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Abstract

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 Gadlicia. This
deliverable describes the use of the loca TELEMAC software, the wireless TELEMAC
acquisition boards, the remote software and the other modules developed within the project.
In this report we first recall how the system is working and which tools have been
implemented (see D1.4 for more details), and then we assess its reliability and its usability.
This deliverable focuses more precisely on the full scale operation, and the data related to
industrial validation are reported. The report mainly demonstrates the capability of three
functionalities of the TELEMAC system that were tested at industrial scale: (i) measurement
of VFA, inorganic carbon and alkalinity using the AnaSense® sensor, (ii) detection of afailure
and diagnosis of the problem with the ODIN software and (iii) estimation of the effluent COD
with the software sensors implemented within ODIN. Then the evauation grid is presented,
which was set up to assess the system, and whose analysisis reported in Deliverable D6.5.

Findly this deliverable presents an inter-calibration study that, surprisingly,
demonstrates that the classica COD measurement methods are often not suitable for
anaerobic wastewater treatment.

Keyword list: Validation, pilot plant, industrial plant, sensor, local software, remote software,
acquisition boards.
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I ntroduction

This deliverable (D1.5) presents the developed procedures and the results for the
validation and evauation of the software, and the different devices developed inside the
TELEMAC project.

Six plants have been used to test the different tools of the project, but in this deliverable
wereally focus on theindustrial validation of the system.

Four plants send the data, acquired on line and off line, to the server working with the
remote software, and all this information can be shared between the partners with different
level of accessibility, or by any guest user to obtain a general overview.

The website where it is possible access at the remote server is http://server-
2000.bologna.enea.it and with the use of the login and password “demo” it is possible to have
access to ENEA'S plant and to the virtual plant (the other plants are not accessible with this
login for the sake of security).

Two of these four plants are industrial plants and a fifth plant is the virtual plant
developed at INRIA (see Ddliverable D3.1b and D5.3b) which is used to pre-test the various
modules and controllers.

A validation protocol for the COD measurement has been developed with the aim of
understanding the influence of VFA on this measurement and the possible effect on the
control of the reactors.

This deliverable is organised as follows: we first briefly recall the four plants that are
equipped with al or part of the TELEMAC system (for more details refer to Deliverable
D1.4). Then we provide some indices of the working efficiency of the system (mainly by
comparing with the previously used system). Then we focus more specifically on all the
validation work that was carried out at full scale. We next present the final validation of
AnaSense® for measurement of VFA, inorganic carbon and akalinity, and the results
provided by ODIN at Agralco's facility (2000m>): detection of a failure and diagnosis of the
problem and estimation of the effluent COD with the software sensors implemented in ODIN.

Then we present the grid that was used to assess the system efficiency and usability
(using a questionnaire that the users filled in during the training session at LBE-INRA,
Narbonne, December 20" to 23" ). Finally we show an inter-calibration study for the COD
measurement, showing that there can be large errors leading to underestimation of COD if
some methods are applied.
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1. Presentation of the plants where the TELEMAC system is
working

1. Introduction

This section briefly recalls the results described more extensively in D1.4. The objective
Is to provide a clear idea to the reader of what is currently available. Of course the
corresponding implementation work is only charged in D1.4.

2. Description of ENEA pilot plant for the validation of the software
and acquisition boards

The pilot plant in ENEA was the main plant used for the validation of the local and remote
software, and for the hardware validation. As described in more detail in D1.3aand D1.4, the plantisa
UASB reactor with avolume of 200 litres, with arecirculation system for the retention of the sludge.

The reactor has been fed with distillery wastewater and controlled throughout the project with
the different versions of the TELEMAC software. The plant has been working for more than one year
without any problems with the latest version of this software.

From the synoptic (see Figure 1) pandl it is possible to see an overview of the plant with
the main devices instaled for on line measurements. From this panel it is possible also to
view the last measurements acquired by the local software, and with a double click on the
measurement it is possible to see the graph of the last week of the acquisition.

For the full access and control of the plant from a remote location it is necessary to enter
the main control panel and have the right level of access (Figure 2). From this panel it is
possible to have full control of the reactor; to perform some actions at the plant; and to view
the annotation done by the operator on the plant, send some comment or perform any other
action, such as enrolling new devices and enabling or disabling variables (Figure 3).
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Figure 1: Synoptic of the plant presented on the web site

Figure 2: Control panel of the plant present on the web site (full access)
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Figure 3: Set up panel for the activation and deactivation of the variables on the plant

This system was used to generate the data provided in deliverable D1.3c and D1.3d.
After afirst phase of debugging and of software updates (which had some consequences on
the process behaviour since it was responsible for a system crash), the digester has been
working for more than one year without any problems. It is localy supervised by the local
software (4 people working on the process used the software) and remotely with the web
interface (3 people have regularly followed and managed the plant through this interface).

The second version of the acquisition boards developed by SPES have also been
working routinely for more than one year.

A more detailed and quantitative assessment of this system by users that did not take
part in the development is provided in deliverable D6.5, utilising the evaluation grid proposed
insection 1.
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3. Description of Agralco plant for the validation of the software

A set-up of Agralco plant is presented in Figure 4. The volume of this CSTR is 32 m®.
The digester is fed in the upper part of the reactor and the effluent is also collected in the
upper part through atube set in the reactor.

Figure 4: Scheme of the pilot plant

In June 2004 the remote software was implemented, with a php module that used the
existing local software to copy and send the acquired data. The idea was to test the ability of
the TELEMAC system to be adapted to existing software. The local smart module was then
implemented in September 2004, using the same principle. The synoptic panel that represents
the process and the current measurementsis presented in Figure 5.

The plant has then been working for 2 months, before being stopped due to the cessation
of supply of wastewater (waiting for the start of the harvest). The main problems encountered
were due to local network failures that disrupted the connection of the local software to the
computer where Lemaire's software was acquiring the data. Apart from this, and once some
bugs were corrected at the very beginning, all the functionalities worked properly during the
period under consideration.
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Figure5: Schematic view of the Agralco pilot plant

4. TELEMAC system validation at INRA

The ODIN module was implemented and validated on different INRA processes: two
lab-scale (i.e., 10 litres of working volume, Figure 6) inverse fluidized bed anaerobic reactors
treating winery wastes, and the pilot plant used in WPL (i.e., a 1m* up-flow fixed bed digester,
Figure 7). For these different applications, the data were transferred by an ActiveX protocol
between the data acquisition software (developed in Microsoft Visual Basic) and the smart
ODIN module running with Matlab. The connection to the TELEMAC database was also
implemented.

ODIN has been implemented for aimost six months on the pilot scale reactor with 4
people involved in the management of the process (2 technicians, 1 engineer and 1 Ph.D.
student). These persons successfully used ODIN without any problems. Concerning the lab
scale reactors, 3 persons were involved (1 engineer, 1 Ph.D. student and 1 MSc. student) and
they aso successfully used ODIN for more than three months. In particular, different
controllers were implemented on these processes (fuzzy regulation of the VFAS, a probing
control of the biogas flow rate and an open loop strategy) and they demonstrated the high
modularity of ODIN.

The main lessons drawn from these implementations are:
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- in case of network failure, data are stored on the loca computer and sometimes (i.e.,
when the failure lasts too long), it takes quite a long time to insert the data in the database
when the network connexion is recovered. The communication software between the local
computer and the database has thus been modified to take this into account.

- in the initial version of ODIN, it was impossible to activate two different controllers
with two different objectives and two different controlled variables at the same time. ODIN
was thus modified to allow it, but some additional changes are required to make very robust
the operation of several processes from one ODIN implementation at the local level.

Figure 6.- Picture of the two lab scale plants used at INRA for testing and validation of
ODIN
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Figure 7.- Picture of the pilot scale used at INRA for testing and validation of ODIN

5. TELEMAC validation at Estrella de Galicia

To assess the ability of the TELEMAC system to adapt to an existing plant that was not
developed in a"TELEMAC" spirit, we decided to test the system on a process not belonging
to a member of the TELEMAC consortium. The fluidized bed digester of Estrella de Galicia
was a good opportunity to test the system on a very efficient anaerobic technology that was
not considered so far within the set of digesters.

Industrial wastewater treatment plant description

The Estrella de Galicia wastewater treatment plant is based on a homogenization tank,
pre-acidification reactor and expanded granular sludge blanket with internal recirculation
(EGSB-IC) (Figure 8) developed and instaled by PAQUES. Start up of the plant was in
August of 2001, treating now a mean influent flow rate of 80 m*h with an influent COD of
3.000 to 4.000 mg/I, achieving a COD removal efficiency of 85 to 90%.

10
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Figure 8: Scheme of the wastewater treatment plant at the Brewery Estrella de Galicia

The volume of the EGSB-IC reactor is 800 m®, 26 m height and 6.5 m diameter. It is
operated at a constant inflow of 200 m*h (120 m*h of recirculation plus 80 m*/h of feed). By
this means, the organic loading rate (OLR) applied to the system is 6 to 9 kg COD/m>d with a
surface velocity (Vs) of 6 m/h and a hydraulic retention time (HRT) of 4 h including
recirculation and 10 h considering only the feed flow rate.

Acquired variables at Estrella de Galicia

Table 1 presents the 56 off line variables acquired daily at the anaerobic wastewater
treatment plant at Estrella de Galicia. These data are storage manually, once a day in an Excel
sheet. Each sheet corresponds to one day and each Excel file corresponds to one month of
operation.

Figure 9: Screen shot of the synoptic of the process at Estrella de Galicia

One average daily value of the data acquired on line is stored in an MS Access file.
Figure 9 presents a screen shot of the synoptic of the process at Estrellade Galicia.

11
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Table 1: Off linevariables daily acquired

EMERGENCY TANK REACTOR EFFLUENT
1|PH 30| COD Total mg/I
2| TCOD mg/l 31| TCOD out mg/I
BUFFER TANK 32 | COD Filtered mg/l
3 | Influent FLOW m3/h 33| VFA meqg/|
4 | Hours working h/d 34| SST mg/l
5 | Daily influent FLOW m3/d 35| ALCALINITY mg/l
6| TCOD mg/! 36 | HARDNESS °F
7 | Daily TCOD input kg/d 37| Ca mg/l
8| VFA meq/| 38| Mg mg/l
9|SST mg/l 39 | NH4-N mg/l
10 | NH4-N mg/l 40 | Total PO4-P mg/l
11 | Filtered PO4-P mg/l 41 | Filtered PO4-P mg/l
12 | Filtered SULPHATE mg/l 42 | Total SULPHATE mg/I
13 | ALCALINITY meq/| 43 | SULPHIDE in effluent mg/l
14 | HARDNESS °F 44 | BIOGAS %CH4
15| PH 45 | SULPHIDE in biogas ppm
16 | TEMPERATURE °C 46 | SULPHIDE in filter ppm
PREACIDIFICATION TANK 47 | pH
17 | Recirculation ratio 48 | BIOGAS FLOW m3/d
18| Influent FLOW m3/h FINAL EFFLUENT
19| COD Total mg/l 49 | COD Total mg/l
20| VFA meq/| 50 | COD Filtered mg/l
21 | ALCALINITY mg/I 51 | VFA meg/|
22 | HARDNESS °F 52 | SST mg/l
23| Ca mg/l 53 | ALCALINITY mg/l
24| Mg mg/l 54 | SULPHIDE in effluent mg/l
25| NH4-N mg/I 55 | TEMPERATURE °C
26 | Filtered PO4-P mg/l 56 | pH
27 | Filtered SULPHATE mg/l
28 | PH
29 | TEMPERATURE °C

Summary of thefirst tests of the AnaSense® sensor previously performed in Estrella

The implementation of a first version of the AnaSense® sensor in Estrella gave
promising results but it was highly disturbed by technical problems that were due to a bad
positioning of the burette and drain pump within the sensor, and a leak had dramatic
consequences. Moreover, the sensor required a lot of maintenance efforts during this first
trial, and it did not really demonstrate its capability to monitor remotely an anaerobic plant
(see deliverables D2.4 and D2.7 for more details concerning this first industrial validation
phase). The sensor was then modified and as presented in the next section, a second validation
test was run at full scale, to better assess the robustness of the sensor in an industrial
environment.

12
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[1l. Industrial validation of the three main TELEMAC
functionalitiess. VFA measurement (AnaSense®), Fault
detection and isolation (via ODIN) and software sensors (via
ODIN)

1. Industrial validation of the AnaSense® control analyser for
monitoring anaerobic effluent for VFA, Bicarbonate and
alkalinities

I ntroduction

The AnaSense® analyser has been tested in several environments. First, using synthetic
wastewater of wine and starch on a5 litre lab-scale reactor in Applitek. In the second stage,
the analyser was tested on a pilot-reactor at USC, and finally the analyser was tested in an
industrial environment in Estrella, Spain. Some problems with the burette and the membrane
drain pump were detected during the last test (All these tests are described in deliverables 2.4
and 2.7).

Due to these problems, the analyser was modified using another type of burette and a
peristaltic pump instead of a membrane drain pump. Finally the analyser was again tested on
an industrial anaerobic UASB plant (the location of the plant is kept secret for sake of
confidentiality) for more than one month, and this new test is reported here as final validation
of the setup capability.

Measurement Setup

Figure 10 shows the test setup of the analyser. The sample flows from the effluent tank
(by gravity) through afiltration system (2 mm) into an overflow vessel. A valve controlled by
the analyzer regulates the flow. The samples taken from the overflow vessel (i.e., close to the
analyser) are used for analysis.

13
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Figure 10: Schematic overview of thetest setup

Results
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Figure 11: Results of AnaSense® compared with GC/colorimetric and COD measurements

System validation (D1.5)
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Figure 11 shows that there is a good correlation between the AnaSense® and the gas
chromatographic (GC) results and a big difference between the VFA predicted by the
colorimetric method. The trending however of COD, VFA (colorimetric) and VFA
(AnaSense®) are similar. The VFA concentration is low during the weekend due to the low
organic loading (number 1-4) and high during the week (during production).

A more detalled anaysis of the VFA concentration using GC showed that the
wastewater contained a high amount of propionate and also some higher volatile fatty acids
(see table 1). The rapid increase of VFA in the week could be due to this high amount of
propionate.

Samp|e Concentration (mg/l)
Acetic acid 183
Propionic acid 182
Iso-buteric Acid <9
Buteric Acid 13
Iso-valeric acid 12.2
Valeric acid 134
| so-caproic acid <12
Caproic acid <12

Table 1: More detailed VFA concentration using GC

Nevertheless, the peaks occurring occasionally in figure 11 cannot be explained. During
the testing, the data curves were indeed recorded and they did not indicate that the sampling
operation went wrong. This is illustrated in Figure 12 where one can see two examples of
buffer capacity curves calculated from two titration curves recorded at a 20 minute interval.
These curves show that there is a sudden (within 20 minutes) increase of buffer capacity
without any known reason. The volumetric retention time of the reactor is ailmost 15h and
therefore it is impossible that the increased buffer capacity is caused by a compound in the
process. The compound responsible for the increased buffer capacity is unknown, but is
probably a buffering compound with a pKa around 5.5. The peaks in the VFA curve are not at
all present in the pH curve.

15



TELEMAC IST - 2000 - 28156 System validation (D1.5)

0.04 -

0.035 4

0.03 ~

0.025 -

" 0.02

— Buffer Curve

Buffer Curve 20
minutes later

0.015 4

0.01 ~

0.005 4

3.5 4 4.5 5 5.5 6 6.5

Figure 12: Buffer capacities of the measured samplein period with peeks for VFA concentration

78 ] 2 3 4
7.6

7.4
7.2 A

6.5
GG
.
6.2

G T T T T T T ]
1} 200 <00 GO0 aoo 1000 1200 1400
Measurerment rr.

Figure 13: pH curve recorded using AnaSense
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Figure 14: Bicarbonate and alkalinities recorded using AnaSense

Figure 14 shows the bicarbonate and alkalinity concentration during the testing period.
Again number 1-4 indicate the weekends (Ilow organic loading).

When VFA concentrations are low in the weekends, the bicarbonate concentration and

pH are increasing. Also the total alkalinity is close to the bicarbonate concentration during the
weekends.

Conclusion

The AnaSense analyser was tested successfully in an industrial environment. The
trending of the VFA and bicarbonate concentration could be monitored and the presence of an
unknown compound was detected. The sensor demonstrated its reliability in such an
environment. The analyser showed there was a big difference in VFA concentration between

operation and non-operation of the anaerobic reactor (almost 0 ppm VFA in the weekends and
up to 500 ppm VFA in the week).

2. Industrial validation of the expert system for the diagnosis of
operating conditions at industrial scale

Objective

The objective of this section is to test the ability of the system to properly diagnosis a
failure at industrial scale on along term basis. In order to initialise area industria test, it was
necessary to have alabelled period of time (i.e. a period of time for which an expert produced
a diagnosis) covering a duration of more than 6 months. This turned out to be possible for

17
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years 2001-2002 and 2002-2003 where a specia effort was deployed to analyse the data from
the expert point of view. On this basis, ODIN was run after having generated the Matlab data
structure from the TELEMAC software. Data from 2001-2002 were used for the tuning of the
diagnosis system while the validation procedure consisted in comparing the diagnosis results
provided by ODIN with the expert’s labels using the data from 2002-2003 (i.e., data not used
for the tuning phase).

Recall

As explained in Deliverable D4.3, expert rules have been developed for severa fuzzy
diagnosis modules and managed using Evidence Theory while validation was performed on a
well-instrumented AD pilot plant at LBE-INRA. The main challenge was then to verify the
applicability of the overall FDI approach at the industrial scale.

More specifically, we wanted to check that the main tuning requirements of the
diagnosis approach were related to the fuzzification of the input variables (i.e., determination
of the measurement ranges in which the pH is considered as low, the VFA concentration as
high,...). These input variables are considered to be specific to a particular AD process while
the expert rules are intended to be generic to the overal AD scheme.

Industrial validation has thus been carried on two sets of data from the 2,000m® CSTR
anaerobic digester with biomass recycling available in Agralco, Spain. Data from 2001 have
been used as a learning set to tune the fuzzy membership functions used in each diagnosis
module. From prototypes of each situation and from the heuristic knowledge of the plant
manager, a first version of fuzzification functions is used to produce preliminary diagnosis
results. Then, these results are compared to expected ones and fuzzification in the diagnosis
modules are modified until obtaining a good conformity between expected and produced
results.

The tuned diagnosis system has been validated on 220 days issued from data of 2002-
2003 presented in Figure 15 where one can notice:

- from day O to 10 : the start-up of the process, which is basically an underload phase,

- from day 10 to 21 an increase of pH of the digester, which can be understood as a
toxicity phase,

- from day 21 to 45, a hydraulic overload phase with high input flow rate and VFA
concentration,

- from day 50 to 67, an organic overload phase with an acidogenesis phase between
days 56 and 62,

- from day 72 to 80, an underload phase (characterised by very low input flow rate and
VFA concentration and by an increase of CH,4 percentage in the gas phase),

- from day 95 to 110, alow hydraulic overload (high input flow rate, increase of VFA
concentration and gas flow rate) followed by an organic overload from day 110 to 138
(VFA accumulation, decrease of gas flow rate and of CH,4 percentage),

- from day 161 to 173, a hydraulic overload followed by an organic overload from day
173 to 200.

18
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Figure 16 presents the obtained results computed using ODIN FDI module (thin lines)
compared to the expected ones (plain lines). The height of the peaks corresponds to a
probability that this state is the current one. In other words, when the value is close to one,
there is no doubt that this state is the right one but, on the contrary for low values, the
diagnosis is quite uncertain and the intervention of an expert (either locally or remotely if not
available at the local level) could be recommended.

It can be seen in Figure 16 that results from the diagnosis system compare well with
data labelled by a human expert. All mgor failures (i.e.,, Toxicity, Acidogenesis, Organic
Overload and Hydraulic Overload) are indeed correctly and quickly detected and the main
differences are observed :

- for the separation between the underload and normal states (see between days 75 and
100), but even for the human expert, the borderline between these two states is not
clear;

- for transitions between two failures (e.g., between days 100 and 140), the diagnosis
system activates the normal state although the process goes directly from hydraulic to
organic overload.

Results

Applied on severa data sets from an industrial plant and from a pilot-scale process, the
methodology demonstrated an improvement of diagnosis robustness compared to a non
modular approach (i.e., one overal system managing al information sources together)
because sensor failures disable only some diagnosis modules and not the whole system. A
second interest is the explicit representation of the uncertainty in the diagnosis system. These
characteristics provide the human expert with information on the quality of the diagnosis and
is of great help when resolving conflicting situations.

It has been also demonstrated that this methodology is.

- easy to apply on any AD process since the developed expert rules are generic and only
the tuning of the fuzzy membership functions is specific to a process,

- tolerant to imperfect tuning since an approximate tuning of the fuzzy membership
functions leads to approximate results of each module, but this uncertainty is partially
reduced by the combination performed using the Dempster-Shafer theory.

As a conclusion, the presented methodology provides a modular and robust diagnosis KB
system that is able to detect and assess operating states in anaerobic digestion processes.
Moreover, because knowledge produced by each module is represented and combined into the
formalism of the Dempster-Shafer theory, the system is able to produce the “best” possible
conclusions according to the available information and to evaluate its own level of uncertainty
and conflict. These last points are very useful for telemonitoring objectives as they are studied

19
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inthe TELEMAC project.
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Figure 15 : 220 day data analysed at the Agralco industrial plant
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Figure 16: Expected and produced diagnosis results

3. Industrial validation of two software sensors at industrial scale

Objective

The objective of this section is to validate on a long term basis the results of the
software sensors at industrial scale. Theideaisto consider a period of time covering about six
months where off-line measurements are available to allow a comparison and a validation of
the software sensors predictions. The full scale plant of Agralco (2000m®) was thus chosen to
validate the sensor and, because they presented very interesting results, and because their off-
line measurement needs for calibration — as demonstrated in these tests — turned out to be
minimal; two software sensors have been selected among the (large) set of developed
observers (see Deliverable 2.5 for the complete description of al the software sensors

developed within TELEMAC).
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Methods

The observers were run using the data structure acquired by the TELEMAC system and
transmitted to ODIN.

The first one is an adaptive observer while the second is an interval observer
(corresponding in deliverable D2.5 to equations (4.11) and (6.2) respectively), both using the
ch4 measurements (i.e. total gaseous flow rate and gas composition) in order to estimate the
COD. Both observers were reinitialised once a week, based on the manual off-line
measurements of the COD.

Figure 17. Industrial validation of the ODIN observers on a period of 150 days (circles
are the off line measurements used to validate the observer and stars correspond to the one
week measurements used for software sensor autocalibration)

In the case of the adaptive observer, afilter was necessary in practice to limit the long
term oscillations due to the slow observer renitialisation (once a week). The output of this
observer is an average COD prediction associated with a standard error. A secondary product
Is the estimate of the yield ratio g which is an index of the appropriate biological working of
the digester. It is worth noting that this observer is not strictly an interval observer but it is an
observer that simply estimates its variability.

The results are presented in Figures 17 and 18. The more detailed behaviour of the
software sensor is presented in Figure 19. It turns out that the sensor has an accuracy of the
order of 1g/l, and sometimes worse in some conditions. These results, although they are still
not accurate enough, are very promising (bearing in mind that only on-line methane flow rate
(together with approximate interval estimate of the influent concentrations and with a low
frequency (once aweek) effluent COD measurement for the adaptation) is required to use this
software sensor and the low requirement induces some uncertainty in the results). A large
improvement would consist in a better measurement of the influent COD concentration (i.e.
more often than once a week).
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Figure 18. Estimation of theyield ratio during industrial validation of the ODIN
observers.

Finaly, Figure 20 presents the overall estimate of the sensor prediction quality. As
aready mentioned the quality of the estimate could be estimate, but this is aready a good
starting point for the sensor calibration. It is worth noting that the software sensor is less
accuratein therange 2to 4 g/l.

Figure 19. Industrial validation of the ODIN observers on asmall period of time. The
figureillustrates the accuracy of +/- 1 g/l of this sensor.
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Figure 20. Industrial validation of the ODIN observers on asmall period of time. The
figureillustrates the accuracy of +/- 1 g/l of this sensor.

The second tested software sensor is a real interval observer. It was based on the same
information (gaseous flow rates and weekly measurement of the influent COD with effluent
COD). Theresults of this sensor are presented in Figure 21 and Figure 22.

The accuracy of this software sensor is quite good (1g/l) and covers a wide range of
concentrations. However it requires more information than the previous one (i.e. the
probability density function of the influent) and is thus associated with a higher maintenance
requirement.
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Figure 21: results of the considered interval observer on the full scale plant, with a
weekly reinitialisation (corresponding to a weekly measurement). Circles are the off-line data

Figure 22: zoom on 1 week of the considered interval observer on the full scale Agralco
plant, with aweekly reinitialisation (corresponding to a weekly measurement). Circles are the
off-line data
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Figure 23: Validation of the estimate provided by the interval based software sensor.

26



TELEMAC IST - 2000 - 28156 System validation (D1.5)

V. Proposed method to assess the developed software and
devices

1. Introduction

In this section, we propose a systematic method to assess the efficiency of the
developed TELEMAC tools. This validation is based on the end-users evaluation of the
TELEMAC products (i.e., people not involved in their development phases). We have then
developed a questionnaire that will allow us to seeif the users are satisfied with the products,
if they can easily manage to get the information they want, if they access to advanced
functionalities, and so on.

2. Proposition of an evaluation grid

This evaluation grid is intended to be used to assess the TELEMAC software at local
and remote levels as well asthe ODIN software, the Anasense senor and the gas analyser. The
grid takes the form of a list of assessment criteria which are to be filled in by the evaluator,
who is assumed to have had experience in using the system in question. The evaluator simply
has to choose one assessment for each criterion. The possible assessments range from -
indicating complete satisfaction to/ meaning that there are serious problems in that area (NA
means not assessed). Since the evaluation isintended to be indicative and informal rather than
rigorous, and since it aims for compl eteness of coverage rather than depth, this simple scheme
Is sufficient to give useful feedback to the TELEMAC developers. However, in the case of
giving an assessment of / , we asked the users to provide us with further details of the
problems or inadequacies on the separate sheet following each grid, perhaps in the form of
examples.

The grid for each system is divided into a number of categories of assessment.

f Effectiveness—how well the system does the job for which it is
intended

f Adaptability—ease of adaptation to the local plant
f Robustness

f Usability

f Security

Thereisaso afinal genera question for overall remarks and assessment.
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The grids have been filled in by the people who have had to use any part of the
TELEMAC system. The results of this assessment are reported and commented in Deliverable
D6.5.

28



TELEMAC IST - 2000 - 28156 System validation (D1.5)

L ocal softwar e assessment

Number | Criterion |- . ] |/ | NA
Effectiveness
LO1 All needed functiondities to manage the plant are
present
LO2 There are few unnecessary functionalities
LO3 It is easy to obtain the required information
LO4 The presented information is relevant and timely
LO5 The comments and log files are useful
Adaptability
LO6 The softwareis easy to install on your site
LO7 The softwareis easy to adapt to new
developments on the plant (for example: new
measurements online or offline, addition of new
feeding pumps, buffering or nutrient pumps) or
to removal of some components
L08 It is easy to modify the software locally
L09 It is easy to modify the software remotely
Robustness
L10 The softwareis free of bugs
L11 The system restarts quickly
L12 The softwareis easy to maintain and this does
not introduce new problems
L13 The software supports the required number of
users
Usability
L14 The softwareis easy to learn
L15 Good online helpisavailable
L16 The user interfaceis clear and easy to understand
L17 The required languages are supported
Security
L18 It would be difficult for an unauthorised person
to enter the system
L19 An unauthorised user would be unable to do
damage to the plant or to the software itself
L20 Thereis clear authorisation to access all software
modules
General
L21 Overal the softwareis of good quality and doesa
good job
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L ocal software; additional comments

System validation (D1.5)

Please provide further information here about negative assessments in the table above.

Please refer to the number of the criterion.

Number
(eg.L12)

Remarks
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Remote softwar e assessment

Number | Criterion |- . ] |/ | NA
Effectiveness
RO1 All needed functiondities to manage the plant are
present
R02 There are few unnecessary functionalities
R0O3 It is easy to obtain the required information
R0O4 The presented information is relevant
R0O5 The time spent to obtain information using
Internet or modem connection is acceptable
R0O6 The comments and log files are useful
Adaptability
RO7 The softwareis easy to install
R08 The softwareis easy to adapt to new
developments on the plant (for example: new
measurements online or offline, addition of new
feeding pumps, buffering or nutrient pumps) or
to removal of some components
R0O9 It is easy to modify the software locally
R10 It is easy to modify the software remotely
Robustness
R11 The softwareis free of bugs
R12 The system restarts quickly
R13 The softwareis easy to maintain and this does
not introduce new problems
R14 The software supports the required number of
users for remote monitoring
R15 The remote connection is adequate in terms of
frequency of connection and exchange of
information
Usability
R16 The softwareis easy to learn
R17 Good online helpisavailable
R18 The user interface is clear and easy to understand
R19 The required languages are supported
Security
R20 It would be difficult for an unauthorised person
to enter the system
R21 An unauthorised user would be unable to do
damage to the plant or to the software itself
R22 Thereis clear authorisation to access all software
modules
General
R23 Overall the software is of good quality and doesa
good job
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Remote softwar e: additional comments

System validation (D1.5)

Please provide further information here about negative assessments in the table above.

Please refer to the number of the criterion.

Number
(eg.R12)

Remarks
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ODI N softwar e assessment
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Number | Criterion | - | |/ | NA
Effectiveness
001 All needed functionalities to monitor/manage the
plant are present
002 There are few unnecessary functionalities
003 It is easy to obtain the required information for
plant monitoring and management
004 The presented information is relevant/timely
005 The information provided by the software
sensorsis relevant
006 The information provided by the diagnosis
module is relevant
007 The information provided by therisk analysis
module isrelevant
008 The information provided by the prediction
module is relevant
009 The automatic controller is efficient
Adaptability
010 The softwareis easy to install
011 The softwareis easy to adapt to new
developments on the plant (for example: new
measurements online or offline, addition of new
feeding pumps, buffering or nutrient pumps) or
to removal of some components
012 It is easy to modify the software locally
013 It is easy to modify the software remotely
Robustness
014 The softwareis free of bugs
015 The system restarts quickly
016 The softwareis easy to maintain and this does
not introduce new problems
017 The software supports the required number of
users
Usability
018 The softwareis easy to learn
019 Good online helpisavailable
020 The user interfaceis clear, easy to understand
021 The required languages are supported
Security
022 It would be difficult for an unauthorised person
to enter the system
023 An unauthorised user would be unable to do
damage to the plant or to the software itself
024 Thereis clear authorisation to access all software
modules
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General

025 Overal the softwareis of good quality and doesa
good job

ODIN softwar e additional comments

Please provide further information here about negative assessments in the table above.
Please refer to the number of the criterion.

Number Remarks
(eg. 012
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Anasense assessment

Number | Criterion |- . ] |/ | NA
Effectiveness

A01 It is easy to obtain the required information

A02 There are few unnecessary functionalities

A03 The measurements are repeatable and stable

A04 The sensor autocalibration works well

A05 The sensor iswell designed

A06 It is easy to do data transfer

A07 A log fileis available to validate measurements

A08 The sensor is autonomous

A09 The max analysis frequency is acceptable
Adaptability

A10 The sensor is easy to adapt to new developments

on the plant (for example: new measurements
online or offline, addition of new feeding pumps,
buffering or nutrient pumps) or to removal of

some components
All The sensor is easy to ingtal and configure
Robustness
Al12 The softwareis free of bugs causing crashes or
hanging the system
A13 The sensor restarts quickly
Al4 The sensor does not require excessive
mai ntenance
Al5 The cost of maintenance is reasonable
A16 The sensor does not require excessive cadibration
Al7 The alarms are efficient
Usability
A18 The instrument iseasy to learn
Al19 Good online helpis available
A20 The datadisplay is clear and easy to understand
A21 The required languages are supported
Security
A22 The user is unlikely to do accidental damageto
the sensor
A23 There is secure access (password) to the sensor
controls
General
A24 The price of the sensor is acceptable
A25 Overal the softwareis of good quality and doesa
good job
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Anasense: additional comments

System validation (D1.5)

Please provide further information here about negative assessments in the table above.

Please refer to the number of the criterion.

Number
(eg. A12)

Remarks
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Gas analyser assessment

Number | Criterion |- . ] |/ | NA
Effectiveness

G01 It is easy to obtain the required information

G02 There are few unnecessary functionalities

G03 The measurements are repeatable and stable

G04 The sensor autocalibration works well

G05 The sensor iswell designed

GO06 It is easy to do data transfer

G07 A log fileis available to validate measurements

G08 The sensor is autonomous

G09 The max analysis frequency is acceptable
Adaptability

G10 The sensor is easy to adapt to new developments

on the plant (for example: new measurements
online or offline, addition of new feeding pumps,
buffering or nutrient pumps) or to removal of

some components
Gl1 The sensor is easy to ingtal and configure
Robustness
Gl12 The softwareis free of bugs causing crashes or
hanging the system
G13 The sensor restarts quickly
Gl14 The sensor does not require excessive
mai ntenance
G15 The cost of maintenance is reasonable
G16 The sensor does not require excessive cadibration
G17 The alarms are efficient
Usability
G18 The instrument iseasy to learn
G19 Good online helpis available
G20 The datadisplay is clear and easy to understand
G21 The required languages are supported
Security
G22 The user is unlikely to do accidental damageto
the sensor
G23 There is secure access (password) to the sensor
controls
General
G24 The price of the sensor is acceptable
G25 Overal the softwareis of good quality and doesa
good job
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Gas analyser: additional comments

System validation (D1.5)

Please provide further information here about negative assessments in the table above.

Please refer to the number of the criterion.

Number
(eg. G12)

Remarks
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V. Proposed method toimplement a new TELEMAC module

1. Introduction

Implementing a TELEMAC module + or an update of the TELEMAC system on a
running plant £ is a delicate exercise that must not jeopardise the process integrity. We
therefore developed an approach which is partially presented in deliverable D5.3c. This
approach consists in first remotely running the module (for example at INRIA or SPES) and
checking that it is working well. Once the module has been validated, it can be implemented
locally.

This aspect is deegply connected with the validation aspect since the cornerstone of the
implementation is to strictly validate each new step to guarantee that the whole system is till
valid after complete implementation.

2. Example of Agralco

The example of Agralco implementation of ODIN is presented here. The data acquired
by the existing software are copied at each new acquisition, transformed into the XML
format, and sent to a mirror machine at SPES. This mirror machine is then considered as the
machine acquiring the data, asif it was the local machine. All of the developed modules can
thus work on this machine. Figure 24 presents the scheme corresponding to what was done at
Agralco.

Laplink

Agralco|piloto

Mirror machine

Qdin

Pamplona (Spain)

Sophia Antipolis (France)

R
ftp server

Telemac computer o
ftp-sop.inria.fr

Figure 24. Overview of the way modules are remotely implemented
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3. Remote update

Once the module has been remotely validated, it can be updated on the plant. This is
still adelicate operation that should be done with care since it may results in aremote crash of
the computer system.

As explained in D5.3c, the modules have been designed so that the possible changes
related to process configuration are located in specific directories. After afile change in these
directories (this change can be performed using a classical commercia remote access
software, e.g. Laplink), the TELEMAC system is automatically reconfigured and restarts with
the new options.

VI. Validation of the COD analytical method for use with
anaer obic wastewater

1. Introduction

The objective of this last section is to present the result of an intercalibration exercise
whose objective was to check that the COD measurements were valid for al the involved
laboratories. Surprisingly we detected large discrepancies, which motivated a deeper study
that shows the problem associated to anaerobic wastewater measurements. This aspect must
be taken into account when validating the overall efficiency of a monitoring system.

Severa analytical methods are used to describe the pollution capability of wastewater.
In particular three methods are mainly used to give a general description of the level of
pollution. These methods are BOD (Biological Oxygen Demand), TOC (Tota Organic
Carbon) and COD (Chemical Oxygen Demand). Each of these methods provides information
that is complementary to the other ones, but alone, it is not able to completely describe the
level of pollution of wastewaters.

The methods proposed by the Standard Methods for the Examination of Water and
Wastewater (1995), are not able to oxidize every organic compounds that may be present in
wastewaters from anaerobic digestion processes. In particular, volatile fatty acids (VFAS) are
not completely oxidized. This aspect has a particular importance during wastewater treatment
in anaerobic digestion because, in the presence of high amount of VFAs, COD wastewater
content may be greatly underestimated. During operation of anaerobic wastewater treatment
processes a large amount of VFASs is indeed usualy produced. Therefore, a wrong analytical
COD evaluation can bring a wrong evaluation of the process performances, especially under
overload periods, which cause several problems in plant management and decrease biogas
production.

In this section the results of an interlaboratory exercise for the COD measurement of
samples containing VFASs are presented. The study shows the influence of different analytical
methods used in four different laboratories involved in TELEMAC, for the COD
measurement. The methods proposed for COD determination by the Standard Methods and
commercia kits have been also tested.
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2. Methods

The interlaboratory exercise has been carried out among four laboratories involved in
the TELEMAC project [one in Italy at ENEA (L1), one in France at INRA (L2) and two in
Spain at University of Santiago de Compostela (L3) and at Agralco (L4)].

COD measurements were conducted according to the Standard Methods (1995), using
both the open and the closed reflux method. Because the objectives of the exercise was to
verify the oxidation procedures on volatile fatty acids (and not the dichromate measurement
by titration or colorimetry), for the closed reflux method only the titrimetric one was used. For
more analytical details see sections 5220B and C of the Standard Methods (1995). Moreover
two (L1 and L2) of the four laboratories have also used commercial COD test kits.

For the COD measurements potassium hydrogen phthalate (KHP) was used as standard
assuming a theoretical COD (TOD) of 1.176 gO./g. Among the several VFASs produced in
anaerobic processes, acetic acid (both liquid and as sodium acetate trihydrate), propionic acid
and butyric acid were used for the interlaboratory exercise. Every chemicals used were ACS
reagents. TOD assumed in this study was 1.07, 0.47, 1.51 and 1.82 gCOD/g for acetic acid,
sodium acetate trihydrate, propionic acid and n-butyric acid, respectively (Pitter and Chudoba,
1990).

3. Results and discussion

The interlaboratory exercise shows that the concentration of the VFA greatly affects the
result of the COD measurements with errors that can reach even 50%, in the case of tests with
acetic acid (Tables 3 to 8). Better results are obtained using the kit tests available on the
market, and the worst using the open reflux method. This can be due to the volatilisation of
VFASs to the headspace of the digestion tubes. In this way the volatile compounds will not
react in the liquid face. The better results obtained by the market kit (Tables 6 and 8) and at
L3 (Table 4) can be attributed to the lower headspace volume that has (probably) increased
the contact of the volatile compounds with the oxidant. The worst results were found using
the open reflux methods or using a high headspace volume.

Both acetic acid and sodium acetate were tested to evaluate the possible effect of VFAs
volatilisation during the preparation of the standards. The results show that the COD
underestimation may not be justified by acid volatilisation (during the preparation of the
standard solutions) because important errors were also presented where sodium acetate was
used for standard preparation.

The results in the COD analysis carried out with potassium hydrogen phthalate confirm
the efficiency in oxidation of “common” organic substances (Tables 3 to 8).

Table 3. Results obtained using the open reflux method at L2. Vales are arithmetical
means of three replicates. Units in mgO,/L. In brackets the relative error (%).
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TOD KHP Acetic acid Na Acetate
measured COD measured COD mg%sgred
100 100(0) 90(-10) 46(-54)
200 208(+4) 162(-19) 148(-26)
400 392(-2) 351(-12) 297(-25)
800 760(-5) 677(-15) 501(-37)

Table 4. Results obtained using the closed reflux method at L3. 3.5 mL headspace in
the vials. Units in mgO,/L. In brackets the relative error (%).

TOD KHP Acetic acid Na Acetate
measured COD measured COD measure COD
100 119(+19) 92(-8) 108(+8)
200 216(+8) 189(-6) 200(0)
400 411(+3) 384(-4) 395(-1)
800 816(+2) 751(-6) 773(-3)

Table 5. Results obtained using the open reflux method at L4. Vales are arithmetical
means of three replicates. Units in mgO,/L. In brackets the relative error (%).

TOD KHP Acetic acid Na Acetate
measured COD measured COD COD
100 84(-16) 87(-13) 102(+2)
200 180(-10) 179(-11) 181(-10)
400 393(-2) 384(-4) 372(-7)
800 798(0) 744(-7) 728(-9)
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Table 6. Results obtained using commercial kits at L2. Vales are arithmetical means of
three replicates. Units in mgO./L. In brackets the relative error (%).

KHP Acetic acid Na acetate
TOD meas. COD TOD meas. COD TOD meas. COD
100 102(+2) 111 114(+3) 100 103(+3)
200 205(+3) 222 237(+7) 201 214(+6)
400 415(+4) 444 475(+7) 402 430(+7)
800 834(+4) 888 951(+7) 804 870(+8)

The COD underestimation is also confirmed when other VFAs are measured (Tables 7
and 8). Also in this case, using tubes with a smaller headspace (as in the commercial kits) can
increase the VFASs oxidation (Table 8).

The better results of the kits could also be explained with a better seal of the screw-cap
on the tube because of the “single-use” of the kit vials.

Table 7. Results obtained using the closed reflux method at L1. 10 mL headspace in
the vials. Vales are arithmetical means of (*)three, (**)five, (***)four, (****)two replicates.
Units in mgO./L. In brackets the relative error (%).

TOD measured COD
Acetic acid 214 211*(-1.4)
“ 856 594*%(-30)
Na Acetate 365 299***(-18)
Propionic ac. 302 267***(-11)
n-butyric ac. 364 334****(-8)
KHP 234 254*(+8)
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To improve the chemical oxidation of VFAS, the increase of the digestion time using the
closed reflux method has been tested. The oxidation time was increased from 2 (standard
oxidation time) to 6 and 24 hours. The results (Table 9) show that increasing the oxidation
time increases the value of the measured COD for the acetic acid standards. The very low
COD values with the two hour of oxidation have to be highlighted. On the contrary, the
prolonged oxidation time has caused a COD overestimation (of the lowest standard
concentrations). A possible explanation could be that the longer oxidation time could remove
part of the rubber in the caps or could oxidize some dirty material previously present in the
vials.

Table 8. Results obtained using commercial kits L1. Vales are arithmetical means of
two replicates. Units in mgO,/L. In brackets the relative error (%).

TOD Measured COD
Acetic ac. 107 95(-11)
“ 214 213(-1)
“ 428 428(0)
“ 856 825(-4)
Propionic ac. 151 149(-1)
“ 302 395(-2)
“ 604 598(-1)
“ 1208 1180(-2)
n-butyric ac. 182 176(-3)
‘ 364 344(-6)
“ 728 628(-14)
“ 1456 1366(-6)
KHP 118 118(+1)
“ 232 243(+3)
“ 471 469(0)
“ 941 923(-2)
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Table 9. COD measured oxidising acetic acid using the closed reflux method and
increasing the digestion time from 2 to 6 and 24 hours at L1 using 10 mL headspace
digestion tubes. Vales are arithmetical means of two replicates. Units in mgQO,/L. In brackets
the relative error (%).

TOD 2h 6h 24
50 32(-36) 56(+12) 75(+50)
100 46(-54) 105(+5) 110(+10)
200 85(-58) 182(-9) 203(+2)
400 159(-60) 340(-15) 399(0)

4. Conclusions

The results of the interlaboratory exercise on the COD measurement of VFAS samples
have confirmed that the standard methods usually adopted could underestimate their
concentrations. To increase the accuracy of the COD measurement of VFAS the closed reflux
method has to be preferred to the open reflux one. It is important to leave the smallest
headspace in the tubes so as to increase the contact of the volatile compounds with the
oxidant.

As a corollary the classical measurements of COD must be considered with care, and
the software sensors can also provide an appropriate tool to check the measurement integrity.

V1. General conclusion on system validation

This report shows how the various modules developed during the TELEMAC system
have been validated at different scales and for various technologies (CSTR, fixed bed, UASB,
EGSB ...), asshown on Figure 25.

We have demonstrated how each module can successfully work on an anaerobic plant.
Of course, the presented tests are often too short to alow an effective assessment of the
robustness of the system on along term basis. Moreover, during the performed tests, only one
module at the same time was tested (even if, in some cases, the other were also connected). It
remains then to test the full system with possible unpredicted interactions for along period of
time. This already started and will go on at the Estrellafacilities where results will be assessed
for aone year period before full industrial exploitation of the TELEMAC system.
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Figure 25. The various plants that were used to develop and assessthe TELEMAC system

To conclude this validation report we would like to emphasise the importance of
training to achieve good performances in the anaerobic process. In some respects, the full
TELEMAC system is complex and we have noted that the local user can feel either short-
circuited or lost by this system, and then it becomes very difficult to interact with him. It is
therefore really akey issue for the success of this project to adequately train the people to use
this system (and also to better explain how anaerobic digestion works and what are the risks).
This was the objective of the training session organised end of December, and because of its
success we will probably organise a new session during 2005 (due to the date several people
could not come) including the people that will have to interact with the system in the future.
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