no treatment can be performed by the unit. It is therefore a great challenge for computer and control sciences to make this process more reliable and usable at industrial scale. The project stresses on the fact that the depollution processes are often regarded as being non productive and industrial companies are reluctant to  invest in deep field expertise.

To sum up, the TELEMAC project had to develop an efficient and reliable monitoring system for controlling anaerobic digestion, despite the variability inherent to the biology. Managing such an efficient but unstable nonlinear biological process is a challenge that requires both environmental technical skills and IST competencies. With such a system , the depollution of the threatened areas, even remote, becomes achievable. The TELEMAC project has to provide SMEs and larger corporations with both the “tool” (efficient anaerobic wastewater treatment plant) and the  “knowledge“( remote expert centre via internet).

2.3 TELEMAC Project Objectives

Targeting an unstable process, the TELEMAC project proposes a set of customisable tools for the small units in order to improve the quality of their depollution process, reduce the treatment cost and increase the derivative products’ output.

1. Provide a set of tools to improve the process reliability and quality to manage the wastewater treatment plant (WWTP) with a remote centre of expert using internet resources. The advanced control system must ensure the optimal working of the process and the supervision system must set an alarm on in case of failure. If the problem is simple enough, the supervision system must trigger dedicated automatic control algorithms that will help the system to recover. If not tackled automatically, the system must decide which human intervention is required, local technician (e.g. for pump failure, leak, ...) or remote expert. All these incidents and the measures taken must increment the data base to feed back the supervision system. The TELEMAC solution must therefore  provide an integrated procedure that will increase the reliability of the process in order to guarantee that the plants respect environmental norms. 

2. Guarantee a customised depollution system to SMEs i.e. characterised by a low cost, plug and play installation and easily portable architecture. This requires to develop a flexible and modular solution that will ensure that the supervision system adapts both to the wide process variety (plant, sensors, actuators) and to the owner requirements (objectives, budget ....). As a result, the TELEMAC project must be able to improve with a low budget any plant, regardless of its size and equipment (i.e. pH and liquid flow rates measurement). 

3. Decrease the depollution cost, the project will stress on the following lines:

· The maintenance costs will decrease as a consequence of an efficient preventive maintenance (resulting from a monitoring procedure that will estimate the drifts in the process parameters and variables). 

· The operational costs will shrink by lowering the running costs (energy, chemicals ...). This will be based on algorithms optimisation, resulting from optimal control theory. 

· The cost of the post treatment performed by lagoons or aerobic sludge will decrease as a consequence of improving yield and addressing both carbon and nitrogen removal of the anaerobic step.

· The initial investment for the waste treatment plant will be reduced through smaller WWTP units,  consequence of the higher depollution yield allowed by the TELEMAC system.

4. Improving derived products’ output :

· Allowing cogeneration for middle size units (equivalent to more than 20 000 habitants). This will be ensured by constant biogas quality (ratio CO2 /CH4) and quantity.

· Recovering of by-products : tartrates, antioxidants…

These objectives will allow the firms to implement an Environmental Management System (EMS) to meet International Standards, and in particular to obtain the ISO 14001 certification that will guarantee new markets and improve their customer image.

3. APPROACH

The Anaerobic Solution

Actually, anaerobic treatment represents the best solution in terms of energy consumption over long term perspective. The difficulties in their stabilisation and the high initial investment have until now been a limitation to their development in Europe and in the world

The application of control and optimisation methods in WWTPs has been mainly developed for urban wastewater treatment (aerobic activated sludge). So far, this was done in configurations exceedingly over dimensioned for both cost and performances and only easily used by an expert or trained worker. This is the most important reason for the SMEs to reject this approach.

Industrials are unable to exploit full potential of anaerobic treatment plants, probably because of the counterpart of its efficiency: it can become unstable under some circumstances (like variations of the process operating conditions). A disturbance can lead to a destabilisation of the process due to accumulation of intermediate toxic compounds resulting in biomass elimination and several months are necessary for the reactor to recover. During this period, no treatment can be performed by the unit. 

Addressing these issues is a great challenge for computer and control sciences to make this process more reliable and usable at industrial scale. 

The TELEMAC solution has managed to overcome these difficulties. The project stresses on the fact that the depollution processes are often regarded as being non productive and industrial companies are reluctant to  invest in deep field expertise.

The IST support

This projects was aiming at developing a general, but adaptable, remote supervision and monitoring system. By using a network of intelligent sensors and web technologies, this project focused on bringing new methodologies issued from the IST field to the conservative world of water treatment. The framework of the TELEMAC project was willing to integrate the data collected by the sensors, detect fault or abnormal working conditions, and activate model based controllers to optimise the technology of anaerobic depollution and solve its unstability. 

TELEMAC approach was stressing upon the synergy expected from the merger of advanced control algorithms based on a modelling of the anaerobic fermentation and supervision systems based on artificial intelligence techniques to monitor the functioning of the process. In that sense, the core of this project was to couple an advanced non linear model based approach, issued from control science, to a supervision system related to artificial intelligence techniques. 
Remote supervision of anaerobic digestion processes

The idea is to extract significant information from events occurring on the plant. Data from the sensor network, faults, controller outputs, simulations, expert consultancies are not regarded as single and isolated events. They are combined and joined together by the supervision system, using typical tools of the IST, such as expert systems, data mining and Internet technology. 

The outcome is structured, harmonious and formalised on-line information. This improve the knowledge on plant operation and successfully optimises the cost/performance ratio. The history of the plant can be invoked directly to feed and improve the management policy, and in fine, to make its tele-management accurate and efficient. 

By spreading intelligence over the plants, by optimising the cost/performance ratio through the specially designed hardware and software, the TELEMAC project reduces to the minimum the need of expert intervention during the regular work of the plant. Should live expertise be required, web resources allow tele-monitoring from the control centre, organised as a network of experts located in different places. This remote expertise pool will be able to supervise, monitor and, if necessary, reconfigure the control policy, over more plants. 

4. RESULTS AND ACHIEVEMENTS

Scientific and technological results

1. Introduction

The TELEMAC project is designing a modular and reliable system to support remote telemonitoring and telecontrol of wastewater treatment units with no local expertise available to them. The project is more specifically focusing on a re-emerging technology, namely anaerobic wastewater treatment processes (WWTP). It offers very interesting advantages compared to the traditional aerobic treatment: a high capacity to degrade slowly degradable substrates at high concentrations, very low sludge production, low energy requirements and, in some cases, energy recovery through methane combustion. However, despite these advantages, there are too few industrial anaerobic treatment plants, probably because of the drawback of their efficiency: some perturbations, such as changes in the quantity or quality of the wastewater to be treated, can lead to destabilisation of the process due to accumulation of intermediate compounds, resulting in biomass elimination (Verstraete and Vandevivere, 1999; van Lier et al., 2001). A period of several weeks to several months is then necessary for the process to recover and, during this period, no biological treatment can be performed by the unit. As a consequence, the technology could so far not be run without local expertise.

 Nevertheless, the advantages of the anaerobic digestion reaction scheme largely justify a wider use, even though it demands continuous and efficient supervision. It is therefore a great challenge for computer and control sciences to make these processes more reliable and usable at industrial scale.  

Reducing pollution generated by a widespread network of industrial units is a major issue. This is all the more true with specific and polluting industries like wineries or distilleries since the treatment of vinasses and alcoholic wastewater is difficult. Moreover, these types of wastewater have a deep environmental impact and are produced by many users all over the world. Because of the high organic carbon concentration (for example a middle size Tequila factory produces a pollution equivalent to 125 000 inhabitants) and of the slow degradability of these alcoholic beverage effluents, anaerobic digestion is well suited. However, vinasses are often produced by small and/or isolated units (especially SMEs) which have their own treatment plant but cannot afford a human expert to monitor it. It therefore clearly appears that wineries and alcoholic beverage producers need a reliable and efficient treatment system able to work despite constant perturbations and without any local human expertise available. 
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Figure 1. The overall architecture of the TELEMAC system.

TELEMAC is a European project funded by the European Information Society Technologies (IST) Program (i.e., IST-2000-28156 project) and coordinated by ERCIM and INRIA, with 15 partners. The project is particularly focusing on the treatment of vinasses. In order to improve this telemonitoring task, additional on-line sensors have been developed to provide information on biogas quality and quantity, volatile fatty acids, bicarbonate and alkalinity. These hardware sensors have been complemented by software sensors which take advantage of the developed models to estimate the unmeasured variables whose values have a deep impact on the process behaviour.

A key issue to improving performance and stability of anaerobic WWTP is to set up advanced control strategies. Providing a series of validated models for ordinary working conditions and also for specific failures is the basis for the development of robust controllers to achieve an optimal control strategy in normal conditions and to recover in case of failures. Advanced control strategies are supplemented by a supervision system able to detect in real-time or as early as possible any fault which can occur on any element of the process. This means that an automatic supervision system is able to perform this task for SME’s which cannot afford a local expert on site, and that analysis by remote experts must be given only when it is needed. For this last point, computer communication technology provides new tools able to improve process supervision. Thanks to Internet resources, a remote centre can efficiently collect and manage data from several plants and run a database diagnosis, and a human expert can remotely reconfigure the control policy of a plant at any time and from anywhere in the world (see Figure 1).

The TELEMAC system consists of a set of module that can run independently or together to reach a high level of synergy. Figure 2. represents the system made of all the modules. More details on the proposed modules are provided in appendix A, under the form of a Table denoted "The TELEMAC offer".
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Figure 2. Detailed architecture of the advanced supervision TELEMAC system.

In the sequel the various developed modules presented in Figure 2 will be detailed together with the way they are connected to each other. Finally some validation results will be presented.

2. Sensor development

The first key step to better monitor the anaerobic digestion process consists in increasing the information flow from the process by implementing new sensors. The priority for the project was the development of two sensors providing strategic information on the state of the anaerobic plant at a reduced cost. 

The first sensor – intended to be cheap and robust – is based on thermal conductivity for detection of CO2 in order to accurately measure the produced biogas. A peltier cooler and a H2S scavenger to protect the analyser against corrosion for long-term use are implemented to ensure a long life for the sensor.
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Figure 3. Validation of the AnaSense sensor dedicated to the measurement of VFA, bicarbonate, total and partial alkalinity. 

The second on-line sensor measures the total volatile fatty acid (VFA) concentration, bicarbonate and alkalinity (total and partial). The method can also detect and quantify the appearance of abnormal products, provided they have an impact on the buffering system. Figure 3 presents the on-line VFA sensor (named AnaSense®) and the validation results on a pilot plant with comparison to off-line gas chromatographic (GC) measurements. An optional functionality of AnaSense consist in detecting and evaluating some specific compounds that can have an effect on the buffer capacity of the medium. Thus ammonium, lactate, phosphate, and other compounds can be detected.

The data of these sensors are then send to the existing data acquisition system (using either a 4-20 mA or a RS232 connection); they can also be connected to the embedded boards digitalising the signals and sending it by a wireless connection to the masterboard related to the TELEMAC acquisition software. 

3. Local monitoring software

3.1 Acquisition and data displaying at low level

The local software acquires the data issued both from the set of available on-line sensors. It also collects information from a local user through a user friendly interface. These information can be of quantitative type (off-line measurements) but they can also be qualitative (maintenance operation, reported failures,…). These data are stored in a local database (with a storage of several months) and they are simultaneously automatically sent via Internet to the remote database located in the Telemac Control Center (TCC), in a the PlantML format that will be described latter on. The software allows display of the evolution of the available measured variables and of the various comments, it allows to directly monitor and activate the pump and electrovalves  it runs the smart management module ODIN in order to compute the advanced regulation and diagnosis. Figure 4, from ENEA's pilot plant, represents the standard interface of the system.
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Figure 4: Standard local interface with follow up of various variables on the local software and view of the web cam image
3.2 Smart management module (ODIN)

The main innovation in the local software is located in the smart management module ODIN. The main role of this module is to ensure the maximal autonomy of the depollution process by integrating most of the expert knowledge and thus meet the depollution requirements and guarantee a biogas quality suitable for cogeneration. It ensures the smart automatic management of the plant through advanced diagnosis of failures, estimation of the non measured key variables and advanced automatic control. 

This module, preferentially works with the TELEMAC local software which sends the newly acquired data to ODIN in the form of a matlab structure using an ODBC channel. Odin can however be associated to most of the existing local softwares using a php "spy" script which collects the data and send them to ODIN. 

The first functionality integrated in the ODIN module is the fault detection and isolation at three levels: physical, biological and software. Two key requirements are of prime importance for fault detection and diagnosis of anaerobic digestion processes (Genovesi et al, 2000): uncertainty management and modularity in the design of the supervision system. This allows: (i) to handle the poor knowledge usually available on-line about the internal functioning of the process and (ii) to account for adaptivity, novelty and multiple fault identifiability requirements.

To achieve this objective, one natural way is to account for all the information available in a single diagnosis system. This is of course possible but would lead to a high complexity of the diagnosis system in cases of high dimension of the fault space (as it is the case in anaerobic digestion processes). Moreover, adding or removing one sensor (e.g., one dimension in the diagnosis space) could break down the overall structure of the diagnosis system and lead to false alarms or wrong diagnosis. This is why a modular diagnosis system has been chosen: separate fault detection systems are built, each of them handling only partial information on the process. This is in fact similar to different persons analysing the same situation but with different point-of-views and/or different sources of information (Lardon et al, 2004). Of course, these fault detection systems are further combined within an overall system called a "state manager" that is based on evidence theory (Smets and Kennes, 1994). As shown in Figure 5, this state manager detects a fault when the set of information provided by the sensors is either incoherent (e.g., sensor fault due to fouling) or shows an abnormal working mode (e.g.., process fault due to organic and/or hydraulic overload, presence of a toxicant). Once the diagnosis system has detected a failure, it alerts the expert centre. The supervision module can also detect the presence of a steady state (of normal or abnormal state) based on principal components analysis (PCA) data space reduction and multivariate statistical analysis (Ruiz et al, 2004). 
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Figure 5: Illustration of the results provided by the TELEMAC fault detection and diagnosis system. N: normal, UL: Underload, HO: Hydraulic overload, OO: Organic overload, T: Toxic, ?: Unknown state.

The smart management module integrates several mathematical models developed in order to optimize the information provided by the sensor network. These models, of increasing complexity, can predict the evolution of the anaerobic process, provided that the influent concentrations are known. Figure 6 shows an example of the model’s ability to represent abnormal working modes (model based on an improvement of Bernard et al. 2001), with comparison to experimental data performed at INRA on a 1 m3 fixed bed digester processing wine vinasses (Chachuat et al. 2004). It is worth noting that a very large overload has been reached in this experiment (more than 9 g/l of total VFAs). 

The set of developed models have been used as a basis for optimal management strategy, design of automatic controllers ensuring the process stability, and they provide tools to test several feeding strategies and forecast their possible consequences on the process viability (Puñal et al. 2003, Mailleret et al. 2003,2004). Several automatic controllers derived from these models are integrated in ODIN, with a variety of objectives (depollution, stability, cogeneration etc.) that can be selected by the user or by the supervision system as a result of the diagnosis. 

The third main functionality of the ODIN module is a complementation of the hardware sensors by software sensors combining the information from the sensor network with developed models. These software sensors can thus predict some concentrations (e.g. chemical oxygen demand (COD)) which are generally not available on-line. Figure 7 gives an example of such software sensor prediction for 150 days from a 2000 m3 CSTR digester processing wine vinasses at the AGRALCO company (Chachuat et al, 2004).
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Figure 6. Experimental process overloading on a fixed bed digester processing wine vinasses. Comparison between sensor measurements and model predictions.

On top of these functionalities, the local software proposes an estimate of the destabilisation risk associated to a working mode. Thus, even when operated manually by a local user, it provides an security index for the plant. This risk index is computed from information of the influent concentration and flow rate. It is strongly correlated to the VFA concentration, as it can be seen on Figure 8, but it reacts in advance compared to VFA (which already reacts before pH) and can therefore be used to anticipate a problem.

Moreover, this smart supervision module fits most of the plants and automatically adapts to any plant modification or update (new sensor, change of an actuator, etc.). 

3. Remote software and database

 The data acquired by the local software are automatically sent to a remote MySQL database using a new XML language – called PlantML – specifically dedicated to wastewater treatment processes. 
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Figure 7. Software sensor validation: off-line soluble COD measurements (() are compared to the predictions of the software sensors (average predicted value and confidence interval).

This XML language provides a high modularity and standardisation of the communication between the various modules. For example, since it describes the used units associated with the measurements, it allows to avoid errors due to the fact that units may vary between plants.

The TELEMAC main database integrates the data issued from several plants, including various technologies (UASB, CSTR, Fixed Bed, Fluidised bed, …).  The database do not only contain data issued from normal operating mode, it also contain experiments in extreme conditions; it  includes thus crucial information on the way an anaerobic digester can come back to a normal working mode.
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Figure 8. Risk index associated to a working mode. Comparison of the risk index with the measured VFA.

A remote software executable under any web browser allows a network of experts to connect to the database in order to check the process state or send commands to the plant in order to perform any action (change of the automatic controller, request a maintenance operation, etc.).  In case of problem the local software sends a message to request expert  assistance. The state of the process can also be verified using WAP access from a mobile phone (see Figure 9).

The database supports data mining algorithms to take advantage of previous comparable events to analyse the latest records and ultimately use this experience to better manage a problem. It can also help the expert to derive management rules from the information collected on a monitored plant. 

System validation

The sensors, software and hardware, have been experimentally tested, using digester scales ranging from 5 L to 2000 m3 with a broad variety of processes such as UASB, CSTR, Anaerobic contactor, fixed bed digesters or hybrid digesters. As shown in Figure 6, the purpose of these experiments is not only to collect data describing the standard working mode of the process but also to run experiments in extreme working mode (Ruiz et al. 2004; Dupla et al. 2004). The conclusion is that the derived models have a good validity even in these degraded modes and can be used to support strategies that allow the system to recover.

The various modules have been tested at industrial scales (on a CSTR in Agralco, spain) and have proven their capability to better exploit the information network to detect and diagnosis a failure (see Figure 10) or to on-line estimate non measured variable such as COD (see Figure 7). However the system needs now a long term test period to demonstrate its ability to manage a plant on along term basis and better quantify the interests of such an advanced system.
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Figure 9: Expected from human expertise (thick line) and produced diagnosis results for the industrial 2000m3 digester. 

Training aspects 

Finally, training software have been developed in order to educate people to work with the complex and unstable anaerobic process despite perturbations and failures, by assessing the effect of a bacterial inhibitor in the influent, testing advanced control strategies, or even estimating the best strategy to process the wastewater to be treated in the coming months. A simple didactic oriented Java software (Anasim) is dedicated to teach to a non expert user the main principles of  an anaerobic plant in order to educate him to the fragility of this biological ecosystem. A more expert oriented tool has also been developed. It is based on the more complex ADM1 model (Batstone et al., 2002) simulating in great details the anaerobic digestion process. It serves as a virtual plant in a first validation step of the developed algorithms (Zaher et al. 2003), and allows an expert to test and to better understand the way the smart management system works.

Exploitation and dissemination aspects

In a first step, the following table summarises the main TELEMAC module that have been presented so far and it details the elements composing each module. In the following pages these elements are detailed and the way the module can be exploited as stand alone or in the framework of the TELEMAC system is discussed, together with which partner is the responsible/owner of the product. These tables proposes a concise summary of the much more detailed tables which are given in Deliberable D6.6.
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Figure 10. WAP access to the current data recorded by the plant and stored in the database.

· Community added value and contribution to EU policies;

The TELEMAC project through the optimisation of the WWTP performances, is improving the reliability and efficiency of the anaerobic process.  Optimising this process will increase depollution, not only for the wine and spirits industry, but also for other agricultural activities such as industries dealing with pigs’ rejections, the olive oil residues, etc.

The TELEMAC results can help the firms to implement an Environmental Management System (EMS) to meet International Standards, and in particular to obtain the ISO 14001 certification that will guarantee new markets and improve their customer image.

Pollution prevention and control regulations in EU (mainly Integrated Pollution Prevention and Control –IPPC- Directive (96/61/EC Directive of 24th September 1996, and other derived Directives), highly recommended the application of best available techniques (BATs) for improving process efficiency from the point of view of environmental protection and pollution prevention. Winery industry is included in the Annex 1 (epigraph 6.4b) as a industrial sector to be considered for application of IPPC regulation. References documents on BATSs (named BREF) are being developed by the Institute of Prospective and Technical Studies, a Join Research Center (JRC) of the European Commission sited at Sevilla (Spain). Process Monitoring and Control Techniques are considered as BATs and the development of the type of emerging techniques TELEMAC is promoting is also a priority from the EU regulation point of view. 

When fully operational, TELEMAC allows to regulate the quality of biogas. It then makes consistent the idea to equip  middle size plants with  a small cogeneration unit based on biogas (of at least 250 kW). This will lead to a significant reduction of the energy running cost, but not only. 

Global warming and the signing of the Kyoto Protocol will create a world-wide market for new electrical generation equipment that could exceed $100 billion per year. The challenge of sustainable development will be to minimise the environmental impact while maintaining the necessary energy service levels. The world's electricity systems will increasingly be based on small, localised power projects such as cogeneration and renewable energy. This will bring economic and environmental benefits compared to traditional, remote and centralised power systems.

Cogeneration contributions will come from gas turbines, diesel and gas engines, fuel cells, and microturbines, leading to a multi-billion dollar per year combined cogeneration equipment market in the US and Europe. Global cogeneration capacity in 1998 was about 200 GW, a little more than 6 percent of world generation capacity. That fraction is close to that of the US cogeneration percentage. The portion climbs as high as 60 percent in Sweden and falls to 2.5 percent in France.

Distributed cogeneration technologies will engender new multi-billion dollar markets that will change forever the way that societies furnish themselves with electricity, heat, and cooling. Sales of these microcogenerators could total $10 billion in a decade as they power homes, small businesses and industries, and remote sites. Therefore projects like TELEMAC are important and are a necessary step to any real life application. 

Finally an intercalibration study within TELEMAC revealed that the standard protocol to estimate the organic pollution by COD measurements were not adapted to anaerobic effluent (see Deliverable D1.5). We would like this study to be better disseminated in order to impose new COD measurements protocol that will guaranty a better respect of environment.
- Economic development and S&T prospects.

· Relation to other project.

We had interactions with 3 main EU project:

· The AMOCO project (FAIR-CT95-1198 AMOCO: Advanced monitoring and control of the operation of wastewater treatment processes of the wood industry in order to improve the process efficiency). From this project we used some data and we took benefit of existing models that were the starting point of our modelling developments.

· The CORAS project  (IST-2000-25031) developed a tool-supported methodology for model-based risk analysis of security-critical systems. The project was initiated in January 2001 and successfully completed in September 2003. The developed tools to analyse the security issues were applied on the TELEMAC system to assess and improve the security points

· The EOLI project   (project no. ICA4-CT-2002-10012: Efficient Operation of Urban Wastewater Treatment Plants) is a research project which aims 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. The developed XML language, and the kernel of Odin will be used by this project.

5. DELIVERABLES AND OTHER OUTPUTS 

The following deliverables are additional explanation to the database; Experiments have been carried out, at all the scales (i.e., lab, pilot and industrial scales) and for various technologies (CSTR, UASB, Fixed bed, EGSB, …). The data consist in normal operating conditions completed by protocols of abnormal working mode (e.g., strong overload was reached with high VFA concentrations). The data were recorded at high sampling frequency. 

D1.3a Experimental data sets at laboratory 

D1.3b Experimental data sets at pilot scale 

D1.3c Experimental data sets at industrial scale

D1.3.d Final data sets 

D1.4 Instrumented plants piloted with the TELEMAC software 

This deliverable reports the various anaerobic plants where TELEMAC modules have been implemented covering 6 anaerobic plants, and a virtual plant. It details the implemented functionalities for the lab, pilot and industrial digesters where the Telemac software or part of it has been installed. The different panels available on the local and on the remote software are explained. 

This deliverable is the final picture of the set-up used within TELEMAC to produce the experimental data (D1.3a, D1.3b and D1.3c).

D1.5 TELEMAC system validation, and evaluation 

The TELEMAC system has been working for one year at ENEA's pilot plant, and has been implemented more recently in AGRALCO, INRA and in Estrella de Galicia. This deliverable describes the use of the local Telemac software, the wireless TELEMAC acquisition boards, the remote software and the other modules developed inside the project. In this report we first recall how the system is working and which tools has been implemented, and then we assess its reliability and its usability. This deliverable focuses more precisely on the full scale and the data related to industrial validation are reported. This report mainly demonstrates the capability of 3 functionalities  of the TELEMAC system that were tested at industrial scale: measurement of VFA, inorganic carbon and alkalinity using AnaSense, and detection of a failure and diagnosis of the problem with Odin and estimation of the effluent COD with the software sensors implemented in Odin. Finally this deliverable presents an inter-calibration study that, surprisingly, demonstrates that the classical COD measurements methods are often not adapted to anaerobic wastewater treatment.

D2.5 Software sensors for state forecasting accompanied with fault residues 

This document aims at presenting algorithms which will be the basis of software sensors used to estimate the non measured variables. The soft sensors are designed depending 1) of the used model to describe the anaerobic process (see deliverables D3.1a and D3.1b) 2) of the available information, i.e. of the available sensors. The predictions are given by a mean value, and characterised (when possible) by an uncertainty. Finally index of the sensor quality are discussed. 

This deliverable proposes 3 theoretical broad innovations in the design of observers for bioprocesses (and more generally for uncertain systems): extension of interval observers, probabilistic observers and bundle of observers to better combine the available information. 
D2.7 Report on full-scale performance of the sensors within TELEMAC 

This deliverable presents the work and the results obtained for the validation of a titrimetric analyzer developed within the project at pilot and industrial scale with known and unknown samples. The analyzer based on titrimetry determines VFA, bicarbonate and alkalinities in the liquid phase and uses a model algorithm that can also determine ammonia, phosphate and lactic acid.
D3.1b - Design of models for abnormal working conditions and destabilisation risk analysis 

This deliverable proposes an analysis of the risk of acidification associated to a process management. It gives some criteria that will allow to better assess and handle the risk depending on the wastewater composition and flow rate. Then it assesses the ability of the existing models to represent these abnormal situations and proposes several new models (or modifications of existing models) to better represent the situations with acidification (including 2 to 3 biomasses). It also proposes innovative methods to identify the parameters of these new models. Finally, model ADM1 (after some slight modification to account for ethanol degradation) is also considered to represent the process dynamics in case of overloading. 
D3.3 Development of set of robust controllers with various objectives 

This report presents the various controllers that have been developed for TELEMAC. Different control objectives have been tackled several: the control of the COD, which represents the pollution level in the plant; the control of the VFA, to avoid acidification of the plant; and the control of the cogeneration ratio, which represents the quality of the methane production. Using the methane flow-rate, the VFA concentration, or the COD measurements, control methods ranging from Lyapunov methods to fuzzy control have been used, and some have been experimentally validated. 
D3.4 Final version of the Telemac advanced control module 

This document describes the smart management module ODIN of TELEMAC, running under Matlab and providing an intuitive graphical user interface. The application has been designed to be very modular: addition of a sensor, an actuator, a software sensor, etc. are straightforward. Maintenance of such a complex system was also a key requirement, and making a change in any module is simple and can be tested remotely on a mirror machine. 

This document which details the structure of ODIN can also be used as a user guide to rapidly run ODIN. 

In the second part, the  ‘virtual plant’ is described. This is a platform that simulates a real plant (including the biological system but also the available sensors and actuators). This virtual plant is connected with ODIN in the same way as the real plant; it can therefore serve as a basis to validate the algorithms implemented in ODIN, or it can be used to train an expert to use the advanced management tools offered by ODIN.

D4.3 A Set of Algorithms to to tackle the FDI Objectives 

The on-line diagnosis is a key requirement in biological processes. This is particularly true in the case of anaerobic digestion processes due to the composition of media, the requirements of operating conditions and the wide variety of possible disturbances that necessitate careful and constant monitoring of the processes. Moreover, because only partial information is available in an on-line context and because of the technical and biological complexities of the involved processes, specific characteristics are required for diagnosis purposes. Several approaches like quantitative model based, qualitative model based and process history based methods were applied over the years. In the first chapter, this deliverable presents a methodological framework based on Evidence Theory to manage the fault signals generated by conventional approaches (i.e., residuals from hardware and software redundancies, fuzzy logic based modules for process state assessment) and to account for uncertainty. The advantages of using evidence theory like modularity, detection of conflict and doubt in the information sources are illustrated with experimental results. In the second chapter, initial work on data mining aspects are presented together with future directions for its application within TELEMAC. Finally, a third chapter presents the work related to the steady state detection module. This module includes statistical analysis of the data and the multivariate aspects are handled using Principal Component Analysis.

D4.5 Final supervision system module 

This deliverable reports the final work on the TELEMAC supervision system. The supervision system essentially comprises the fault detection and isolation and decision support functions of TELEMAC. Two strands of work are reported, on improving the decision making process through management of hybrid (continuous and discrete) information, and on data mining, particularly applied to data from the Agralco industrial plant (in contrast to earlier deliverables). An account is also given of how the data mining work fits within the framework of the overall integrated system.

D5.3.c Final functioning middleware and integrated systems on pilot sites - 

This deliverable describes the final stage of integration of the TELEMAC system within the life of the project. The general approach is outlined, explaining the use of two real physical plants and a virtual plant developed specially for testing purposes. The architecture of the integrated system in each case is explained, with justification for the decisions taken. A summary of the implemented components is also provided. Since this deliverable document is simply a paper representation of software and hardware developed, a selection of screen shots and photographs is provided as an annex.

D6.4 Benchmark for Education 

This deliverable describes the functionality of ANASIM, the Telemac Simulator for management and control of anaerobic treatment plant. This software allows management simulations of an anaerobic digester for advertisement and education purposes. The user has to try to keep pollution as low as possible despite disturbances (pump failures, increase of the flow rate, etc...) and manage the trade-off between wastewater processing and plant stability

D6.5 Planned training session report for the end user evaluation 

Over the last three years, the end users involved in TELEMAC have continuously given their feedback on the different components developed within the project. They provided the consortium with a clear definition of their expectations and requirements, they interacted and validated the solutions implemented throughout the project, and ultimately in December 2004, they evaluated the usability of the system during a dedicated training session. This document presents a overview of this particular training session. Attendees will included not only the TELEMAC partners, but also external participants coming both from research institutes and winery companies.

D6.6 Technological Implementation Plan -

This deliverable does not only present the Technological Implementation Plan as requested by the European Commission but also the draft exploitation plan for the Telemac system.

The first part gives an overview of the exploitation plan : project activities and innovations, market analysis, the Telemac offer and finally potential strategies for exploitation. As an appendix to this first part, the full "Telemac Catalogue" has been prepared to give more comprehensible and detailed information on the Telemac system and its components

The second part corresponds to the official TIP.
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6. PROJECT MANAGEMENT AND CO-ORDINATION ASPECTS 

Organisation

The project management and the technical co-ordination were ensured by the Scientific Project Manager (O. Bernard) and the Administrative and Financial Project Manager (B. Le Dantec). Both O Bernard and B Le Dantec worked together with the Workpackage managers as a technical and administrative team to co-ordinate the whole project. The project was divided into 7 Workpackages, each of them being lead by a Workpackage manager:

WP N°
Title
Manager 

WP 1
Experiment design and running
Juan Lema, USC

WP 2
Smart sensor development
Kristof De Neve, APPLITEK

WP 3
Advanced control
Olivier Bernard, INRIA

WP 4
Supervision system
J.P. Steyer, INRA

WP 5
Software Integration
Simon Lambert, CCLRC

WP 6
Dissemination and implementation
Bruno Le Dantec, GEIE-ERCIM

WP7
Project management
Bruno Le Dantec, GEIE-ERCIM

The project management structure relied on two committees  

· The Project Management Committee (PMC) 

The PMC consisted of one representative of each partner. The project manager represented the Co-ordinating partners, and chaired the PMC. This committee had full authority for taking decisions on project management and was responsible for modifying the project workplan and the task allocation among partners. 

· The Technical Board (TB) 

The TB was composed by the Telemac project manager, and the Work Package leaders. It was in charge of the control of the technical directions and activities in progress.

Documentation

All the technical documentation produced during the project are accessible through the web, http://www.ercim.org/telemac to both the Telemac partners and the outside world to ensure an appropriate internal/external dissemination.

Activity and meetings

The project management activities started by providing the partners with a tutorial on the rules, standards and procedures of an IST project. In particular the insight was on the  periodic reports, cost statements, deliverables and reviews. A document was distributed to all partners summarising the applicable rules.

Management Reports (QMR) were produced every 3 months and annual reports including financial statements  were prepared at the end of every annual reporting period. Deliverables listed in the Technical Annex were produced being validated by the co-ordinator. 

All documents have been produced and validated by the European Commission during the three annual reviews.

A number of management meetings were organised to ensure the quality of the work (this list does not includes the scientific meetings)

2001
Place
Date


Kick-off meeting
Sophia Antipolis
13-14 September 

Management Meeting
Santiago de Compostella
17-18 December


2002



Management Meeting
Sophia Antipolis
18 March 

Plenary meeting
Bologna
20-21 June


First review meeting
Brussels
2-3 September

Technical meeting
Guadalajara
19-21 October

2003



Plenary meeting
Narbonne 
27-28 January

Plenary meeting
Estella 
12-13 June


Second review meeting 
Brussels
29-30 September

2004



Plenary Meeting
Gent 
15–16 January

Exploitation of the results
Sophia Antipolis
12 July

Management meeting
Montreal 
2 September

Plenary meeting
Sophia
25-26 November

Final Review
Brussels
29 November
Problems

A four months extension was requested by the consortium and granted by the European Commission. This extension was motivated by several reasons. Among those, are the following:

· Partner UdG. The University of Guadalajara was not financed by the ConaCyt, the Mexican funding agency. As a consequence part of their work was finally carried out by other partners leading to some delays in the associated research activities;

· Partner  P. Lemaire. This partner was one of the partners playing a key role in the integration process. Unfortunately, and since he was finally not funded by the EC part of its main contribution was distributed between the other partners, inducing delays as well.

· This more generous timeframe has allowed a more complete integration of he Telemac system. 

· Partner Agralco. The Spanish end user in charge of the system validation was receiving and treating waste waters from the distilleries located in its geographical area only in the specific time frame from September to June every year. 

· Three major conferences dealing with water treatment were held in the last months of year 2004: The extension of the contract gave the opportunity to better promote the TELEMAC results.

7. OUTLOOK 

TELEMAC allows the expert to control remotely a plant using a system which is composed by the elements, sensors, local and distant software, communication language…The TELEMAC system is composed by 9 main modules, each of them divided in sub-results as presented below. 

TELEMAC module
Elements

1. DataBase
Set of Data on various situations


Interfaces to consult the database and database structure


Application of data mining to the monitoring and control of anaerobic WWTPs 

2. Remote Control Software
Software running under a web browser to remote monitor a set of anaerobic plant and transmit data remotely


PlantML, an XML language which can be used in the domain of bioprocess or more widely chemical engineering; to describe information about acquisition, diagnosis, decision, control and exchange this information between distant modules or operators through internet. 

3.Local Control Software
Local software to monitor an anaerobic plant and transmit data remotely

4.Smart automatic management

Module

(ODIN)
Robust interval based software sensors to monitor an anaerobic treatment plant 


Robust automatic control algorithm to regulate the effluent COD of an anaerobic treatment plant, using the available on-line methane measurements


Modular algorithms modules that use evidence theory to diagnose the biological state of anaerobic digestion processes while allowing to manage uncertainty, doubt and conflict in the information source


A decision support system to assist the local user, select the appropriate controller depending on the state of the plant 


New models for anaerobic digestion


A smart module integrating all the algorithms proposed (robust interval based software and new models) and allowing rapid integration of any controller, software sensor, models.

5.AnaSense Sensor
A titrimeter for the on-line detection of VFA, bicarbonate, partial alkalinity and total alkalinity in anaerobic wastewater


A software to estimate the content of an anaerobic sample (total VFA, TIC, NH4, Lactate, …) 

6.Biogas Sensor
A gas sensor for the detection of carbon dioxide and methane in biogas 

7.Acquisition board
Wireless smart acquisition boards that collect the data from the various sensors

8.Training Software
A training software to understand and learn how to manage anaerobic digestion

9.Virtual Plant


A matlab software running any AD model and simulating the sensors and the actuators, and displaying them with a  friendly graphical user interface.. 


A Matlab module based on ADM1, AM2, allowing to simulate an AD


A WEST module based on ADM1, AM2, allowing to simulate an AD

For each sub-result, the "Telemac Catalogue" provides the following informations : Potential use and application, Keywords, General description, Restriction for an efficient use (Run autonomously or need for other TELEMAC elements), Required user skills and Selling price. 

The Goals of this catalogue is the definition of the TELEMAC's main results and the ownership of the results. This catalogue can be summed up as follow (see Deliverable D6.6 for more details).

TELEMAC module
N°
Sub-Result
Type
Owners and responsible
Contact

1. DataBase
8. 1.1
9. Set of Data on various situations
D
INRA, USC, Agralco, ENEA, ALLied Domecq, Sauza, Lemaire
LAMBERT Simon

CCLRC


10. 1.2
11. Interfaces to consult the database and database structure
M
INRA, SPES



1.3
Application of data mining to the monitoring and control of anaerobic WWTPs 
F
INRA, CCLRC


2. Remote Control Software
2.1
Software running under a web browser to remote monitor a set of anaerobic plant and transmit data remotely
M
SPES, 

INRIA (php)
Paulo Ratini

SPES




2.2
PlantML, an XML language which can be used in the domain of bioprocess or more widely chemical engineering; to describe information about acquisition, diagnosis, decision, control and exchange this information between distant modules or operators through internet. 
U
INRA, SPES


3.Local Control Software
3
Local software to monitor an anaerobic plant and transmit data remotely
M
SPES
Paulo Ratini

SPES

4.Smart automatic management

Module

(ODIN)
4.1
Robust interval based software sensors to monitor an anaerobic treatment plant 
F
INRIA, UdG
Jean-Philippe STEYER INRA




4.2
Robust automatic control algorithm to regulate the effluent COD of an anaerobic treatment plant, using the available on-line methane measurements
F
INRIA, UdG



4.3
Modular algorithms modules that use evidence theory to diagnose the biological state of anaerobic digestion processes while allowing to manage uncertainty, doubt and conflict in the information source
F
INRA, INRIA



4.4
A decision support system to assist the local user, select the appropriate controller depending on the state of the plant 
M
INRA



4.5
New models for anaerobic digestion 
U
INRIA, INRA, UdG



4.6
A smart module integrating all the algorithms proposed in 4.1 to 4.5 and allowing rapid integration of any controller, software sensor, models.
M
INRA, INRIA


5.AnaSense Sensor
5.1
A titrimeter for the on-line detection of VFA, bicarbonate, partial alkalinity and total alkalinity in anaerobic wastewater
M
Applitek Nv ,  INRA
DE NEVE Kristof

Applitek




5.2
A software to estimate the content of an anaerobic sample (total VFA, TIC, NH4, Lactate, …) 
F
Biomath


6.Biogas Sensor
6
A gas sensor for the detection of carbon dioxide and methane in biogas 
M
Applitek Nv
DE NEVE Kristof

Applitek



7.Acquisition board
7
Wireless smart acquisition boards that collect the data from the various sensors
M
SPES
RATINI Paolo

SPES



8.Training Software

8
A training software to understand and learn how to manage anaerobic digestion
M
INRIA
BERNARD Olivier

INRIA

TELEMAC module
N°
Sub-Result
Type
Owners and responsible
Contact

9.Virtual Plant

9.1
A matlab plateform to run any model, simulate sensors and actuators and configure the system with a friendly graphical user interface. 
M
INRIA
BERNARD Olivier

INRIA


9.2
A Matlab® module based on ADM1, AM2, allowing to simulate an AD
U
USC INRA- -INRIA



9.3
A WEST module based on ADM1, AM2, allowing to simulate an AD
F
BIOMATH


Type:  M: main result, U: underlying principle, F: functionality, D: data

12. CONCLUSIONS

TELEMAC proposes a system that provides the maximum level of autonomy to the anaerobic plants, and that efficiently complement this automatic management with an expert human supervision. It is thus a platform that will allow a network of anaerobic digestion experts to better deal their know-how and their expertise through remote management of anaerobic plants around the world. As a second consequence it may contribute to the dissemination of this process at large scale, addressing both the problem of water resource protection and of renewable energy.
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