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Abstract

This report summarizes the work done by USC, INRA, ENEA, Agralco, Allied Domecq and SAUZA (WP1) in the last six months of the project, regarding the final data generation at lab, pilot and full scale, mainly for validation of the modules generated by other partners and WPs. 

Data were generated in five reactors: a Hybrid UASB-UF pilot scale reactor (at USC), a pilot scale up-flow fixed bed reactor at INRA, a preindustrial scale reactor at ENEA, and both a preindustrial  and industrial scale reactor at Sauza, plus a new full scale reactor from a non partner company. This reactor was used for Anasense validation.

The database with the experimental data sets obtained were published on the BSCW web page and the TELEMAC on line data base (http://mcx01.ensam.inra.fr/TELEMAC/).
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Introduction

This deliverable (D1.3d) presents the results obtained within WP1. It mainly consists of data sets resulting from experiments used for validation of the different modules developed by other partners, for example: sensors, controllers and so on. The start up of a full scale reactor is also presented. For the full scale validation of the Anasense sensor, experiments were carried out at a brewery wastewater treatment plant, with a IC-EGSB reactor (internal circulation-expanded granular sludge blanket), which is one of the most advanced types of reactor available on the market.

The present report highlights some specific experiments and the main outcomes in order to better assess the performed work. This deliverable is mainly focused on pilot and industrial scale experiments. 

The innovation of this data is the application of controllers in closed loop to a pilot scale and the validation of such a sensor at full scale. Another innovative point is to explore a broad range of digesters (UASB, CSTR, fixed bed, Hybrid) and scales (from 0.5 m3 to 5000 m3) but with similar substrates and up to high destabilization. 

This deliverable follows on from D1.3c, and therefore some data obtained in D1.3b are reproduced in some graphs; in such a case they are mentioned to clearly distinguish the new data.

The deliverable is structured by digesters. The full set of data for all the plants is available in the TELEMAC data base through the web:

http://mcx01.ensam.inra.fr/TELEMAC/
A.- USC Hybrid Pilot Plant

Materials and methods (recall)

The USC-pilot scale reactor is a hybrid UASB-UAF reactor of 1 m3 equipped with several on line sensors. The pilot plant was presented in D1.2b. The following on-line measurement were available: feed and recycling flow; inflow and effluent pH; inflow and reactor temperature; biogas flow; biogas analyzer (H2, CO and CH4); biogas head space pressure and inflow TOC and effluent TOC, DOC, TIC and DIC. The data from these sensors were measured in a PC through a PLC every 5 s and a moving average was acquired every 15 min. 

Volatile fatty acids (VFA), Chemical oxygen demand (COD) and Volatile suspended solids (VSS) were determined off-line following standard methods (APHA 1992) and described in Deliverable D1.1 and D1.3a. Total partial and intermediate alkalinities were determined off-line by titration to pH 5.75 and 4.3 (Ripley, 1986). VFA were automatically collected every 15 or 30 minutes for off line analysis.

Wastewater composition

The reactor was fed with a synthetic wastewater with diluted wine. At steady state operation the inflow COD was fixed to 8-10 g COD/L, equivalent to a wine dilution of 1:20. During the overloads the concentration was fixed to the desired level according to the overload intensity. A nutrient solution of NH4Cl, K2HPO4 and NaHCO3 (80 g/L) were automatically added in order to maintain reactor stability and a COD/N/P ratio of 300/7/1. 

Experimental protocol

Controller Experiments

Two controllers developed in WP3 were implemented in the USC-Hybrid Pilot plant. The adaptive gamma controller and the H2/QCH4 based controller were tested. 

The protocol for both controllers was the following: Once the process was stable, the influent TOC was increased by 60% and the controller performance was followed by means of the effluent TOC. Once stable operation was reached again, influent TOC was reduced from the original value by a factor of 60% and the controller performance was followed.

Two controllers were tested, the adaptive gamma controller algorithm presented in D3.3 and the H2/QCH4 based controller algorithm presented in D3.4.

Ansense validation at pilot scale

A strong link between USC and Biomath was established in order to develop an experimental design for the validation of the sensor. Using the desired profile of VFA and bicarbonate and ADM1 model, an experimental design was developed and used in the validation stage as a reference of the operation condition, even if it was changed during the experimentation based on the operator expertise and observations.

The final proposed protocol is presented in Figure 1
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Figure 1: Proposed protocol for Anasense validation according to experimental degign.

The predicted VFA and Bicarbonate profile is presented in Figure 2
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Figure 2: Expected VFA and Bicarbonate profile according to the protocol for Anasense validation.

Ansense validation at industrial scale

As before, a strong link between Biomath and USC was established to develop a validation protocol for Anasense at industrial scale. The protocol objective was to evaluate the real effluent at a first stage and then, in a second step, use the effluent as a matrix and dose known amounts of the different compounds that the sensor is capable of measuring, such as ammonia, lactate, phosphate, simulating an overload. The final protocol is presented in Figure 3.
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Figure 3: Proposed protocol for Anasense validation at full scale according to experimental design.

Results

Controller experiments

From previous experiments the performance of the controller and a raw tuning value of the gain constant (K) were studied. After this the controller was implemented in the pilot plant monitoring software. Then the controller was operated in close loop. The table below presents the incidents and operational conditions using during the preliminary test of the adaptive gamma controller.

Time (h)
Comments

0.0
Start

16.2
Recirculation pump failure

46.2
TOC recalibration

47.1
TELEMAC controller start working in close loop with DOC setpoint of 45

66.2
Setpoint changed to 100

111.7
TOC recalibration

207.2
Bicarbonate pump failure

215.2
TOC stop working for maintenance

254.1
TOC recalibration

263.5
TOC recalibration

282.1
TOC stop working for maintenance

288.9
Controller start working in open loop 

289.9
TOC recalibration

307.4
TOC recalibration and controller start working in close loop

311.3
pH recalibration

377.9
Temperature failure, reactor start getting cold

422.1
Recirculation pump failure

422.9
heating restart

473.1
No data from 2 AM to 11 AM

473.1
TOC recalibration

473.8
pH calibration and stop of controller

474.9
Controller restart

542.7
Effluent valve was open, reactor level decrease so recirculation pump fails, so temperature decreases and so on!


End of database

Figures 4 and 5 present some experimental variables of the test. Full data are available in the TELEMAC database.
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Figure 5: Results of the preliminary test of the adaptive gamma controller.
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Figure 5: Results of the preliminary test of the adaptive gamma controller
A second set of experimentation vas conducted, in order to validate the response of the controller to an increase of the influent TOC by 60%. The experimentation was divided in three stages, as follow:

· Stage A: From day 15 to 17.5 the process was operated in open loop

· Stage B: From day 17.5 to 18.7 the process was operated in closed loop using as setpoint the effluent DOC of stage A and initial gamma to maintain the feed flow equal to stage A.

· Stage C: From day 18.7 to the end, the influent TOC was increased in 60% 

· Failures: Day 37 influent TOC was 0 for 10 h (no wine was feed) so the controller rise the Qin to 0 for 1 day. Finally the feed flow was about 3 L/h and decreasing, so we finished the experiment

Figures 6 to 8 present the main variables of the process. Full data is available at the TELEMAC database.
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Figure 6: Results of the validation of the adaptive gamma controller
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Figure 7: Results of the validation of the adaptive gamma controller
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Figure 8: Results of the validation of the adaptive gamma controller
Anasense validation at pilot scale

Extensive experimentation for Anasense validation was conducted at pilot scale following the protocol developed. The pilot plant was run in extreme conditions, achieving a VFA concentration up to 6000 mg/L and covering a wide range of bicarbonate, from 50 meq/L to 0 meq/L. These results are presented in Figure 9 and 10. Extensive data analysis is presented in D2.7

[image: image11.emf]0

1000

2000

3000

4000

5000

6000

7000

0 100 200 300 400 500 600 700 800

time (h)

VFA (mg/L)       .

VFA reference VFA (Applitek) VFA (INRA) VFA (Biomath)


Figure 9: Results of the validation of the Anasense at pilot scale. VFA profile.
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Figure 10: Results of the validation of the Anasense at pilot scale. Bicarbonate profile.
B.- Full scale IC reactor at Estrella Galicia for Anasense validation at full scale

Full scale validation was carried out following the developed protocol. Wastewater was used as a matrix (basal medium) and dosing known amounts of compounds like VFA, ammonia, phosphate, lactate and bicarbonate.  Figures 11 and 12 present as an example the VFA and Bicarbonate profile during the experimentation. Extensive data analysis is presented in D2.7
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Figure 11: Results of the validation of the Anasense at full scale. VFA profile.
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Figure 12: Results of the validation of the Anasense at full scale. Bicarbonate profile.
C.- ENEA Pilot Plant

Materials and methods

The pilot plant present in the Enea laboratory is a hybrid reactor CSTR-UAF with a working volume of 180 l. It is equipped with several on line sensor for the control of the reactor. The sensors installed are pH meter for the control in the influent, at the bottom and at the top of the reactor, near the outlet point. The temperature is acquired in the influent in the reactor at the bottom and on the top. Two flow meters control the flow of the influent and the flow of the recycle. The quantity of the gas is measured with a gas flow-meter, and the quality of it is measured with an IR gas analyzer for the measurement of the methane. Also the concentration of hydrogen is measured with an electrolytic cell detector.

All these measurements are sent by a wireless connection to a computer, and, using the software developed inside the project, stored in it. With this computer it is possible also to manage some devices on the reactor like the heating system, the feeding and recycling pump. Usually on this plant these parameters are managed manually, so an increase of organic load needs the presence of an operator, but the software is able to manage automatically the reactor using a MATLAB controller.

Several other measurements are executed off line, in this case the analytical results are manually inserted on the database of the local computer of the reactor. All these measurements are automatically sent by a LAN connection to a web server. It is possible to access to inspect all the data acquired, all the comments performed by the local operator and apply some action on the plant, or send some information to the local operator. The software on the web server has been developed by some of the partners of the project according with the specifications decided by the consortium.

The off line measures determined are the chemical oxygen demand (COD) total and soluble in the influent, in the effluent and inside the reactor, total solids (TS), volatile solids (VS), total suspended solids (TSS) and volatile suspended solids (VSS). The total and partial alkalinities are determined following the procedure present in the Standards Methods for Water and wastewaters (APHA 1995). The volatile fatty acids (VFA) in the influent and inside the reactor are determined by gas-chromatography. 

The data presented in this report are the data of the last 230 working days of the plant.

Wastewater composition

The reactor is fed with a real wastewater collected from some distilleries near the laboratory. The quality of the effluent depends very much on the production at the time of collection from the industry, and so for this reason during the project the quality of the wastewater changed. During this last period the wastewater used to feed the reactor had the following characteristics:

Parameters
Unit
Wastewater from

cereal distillation
Winasses
Wastewater from 

fruit distillation

pH

4,10 (0,12)
3,72 (0,23)
4,57 (0,12)

CODT
[g l-1]
15,87 (2,62)
22,70  (1,79)
20,39 (0,97)

CODs
[g l-1]
9,68 (1,62 )
20,14 (0,50)
15,63  (0,36)

Acetic acid
[g l-1]
1,62 (0,25)
2,30 (0,27)
4,14 (0,37)

Propionic acid
[g l-1]
0,741 (0,297)
0
1,12 (0,094)

N-Butyric acid
[g l-1]
0,185 (0,05)
0
1,444 (0,130)

I-Butyric acid
[g l-1]
0,07 (0,01)
0
0

 Tot Alcalinity 
[g l-1 Ca CO3]
0,38 (0,05)
ND
1,75 (0,09)

TS
[g Kg-1]
7,72 (1,85)
12,7 (1,18)
10,12 (0,44)

VS
[g Kg-1]
6,18 (1,99)
10,47 (1,10)
7,35 (0,35)

TSS
[g Kg-1]
3,97 (0,63)
1,96 (0,31)
2,81 (0,17)

VSS
[g Kg-1]
3,79 (0,61)
1,72 (0,21)
2,62 (0,16)

Experimental protocol 

The protocol that was planned to follow was that described in D1.1. In this plant it was not so easy to apply this protocol because we had to both apply the protocol and test the TELEMAC software and debug the new version developed. This is one of the reasons that the proposed protocol has not been applied completely.

On several occasions the reactor failed because problems in the control of the system. From the last version of the software installed in April 2004 the reactor had no problems due to the TELEMAC software.

Results

During the first year of work the reactor demonstrated a difficulty to maintain the biomass inside and for this reason the reactor was tested for feeding as ASBR reactor. The data obtained with this working procedure has been already presented.

After this period of work the target was to increase the settlebility of the sludge and increase the biomass inside the reactor with the aim to increase the organic loading rate (OLR) of the reactor. As it is possible to see in the graph it was never possible to increase the OLR at values higher that 2 kg COD*m-3*d-1.
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Figure 13: Organic loading rate of the reactor.

The level of OLR at 7 kg COD*m-3*d-1 derives from a fault in the PLC that controls the communication between the local software and the different devices of the plant. For an unknown reason it had continuously loaded the reactor all night. This obliged a restart of the reactor with a new inoculum coming from a CSTR reactor working on distillery wastewaters. Because of the poor settling capacity of the sludge and the relatively high content of COD of the wastewaters used, the hydraulic retention time of the reactor could never decrease less than 10 days. The graph below shows how this parameter goes.

[image: image16.emf]HRT 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

times (days)

d

-1

borland

winasses borland

new inoculum


Figure 14: hydraulic retention time of the reactor.

It is possible to see in Figure 15 and 16 the decrease of the solids inside the reactor after the inoculum and how they stabilize after some weeks.
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Figure 15: Total and suspended solids in the reactor
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Figure 16: Total and volatile suspended solids in the reactor.

The concentration of the volatile suspended solids in the effluent decreased from the point of the inoculum for 30 days, and after 120 days the content of the solids in the effluent reached a minimum value. After the change of the wastewater the content of solids started to increase again, probably due to the stress of the change.

This is evidence that there was a biomass selection and that during the stress events for the reactor, i.e. change of loading, change of substrate, the biomass loses a part of its characteristics but it is able to recover soon (Figure 17 to 20).
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Figure 17: Volatile suspended solids in the influent and in the effluent of the reactor.

The COD has also been controlled with off line measurements. The figures 18 and 19 show how these two parameters are changing in the inlet point and the outlet point of the reactor. In particular it is possible so see how the soluble COD in the vinasses wastewater is quite close to the total COD, indicating that this wastewater has a poor content of suspended solids inside. The other two wastewaters used instead had a much higher difference between the total and soluble COD in the influent that decreased a little during the test period, probably due to a partial hydrolysis in the storage tank of the particulate organic matter.
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Figure 18: Total COD in the influent and in the effluent
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Figure 19: Soluble COD in the influent and in the effluent.
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Figure 20: Efficiency of the soluble COD removal.

In any case it is possible to see how, throughout the period considered, the total and soluble COD always has values lower than 1000mg/l and only during the change of the wastewater used it is possible to see a slight increase of the COD.

This is a good indicator that the process was working well also ???if it is important to remember that the HRT is also quite high.

In Figure 20 it is possible to see how the efficiency of the process for the COD removal is always above 90 %.

Furthremore, the content of acids in the reactor and in the influent demonstrates that the efficiency of the process is quite good if there are no big changes.

It is also interesting to see that, as with the last wastewater used, all the acids are completely consumed inside the reactor despite the high content of acetic acid in the influent.
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Figure 21: Contents of the acids in the influent and inside the reactor.

The biogas produced during this period is instead quite unstable. If the quality is always above 50% the flow changes considerably. This is due to the low efficiency of the gas meter which, with low gas flow as often happens with this reactor, is not able to give a correct measurement.
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Figure 22: Average flow of biogas and methane in the reactor

Conclusion

During this period of experimentation it was possible to manage the reactor quite well, but because of the difficulties encountered in increasing the organic loading rate it was not possible to reach an OLR that can be significant for the test of the reactor performances. 

On the other hand, the problems related to the stability of the control of the reactor, in this case not due to some failure of the software, but because some of some problem on the devices connected with it, has produce a crash of the reactor at at time when it was possible to perform some more tests.

D.-Agralco Pilot Plant 

Testing of the robust COD controller

After a first trial which failed because of flooding of the Agralco factory, the robust gamma controller (see deliverable D3.4)  was tested for 2 weeks. The objective was to take advantage of the available CH4 measurements (in fact proportion of CO2 and total gaseous flow rate and adaptation with the COD measurements) to regulate the total COD around a setpoint (here chosen to be 1g/l).  To be implemented, the controller had to be slightly modified in order to deal with the discontinuous character of this digester. The volume to be introduced in the considered period was computed and introduced in one go. 

As shown on the Figure 23 the controller did a rather good job, despite a failure around day 7 in the controller code that lead to large introduction of COD in the digester, leading to high VFA concentration (Figure 24). However after this incident the system seemed to be well stabilised. Of course more experiments will be necessary to better assess the potential of this controller.
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Figure 23. COD measurements during the test of the robust COD controller on Agralco's 32m3 digester.
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Figure 24. VFA during the test of the robust COD controller on Agralco's 32m3 digester.
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Figure 25. Methane flow rate during the test of the robust COD controller on Agralco's 32m3 digester.

These tests also revealed that the discontinuous feeding of the digester should probably better be taken into account in order to improve the process behaviour.

E.- SAUZA Pilot Plant and full scale

1- Tequila Sauza pilot plant

The 20m3 pilot plant was dismantled and, under the supervision of Allied Domecq UK, sent to another of the Allied Domecq distillery at Maker’s Mark bourbon plant in Kentucky. There are many distilleries in Kentucky and all use the concentration of vinasses to create dark grain. With the fast development of biofuel from corn the price of the dark grain is going down and the small operations are far from competitive which moves them towards better technology.

With the cost of energy rising this environmentally friendly process is welcomed by the local industry which is not familiar with it, having had some bad experiences in the past.

The Pilot plant from Sauza has been set up and is working on the same principle of  Completely Steered Tank Reactor contact (CSTR). Some adjustments have been made to adapt the equipment to this new raw material. 

The first results are quite satisfactory with a large gas production.

The US electricity companies are interested in buying the biogas to produce green energy. This is a new field for Anaerobic digestion and potential development of the TELEMAC project. Testing will last until spring to define parameters and potential energy production. Once the industrial digester is built and operating, the lessons learnt will be used to built two anaerobic digesters in AD’s Walkerville grain distillery in Canada.

2- Sauza industrial plant.

Data have been collected and are part of the TELEMAC database to help improve the reference library. From January 2004 till the end of August 2004 this represents some 8500 data items from physical measures to analytical data.

More data are being collected from September 2004 to the end of the year and will be passed to the TELEMAC database for future usage in simulation processes and reference of previous situations. 

On a smaller scale they are being used at Sauza (ADUK) to analyse the reactions of the digester.

It is very important to create that knowledge because the digester is part of a production process which has the priority of being efficient and cannot depend on an unreliable waste water treatment plant.

The plan for Allied Domecq UK is to monitor from a central support point:

· 1 existing anaerobic digester at Garibaldi in Allied Domecq Brazil (2000m3)

· 2 anaerobic digesters at Sauza Mexico (1 x 5000m3 exists, 1 x 5000m3  for 2005)

· 1 anaerobic digester at Louisville Ky. USA (1 x 6000m3 planned for 2006)

· 2 anaerobic digester at Hiram Walker Canada (2 x 5000m3 planned for 2006-7)

· 1 existing anaerobic digester at Allied Domecq India (2000 m3)

2.1 Observations at industrial digester at Sauza Mexico

The year 2004 has seen the consolidation of the Industrial Digester and the adjustments of the equipment.

The graphs below are to demonstrate the incidence of the industrial problems and their effect on the biological process.

Any industrial operation will always have technical or organizational changes which will affect the biological process.

Example.1

Period of instability of the digester in 2004 and lack of option to increase the organic load per day from 6 tons to the requested values of 12 tons of Soluble COD per day. This is mostly due to the lack of capacity of control the high temperature of the spent wash (vinasses) sent to the digester.

This becomes visible from end of February 2004, at the same time the volume introduced increases and these two factors create a higher temperature in the digester up to 40,5-41ºC.

During the Easter holidays, around the 10th of April, the distillery is closed and the vinasses used for feeding the digester are stored for a week, the organic load ( Vol x soluble COD) is reduced from some 7 Tons/day to 1 Ton/day, and then rapidly back to 9 Tons /day. This creates a first peak in Volatile Acidity (from 0.2g/l to 0.4g/l in acetic acid ). 

The introduction in the digester had to be reduced until the addition of a small cooling water tower to reduce the temperature of the digester from 41ºC to 37.5ºC. The biological activity started again normally.

In early July a problem with two transfer pumps reduced the introductions to a minimum of 100m3 per day. The sharp increase following this fault was too fast.

The system does not accept the sharp increase of organic load +37 % during several days, going from 2 tons per day to 7.5, and nearly collapses with a sharp increase of VA (up to 1.4 g/l in acetic acid). The full collapse is avoided by a reduction of the in-feed volumes to 4 tons.

The volume had to be maintained at the same level and could not be increased until a second cooling system was installed at the distillery itself.

This has shown that the experiments in the pilot plant are a good indication of the results at the industrial stage.
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Example 2 – Experiment of the “elasticity” of the digester

The purpose is to cut the in-feed for 24 hours only and start again and see the capacity of reaction based on the biogas production.
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The organic load goes from 5666kg to zero in one day, the gas goes down from 4013m3 to 676m3 and we proceed to go back up in two days to organic load 3671 kg and 6297 kg and the gas goes to 2548m3 and 3946 m3 respectively.

This confirms the pilot results and shows the good health of the bio process.

We have seen in the previous example that if the shortage lasts for three or four days the return to normal capacity creates an overload with production of excessive VA.

During that short period the volatile acidity has not moved up and the pH has shown a slight tendency to increase.

The industrial consequences are the management of the vinasse stock during weekends and short public holidays. The capacity of the digester to return to normal volume, in this period of increase of the load, is demonstrated to be related to the length of the stoppage. Three to four days is enough to reduce the capacity of immediate reaction of the digester.

These are part of the observations which need to be included in the software to avoid the creation of overload and risks for the balance of the digester.

The industrial problem having been resolved, it is now necessary to progressively increase the load to find the limiting factors.

General Conclusions

A large set of data has been obtained in a wide range of reactors volumes from 500 L to 5000 m3. Also a wide range of reactor configuration have been tested, i.e., CSTR, fixed bed, UASB, Hybrid UASB-UF, IC-EGSB. During the experimentation; start up phase, normal operation, inhibition by volatile fatty acids and ammonia have been encountered and data are available in the TELEMAC data base. 

There were strong interactions with other WP’s, for protocol development, controller test and so on. Most of the data mentioned in this deliverable have already been used in the framework of other Work packages (WP2, WP3 and WP5), for purposes such as controller validation and sensor validation.
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