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Abstract

This report summarizes the work done by USC, AGRALCO, INRA, ENEA, Allied Domecq and SAUZA (WP1) in the last ten months of the project, regarding data generation at lab, pilot and full scale. 

Data were generated in six reactors: an Hybrid UASB-UF pilot scale reactor (at USC), a pilot plant at AGRALCO, an pilot scale up-flow fixed bed reactor at INRA, a preindustrial scale reactor at ENEA and a preindustrial  and an industrial scale reactors at Sauza.

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

A – Experiments at Hybrid UASB-UF Pilot Plant at USC

1.- Stabilizing the reactor after last overload


May  2003


Normal operation to reach a steady state to start the new experiments. 10 days of operation

Total: USC: 0.5 MM.

2.- Long term overloads up to complete destabilization


June-September 2003

Continue increase of the OLR from 5 (normal operation) up to 35 kg COD/m3 d, achieving a complete destabilization of the process and a high degree of inhibition.

Total: USC: 2 MM.

3.- First Controller test


November 2003-January 2004


Implementation and test of the first controller, based on methane flow rate and inflow COD.

Total: USC: 2 MM.

4.- Managing and updating the Telemac data base.

Total: USC: 0.6MM

5.- Editing and writing Deliverable 1.3c.

Total: USC: 0.5MM

Grand Total: USC: 5.6 MM

B – Experiments at INRA Pilot Plant:

1.- Organic overload with pH regulation in the input line


April 2002

Total: INRA: 0.3 MM

2.- Organic overload without pH regulation in the input line


May 2002

Total: INRA: 1 MM

3.- Adding of ammonia in the reactor


June-August 2002

Total: INRA: 1.7 MM

Grand Total:  INRA: 3.0 MM

C – Experiments at ENEA Pilot Plant:

1.- Change the management of the reactor 


May - July 2003


Change the operation mode of the reactor from ASBR to CSTR

Total: ENEA: 0.80 MM

2.- Restart of the reactor after reinoculation


August - November 2003

Total: ENEA: 0.50 MM

3.- Increasing the OLR in the reactor


December 2003 - May 2004


Increased the OLR of the reactor and installation of the new version of the Telemac software

Total: ENEA: 1.40 MM

Grand Total:  ENEA: 2.7 MM

D - Experiments at AGRALCO Pilot Plant and full scale

1.- Overload of the reactor 

Total: AGRALCO: 2.3 MM

2.- Reaching final steady states defined in D1.1

Total: AGRALCO: 0.4 MM

3.- Implementation and tests of an ozonisation pre-treatment for vinases influent to assess the effect on the process yield and stability.

Total: AGRALCO: 1.0 MM

4.- Detailed monitoring of the full scale digester, collection and processing of the data and update of the data base. 

Total: AGRALCO: 1.6 MM

Grand Total:  AGRALCO:  5.3 MM

E – Experiments at SAUZA Pilot Plant and full scale

1.- Start up of the full scale reactor (1 year duration)

2.- Monitoring with high sampling frequency of most of the parameters.

3.- Collecting and processing of the data and update of the data base. 

Grand Total: Allied Domecq UK: 2.4 MM, SAUZA: 5.2 MM

Total D1.3c: 




24.2 
MM

Total EC partners D1.3c: 

19 
MM
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Introduction

This deliverable (D1.3c) presents the results obtained within WP1. It mainly consists in data sets resulting from experiments that will be used by other work packages, for example; for model development and calibration, software sensors validation, for FDI procedures and to base the data mining approaches. 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 consists not only in following the transient response to perturbation for the anaerobic digester, but also to reach abnormal working mode, i.e. achieve destabilisation in high scale reactors. A strong connection with WP3 was established in order to compute the conditions which lead to the inhibition region without completely and rapidly crashing the digester. 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 is in the continuity of D1.3b, and therefore some data obtained in D1.3b are recalled in some graphs; in such a case they are mentioned to clearly distinguish the new data.

The experiments follow the protocol established in D1.1. In some cases this protocol was modified, either because it turned out to be irrelevant or because it was not possible to reach the desired conditions. An iterative procedure using model simulations was carried out to progressively improve the protocol and to optimize the information content of the result.

The deliverable is structured by digesters.  Even if the contractual requirement is a data base some comments have been added to highlight the work progress. 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/
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, this means 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. Table 1 presents a characteristic composition of the concentrate wine used in this study. 

Table 1. Characteristic composition of concentrate wine used in the experiments. 

Component
Concentration

COD
180 g/L

Ethanol
87 g/L

Acetate
1 g/L

Butyrate
0.25 g/L

TOC
47.5 g/L

TIC
0.050 g/L

Nitrite
N.D.

Nitrate
0.007 g/L

NTK
0.213 g/L

Cl-
0.140 g/L

SO4-2
0.539 g/L

ND: Non detected

Experimental protocol

Overloading experiments:

One long term overload has been performed (Experiment 1 in Table 2, presented in D1.3b). These data were used for model calibration by WP3. The calibrated model was used for developed a protocol for overload the reactor assuring not causing a high damage of the process neither a irreversible destabilization. The algorithm is presented in Figure 1. The final protocol developed is presented in Table 2 (Experiment 2, 3, 4, 5 and 6). Between experiment 1 and 2, while the protocol was developed, the process successively drove to sensor fails. These data would be used for FDI.

Table 2. Experimental protocol for long term overloads experiment.

Experiment
Initial OLR 

(kg COD/m3·d)
Overloading OLR 

(kg COD/m3·d) 
Duration

(d)
Comments

1
10
15
3
Presented in D1.3b

Sensor fails
5
5
30
Different sensor and process failures

2
5
5
4
Normal operation

3
5
15
5
First overload (hydraulic)

4
15
28
5
Hydraulic and organic overload

5
28
32
1.5
Complete destabilization

6
32
5
1.5
Returning to normal operation
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Figure 1: Developing dynamic experimental protocol

Controller Experiments

Controllers developed in WP3 were implemented in the USC-Hybrid Pilot plant. The non adaptive version was tested. The controller algorithm is the following:


[image: image2.wmf]sp

Sout

t

Sin

t

Q

K

t

D

CH

_

)

(

)

(

)

(

4

-

×

=

Ù


Where:

D(t): Dilution rate computed at each time t

K= Gain of the controller
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Sin(t): Substrate in the inflow

Sout_sp: Substrate setpoint in the effluent

The controller gain (K) was tuned on line in order to maintain the reactor in stable operation. First was set to 0.7 then changed to 0.8, 1.0 and finally was set to 0.73, giving a stable operation. 

Once the K parameter was tuned, the influent TOC was doubled and the controller performance was followed by means of the effluent TOC.

Some process failures occurred during the K tuning, Table 3 presents the incidences and the objective of each period during the controller test.

Table 3: Incidents occurring during controller test and values of K used for tuning.
Remark code
Time (h)
Comments

0
0
k was set to 0.7

1
10.7
k was increased to 0.8

2
15.0
k was increased to 1

3
26.3
Failure: Controller and monitoring software were disconnected (flows remain constant  but not measured) 

4
38.7
Failure solved: Controller and monitoring software were reconnected

5
45.8
k was reduced from 1 to 0.73

6
50.3
Failure: Nutrient pump turn off

7
68.2
Failure solved: Nutrient pump turn on

8
83.2
Failure: Recirculation pump was turn off

9
93.8
Failure solved: Recirculation pump was turn on

10
105.1
Failure: Nutrient pump turn off

11
112.4
Failure solved: Nutrient pump turn on

12
116.2
Perturbation, doubling the influent TOC by duplicated the  wine  flow rate (from 1.1 to 2.2 L/h),

13
144.1
Finish the controller test, wine flow rate reduced to normal (from 2.2 to 1.1 L/h)

Results

Overloads Experiments

Figure 2 presents the OLR and the feed flow applied during the long term overload experiments. Figures 3 to 6 presents the response of some variables as an example. Full data can be found in the Telemac Data base. Notice that experiment 1 (from day 0 to day 3) was presented in D1.3b, the rest of the experiment data is new in this deliverable.
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Figure 2: OLR and feed flow applied during the experiment.
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Figure 3: On line response of biogas flow rate for the long term experiment
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Figure 4: On line response of biogas composition for the long term experiment
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Figure 5: On line response of the effluent total and dissolved organic carbon for the long term experiment
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Figure 6: Off line response of the effluent VFA and Ethanol for the long term experiment. These data are measured off line but sampled each 30 minutes.

Controller experiments

First the controller was implemented in the virtual plant, developed in the project, to study the performance of the controller and to obtain a raw tuning value of the gain constant (K). After this the controller was implemented in the pilot plant monitoring software. Then the controller was operated in close loop.

Figure 7 presents the influent flow rate and the biogas flow rate during the controller test. Figures 8 and 9 present the response of some variables. Figure 8 presents the methane concentration and methane flow rate and Figure 9 effluent TOC and TIC. Full data are available in the Telemac database.

It can be seen in Figure 9 that the controller was not able to maintain the effluent setpoint, but the effluent TOC reached 300 mg/L. For this reason the loop was open at time 144 (h).
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Figure 7: Biogas flow rate and influent flow rate during controller test. The green line represents the incidents code as in Table 3.
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Figure 8: Methane concentration and methane flow rate during controller test. The green line represents the incidents code as in Table 3.
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Figure 9: TOC and TIC in the effluent during controller test. Set point was set to 50 mgTOC/L. The green line represents the incidents code as in Table 3.

INRA Pilot Plant

This pilot plant was originally not included in WP1 but because interesting results could be obtained and because they were demonstrated to be usefull to other workpackages of the TELEMAC project, it was decided to include it in the present deliverable.

Materials and methods

An up-flow anaerobic fixed bed process of 1 m3 was used in the present experiments. Its schematic layout is shown in Figure 10. The reactor is a circular column of 3.5 m in height, 0.6 m in diameter and has a total volume of 0.982 m3. The support used (i.e., Cloisonyl: 180 m2/m3 specific surface) fills 0.0337 m3 leaving 0.948 m3 of effective volume. The support creates 135 m2 of surface.
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Figure 10. Schematic layout of the INRA pilot scale up-flow anaerobic fixed bed reactor.

Three storage tanks (27 m3 each) are connected to a home-made 0.2 m3 dilution tank (see Figure 11) by a piping system of 0.1 m of diameter and 60 m long. Connected to the dilution tank is a remotely controllable peristaltic pump which ensures the desired influent flow rate fed into the reactor. Fresh substrate is mixed with the recycled liquid just before entering the heat exchanger (which regulates the temperature to 35°C). The heated liquid is then introduced at the bottom of the reactor where it is homogenized by the mixing pump.

Two pH measuring and regulating systems (Hanna instruments) are used (i.e., in the dilution system and in the recirculation loop). They are made of a pH sensor, a PID hardware controller, an NaOH storage tank and a dosing pump. The addition of the soda can be performed either in the dilution system or in the recirculation loop just before the heat exchanger. 

In the liquid output of the reactor, there is degassing system and a gas evacuating system. The liquid from the top of the reactor is collected by overflow in a receiving vessel. Some of this liquid is recycled at about 150 l/h and the rest is sent to the sewer. The input and recycling liquid flow rates are measured by two electromagnetic sensors (Khrone) with normalized analog outputs (4-20 mA). 
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Figure 11. Schematic representation of the dilution system for the feeding of INRA pilot plant
The gas analyzing loop (see figure 12) is composed by a dryer which eliminates the humidity by cooling down the gas. The gas flowmeter is located at the output of this loop. It uses an electromagnetic floater to measure the produced gas continuously. Hydrogen concentration in the gas phase is measured by an AMS 6400 H2 analyzer (Pekly Hermann-Moritz). This sensor is very sensitive to H2S contained in the gas, so a "purafil" trap, which changes its color when becoming saturated with H2S, was added. A peristaltic pump was also installed to ensure a fixed gas flow rate throughout the cell (electrochemical cell). It uses capillary diffusion, which has the advantage of a low temperature coefficient, a direct indication of the concentration (in ppm) and consequently, the influence of pressure over the measure is low. The Ultramat 22P sensor (Siemens) measures the CO2 and CH4 percentage composition of the analyzed gas. This sensor works on the principle of the nondispersive absorption of infrared light, that is a one beam method with a two-layer optopmneumatic detector.
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Figure 12. Schematic description of the output gas flow pattern at the INRA pilot plant

(NP = "Normal Position").

At the top of the reactor, an extra loop has been installed with an ultra-filtration module (a 10 mm diameter tubular ultrafiltration membrane from Tami Industries with a cut off of 0.14 µm and a surface of filtration of 0.045 m2). The membrane gave continuously 0.5 l/h of filtered sample with only one maintenance cycle required every two weeks on average. Two on-line advanced sensors are connected to this loop :

· a Zellweger analytics autoTOC 1950 allows the measurement of the Total Organic Carbon (TOC). This equipment has a measurement range from 0 to 2000 ppm performing a continuous analysis of the sample,

· an on-line automatic titration equipment developed in our laboratory is also connected to the ultra-filtration loop. This titrimetric sensor allows us to have partial and total alkalinity measurements every 3 minutes if required. It also estimates on-line the bicarbonate and Volatile Fatty Acids (VFA) concentrations in the output of the reactor. Part of the work performed in WP2 is based on this sensor.

All these sensors are connected to an input/output device and managed by a software developed in our laboratory to perform advanced control law calculations as well as process supervision in link with Matlab®. All the measurements are recorded every 2 minutes even though the H2 sensor and the titrimetic sensor perform series of measurements every half hour. This was chosen because of practical requirements (e.g., the H2 signal has to go down to zero before another measurement) or to lower the maintenance effort (i.e., for the titrimetic sensor) while being fully compatible with the dynamics of the process. 
Wastewater composition

The effluents used are raw industrial wine wastewaters obtained from local wineries in the area of Narbonne, France. Neither sterile nor homogeneous, this wastewater has changing characteristics (see Table 4) and they can be diluted using the buffer tank presented in Figure 11.

Table 4. Composition of the raw wine distillery wastewater used the study


Concentrations
Units


mean
min
max


Total COD
38.8
35.5
42.1
gO2/L

Soluble COD
36.2
32.5
39.8
gO2/L

TOC
11.5
11.2
11.8
g/L

Total VFAs
11.2
9.3
13
g/L

NTK
484.5
421
548
mgN-NTK/L

NH4+
137
89.6
184
mgN-NH4+/L

pH
4.3
3.5
5.0


Experimental protocol 

For each experiment described in the following, identical protocols were followed: the process is kept in stable operating conditions for at least one hydraulic retention time and then the disturbance is applied for a limited duration until it is suddenly stopped. The main variables are measured using on-line sensors and the values obtained are confirmed from off-line measurements using standard methods.

Results 

Organic overload with pH regulation in the input line

Figure 13 describes an organic overload with pH regulation in the input line. At t = 15 h, the reactor was submitted to a pulse increase of the influent flow rate from 10 to 50 l/h at a constant influent COD concentration (18.5 g/l) obtained by diluting the input wastewater (ratio 1:1 between raw wastewater and water). This represents an increase of the organic loading rate from 5 to 25 kgCOD/m3.d. After approximately 37 hours, the influent was not diluted anymore and the input soluble COD was increased at 37g/l, inducing an organic loading rate of 50 kg/m3.d. Operating conditions were back to normal at t = 65 h (i.e., feed flow = 10 l/h and soluble COD in the feeding wastewater = 18.5 g/l). During all this experiment, the feeding was maintained at pH 6 by soda addition.

The response of the process is shown on Figure 13. Both disturbances (i.e., at t = 15 and 37 h) caused an increase of the biogas flow-rate, CO2 in the produced biogas, soluble COD (up to 18000 mg/l), TOC, but also of the VFA concentration inside the reactor (up to 9 g/l), indicating the overload of the system. The microbial ecosystem was clearly overloaded but it could partially respond to this overload by increasing its activity. The measurements of pH within the reactor decreased but they could be maintained close to 7 without any other action on the process. It can be noted that alkalinity was kept high within the reactor because of the pH regulation in the feeding. This gave a high buffering power able to maintain the pH at a quite high value. Back to initial feeding conditions, the system recovered very rapidly its initial performances (i.e., after about 40 hours). 

Organic overload without pH regulation in the input line

A similar experiment was carried out but without pH regulation in the feeding line (Cf. Figure 14). The COD concentration was kept constant at 18.5 g/l during the whole experiment and the organic overload was caused by an increase of the liquid feed flow rate.

The pulse increase of the liquid feed flow rate (starting at T = 20 h and ending at t = 100 h) induced similar evolution of the main variables except for the biogas flow rate which decreased dramatically, indicating a strong inhibition of the processs, and pH in the reactor whose value dropped down to 5.3. This is due to the very low alkalinity in the reactor, which induced an accumulation of VFA in the undissociated form, this form being inhibiting for the methanogenesis process. The pH regulation in the feeding line was restarted at t = 38 h to lower this inhibitory effect. However, even though a slight increase of the pH from 5.3 to 5.9 together with a stop of the decrease of the produced biogas could be noticed, it did not improved significantly the performances of the overall process. VFA, COD and TOC indeed still increased until the operating conditions were back to normal.
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Figure 13. Dynamic evolution of the main variables after organic overload
with pH regulated in the feeding line
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Figure 14. Dynamic evolution of the main variables after organic overload

without pH regulated in the feeding line (off-line measurements are indicated in circles)
After the decrease of the feeding flow rate at t = 100 h, the reactor went slowly back to its initial performances. At t = 140 h, acid was directly added into the reactor to increase the pH and speed up the recovery process. However, except for the CO2 in the gas phase, this had a very limited effect. 

At t = 180 h, the feed flow was suddenly increased on purpose to evaluate the process efficiency and robustness. As it can be noticed, all the variables reacted very rapidly, indicating that the overall process was still affected by this organic overload. In order to protect the micro-organism's activity, the feed flow rate was thus decreased at t = 185 h and the process was kept in safe and stable conditions for  more than 200 additional hours.

From a more general perspective, one can notice that the reactor needed more than 300 hours to get back to its initial performances, indicating a more durable effect of the overload than in the previous experiment. This is due to the higher concentration of undissociated VFAs (Cf. Figure 15) which are known to be much more toxic than anionic forms (see for example Kroeker et al., 1979). 
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Figure 15. Comparison of dissociated and undissociated VFAs dynamic evolutions after organic overload with pH regulation in the feeding line (left) and without regulation (right)

Adding of ammonia in the reactor

Further experiments were performed to assess robustness of the fixed bed reactor when facing toxicant shock loads. In these experiments, ammonia from NH4Cl was chosen as the toxic compound since it is known to be a strong inhibitor for methanogenesis (Koster and Lettinga, 1984, 1988; Hansen et al., 1998).

As an illustration of the obtained results, Figure 16 presents the effect of the addition of 2.9 kg of N-NH4+ directly in the reactor at t = 0 h and during 6.5 hours. The concentration within the reactor increased during this period up to 5 g N-NH4+/l. However, no significant effect on the process performances could be observed, excepted a slight increase of COD after the ammonia addition and an increase of H2 concentration in the gas phase. The pH decrease during the ammonia addition could have buffered the inhibitory effect since free ammonia (NH3) is considered as much more toxic than ammonium (NH4+) (Hashimoto, 1986, Lay et al., 1998).

In a last experiment, ammonia addition was carried out in a longer period of time (i.e., 52 hours  vs. 6.5 hours in the previous experiment). As it can be seen in Figure 17, H2 concentration in the biogas is the only parameter that could suggest a more durable disturbance of the system, which confirm the sensitivity of this parameter to disturbances in anaerobic digesters (Cord-Ruwisch et al., 1997). However, the overall performance of the process was not significantly affected. Compared with the literature, such behavior of an anaerobic digestor facing high ammonium concentrations was unexpected, especially – as it is the case in the present study – when the anaerobic population is not adapted to these concentrations. The process was indeed started in 1997 and since then, vinasses (i.e., wastewater with a high COD/TKN ratio) were used for continuous feeding of the reactor.

Another point should be highlighted. As can be noticed in Figures 16 and 17, the on-line instrumentation available on the process was strongly affected by the addition of ammonia. Indeed, struvite formation appeared in the reactor which caused clogging of the pipes between the reactor and the sensors and, as a consequence, noise in the measurements and drifts between on-line values and off-line manual analysis.

The poor inhibiting effect of ammonia observed in these experiments could be explained by the relatively low pH values, at which a maximum of 100 mg/l of free ammonia was present in the reactor (Cf. Figure 18). Moreover, in the case of a biofilm process, physico-chemical conditions within the biofilm may be quite different compared to the measurements in the liquid phase: diffusion limitations and high biomass concentrations result indeed in gradients through the biofilm thickness which can protect the micro-organisms from toxicant effects.
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Figure 16. Dynamic evolution of the main variables 

after a short toxicant (ammonia) shock load (off-line measurements are indicated in circles)
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Figure 17. Dynamic evolution of the main variables 

after a long toxicant (ammonia) shock load (off-line measurements are indicated in circles)
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Figure 18. Comparison between methanogenic activity (from produced biogas) and free ammonia and ammonium concentrations in case of a short toxicant shock load (left) and a long one (right).

From these experiments, the following points can be highlighted: in case of organic overloads, the fixed bed reactor can be considered as very robust despite very high VFA concentrations (up to 9 g/l). Indeed, in both cases (i.e., with and without pH regulation in the feeding line), recovery of the process was possible. In addition, pH regulation in the feeding wastewater minimised the inhibition of the methanogenic biomass and it helped the overall process to recover faster. When ammonia shock loads were applied, a complete inhibition of the process was expected but the biofilm protected the micro-organisms and no effect could be noticed.

ENEA Pilot Plant

Materials and methods

The pilot plant at 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, in the bottom and in the top of the reactor, near the outlet point. The temperature is acquired in the inlet of the reactor at the bottom and on the top. Two flow meters control the influent and recycling flow rate. The  gas production is measured by a gas flow-meter. The methane content of the biogas is measured by an IR gas analyzer. Hydrogen gas content is measured with an electrolytic cell detector.

All this measures are sent, by a wireless connection, to a computer and stored in a data base, using the software developed by WP5. By this computer it is also possible to manage some devices of the reactor, such as: heating system, feeding and recycling pump. Usually these parameters are managed manually, so an increase of organic load needs the presence of an operator, but the developed software is able to manage the reactor automatically, using a MATLAB controller module.

Also the off line measures are manually added to the data base. All these measures are sent by a LAN connection to a web server where, with a restrict access, is possible to see all the data acquired and apply some action on the plant. Also this software has been developed by some of the partner of the project within WP5

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

Wastewater composition

The reactor is fed with a real wastewater collected from some distilleries nearby the laboratory. The quality of the effluent depends on the type of distillates produced in the moment of the effluent collection at the industry. For this reason, during the project, the quality of the wastewater change from experiment to experiment. During the period reported in this document, the wastewater had the following characteristics:

pH
4.4


COD tot
43775
mg/l

COD sol
23737
mg/l

SST
12.4
g/l

SSV
11.4
g/l

Acetic acid
240
mg/l

Propionic acid
34
mg/l

Total alkalinity
300
mg/l

After a period of test with this wastewater, it was decided to dilute the wastewater to allow an increasing of the influent flow rate, maintaining the organic loading rate constant.

The diluted wastewater has the following composition:

pH
4.1


COD tot
18460
mg/l

COD sol
11338
mg/l

ST
11.22
g/l

SV
9.98
g/l

SST
5.11
g/l

SSV
4.92
g/l

Acetic acid
1025
mg/l

Propionic acid
115
mg/l

Experimental protocol 

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

Several time the reactor fault because problems in the control of the system. From the new version of the software installed in April 2004 the reactor hadn’t problems due to the controller.

Results

During the first year of work the reactor demonstrate a difficulty to maintain the biomass inside and for this reason the reactor was tested for feeding as ASBR reactor. The data obtain 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. During this period of work a fault in the automatic control of the temperature in the reactor caused an increase of temperature and the reactor reach a temperature of 55 °C for more than 24 hours. After this failure, two month were spent trying to recover the reactor biomass without success. For this reason has been decided to reinoculate the reactor with new biomass.

The biomass was coming from a CSTR treating distillery wastewaters. This sludge didn’t have a good settlebility. Using the first wastewater (concentrated wastewater) the control of the biomass inside the reactor was not a problem because the high content of COD could allow a low flow maintaining the OLR at an acceptable level of 0.5-6 kg COD/m3/d.

When the wastewater was changed to maintain the OLR the flow has been increased and the sludge starts to washout. Figure 19 and 20 presents the trend of the suspended solids in the reactor. The sampling points are positioned at different levels of the reactor at a distance of about 50 cm from the bottom to the top of the reactor.

It is possible to see that after the new inoculum the content of the biomass inside the reactor was very high (profile 1) but after 20 days the content of the biomass was reduced to half the initial value (profile 2). For this reason, the recycle flow rate was reduced but this was not enough to retain biomass (profile 3). Finally recycle flow rate was completely stopped, retaining all the biomass on the lower part the reactor (profile 4). 
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Figure 19: Trend of the TSS in the profile of the reactor.
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Figure 20: Trend of the VSS in the profile of the reactor.

During the last period of experiment the organic loading has been slowly increased up to 1.40 kg COD/m3d. During a weekend, because a fault in the electric power supply system, the reactor stopped completely. After that the gas production decrease. To reach again the previous OLR the reactor was started up to prevent a stress of the biomass. The trend of the OLR applied is presented in Figure 21.
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Figure 21: Trend of the OLR (Cv) and the HRT in the reactor.

During the same period, the sampling points positioned at around 2 meters height, was sampled for SSV content (Figure 22). The solids were continuously decreasing after the innoculum stage. This is due to the high recycling flow rate, while when it was decreased the effect of retention is more evident. It is possible to see this also because around the day 140 the recycling flow has been increased and the expansion of the sludge bed increase very much. At the same time there is also a small increase of SSV content in the effluent. For this reason has been decide to decrease the recycling flow at 30 l/h. 

The influent flow rate increase from the beginning of the experiment up to 18 l/d (Figure 23). It is possible to see that there is a difference between the two methods of reading the flow. As show in Figure 23 it is possible to see the direct measurement of the flow meter and only in the last part of the experimental period the inlet flow has been calculated by a new and more precise method that allow to have a more stable reading. A difference between the two measurements is due to the problems that industrial flow meters has with real wastewater and low flows.
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Figure 22: SSV in the reactor.
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Figure 23: Two different ways to measure the inlet flow.

The behaviour of the wastewater shows an increase of the concentration of the VFA during the period due to the long storage period as show in the Figure 24. At the same time the concentration of the VFA in the digester and in the effluent (Figures 25 and 26) are decreased till values near 0. This is probably due to a better feeding system and a better retention of the biomass, but also the increase of the VFA in the influent help the performances of the reactor bypassing the hydrolytic step, giving a ready biodegradable COD to the methanogenic bacteria.

The pH in the reactor has different values in the bottom and upper parts. This is due to the two reasons already explained before. To retain the biomass inside the reactor the recycling flow has been maintained at low levels, in this way the effect of the low pH of the inlet is much more visible. Also the position of the pH probe, that is just over the inlet point of the reactor, has some effect on the reading of the pH that is not completely true. In the upper part of the reactor all this effects are dumped and the pH is stable at values near the 7. It is possible to see anyway a small trend to decrease the pH also in the top of the reactor (Figure 27).
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Figure 24: Volatile fatty acids in the wastewater.
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Figure 25: Volatile fatty acids in the digestor.
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Figure 26: Volatile fatty acids in the effluent.
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Figure 27: pH in the reactor.

The quality of the gas in the reactor has always a good level and the methane in the biogas range always from 50 to 60 % (Figure 28 and 29). Also the hydrogen is continuously monitored but the values collected have no sense with the other parameters of the reactor. A possible explanation of this could be the presence of some volatile compound that the gas trap is not able to retain and that has effect on the detector.

In the last period the gas production was good and, according with the COD load in the reactor the removal efficiency was closed to 90%.

Because of a fault in the gas measurement device only the last period of production was measured.
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Figure 28: Level of hydrogen and methane in the reactor.
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Figure 29: Gas production in the reactor.

AGRALCO Pilot Plant

Materials and methods

The pilot plant and the used protocol was the same that those detailed in D1.3b. The reactor was a CSTR of 32 m3. 

Wastewater composition

The general characteristics of the industrial wastewater used by AGRALCO during the exposed experiments are presented in Table 5:

Table 5. General Characteristics of the wastewater used by AGRALCO

Compound
Concentration

COD
37000 mg/L

pH
7.5

TAC CO3Ca
4 g CO3Ca/L

C/N/P
8/2/1 approximately

Chloride
10 g/L

Polyphenols
1000 mg/L

Galic acid


Total volatile acids
0.5-1.7 g/L expressed as AcH

Experimental protocol 

As proposed in D1.1, the protocol for the industrial plants consisted in three different steps. First, a progressive increase of the OLR until 1.85 kg COD/m3·d, working with a COD concentration of the influent equal to 17.5 g/l. After starting-up, a series of destabilizations will be carried out (Figure 30): 
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Figure 30. Proposed start-up and low charge period for the industrial-scale plants.

Results 

The reactor was filled and the protocol was started. The proposed protocol of operation was followed increasing the OLR to 1.85 kg/m3d. Then 2 overloads were applied resulting in a high inhibition of the process. Due to this inhibition, large time was spent to recover the process. Finally a hydraulic overload was applied. Figure 31 presents the OLR applied and the COD in the effluent. Figure 32 and 33 present the response of the process of some variables. Full data are available in the Telemac data base. Noted that data up to date 60 was presented in D1.3b, the rest of data is new in this deliverable. 
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Figure 31. Organic loading rate applied and COD in the effluent
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Figure 32. Effluent VFA and pH.
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Figure 33. Biogas flow rate and CO2 concentration in the biogas.

SAUZA Pilot Plant and full scale

Introduction

The start up of a full scale plant is presented here. The reactor is a 5000 m3 completely stirred tank reactor (CSTR) treating Tequila wastewater as described in D1.1 and D1.3b. Figure 34 present a general view of the full scale plant in Tequila, Mexico.


[image: image76]
Figure 34. Sauza anaerobic full plant at Tequila distillery

Materials and Methods

The protocol was to increase the load, maintaining the stability of the process. The initial OLR was set to 0.03 kg COD/m3 d and was increased gradually up to 1.6 kg COD/m3 d in one year. 

The influent was a tequila distillery wastewater produced during one year. The composition of this wastewater was presented in previous deliverables (D1.1).

Results

Figure 35 presents the OLR applied to the reactor during one year of start up and the OLR in the effluent. Figures 36 to 38 present some measured parameters as an example. Full data is available in the Telemac data base.
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Figure 35. Sauza anaerobic full scale plant at Tequila distillery. OLR applied and in the effluent during the start up.
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Figure 36. Sauza anaerobic full scale plant at Tequila distillery. OLR applied and in the biogas during the start up.
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Figure 37. Sauza anaerobic full scale plant at Tequila distillery. VFA in and effluent during the the start up.
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Figure 38. Sauza anaerobic full scale plant at Tequila distillery. pH and alkalinity during the start up.

Conclusions

A large set of data have 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. 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 high interaction 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).
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