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1. Project Background

The quality of wine is largely determined during the fermentation phase, when the must is gradually transformed into wine.  During this process, in fact, it is possible to monitor and control wine quality and to determine if any corrective action is required to achieve the desired quality of the final product and to correct problems which may arise, such as stuck or sluggish fermentations.

In order to improve fermentation control it is very important to obtain information about a number of variables of the fermenting must, that impact fermentation kinetics and indicate the wine quality.  Traditionally, in many vineyards and particularly in the small and medium size ones, measurements of must variables are carried out off-line in the chemical laboratory of the winery.  Such measurements can often be affected by manual errors as well as by significant time delays, typically ranging from one hour up to 24 hours, between sampling for chemical analysis and availability of the analytical information to wine makers and oenologists.  An improved strategy should be to provide in real time measured variables affecting fermentation.  Such variables should be carefully monitored as the fermentation progresses, in such a way that appropriate actions should be undertaken by operators.  In fact, if such measurements are properly used along with mathematical models of wine fermentation, it is then possible, to a certain extent, to predict the time evolution of the process and consequently, to improve the final product quality, by minimizing production costs and reducing risks. 

Experimental facilities were established and software developed to carry out real-time tests for the proposed wine monitoring and prediction system. 

2.  Project Objectives

Taking into account the state-of-the-art of wine quality research as well as the needs and requirements of small and medium size wine producers, the main objective of the project to was to design, to realize and to test  a computer assisted system to survey the fermentative processes, alcoholic and malolactic, in wine production.

This system should give the possibility to obtain with minimum efforts high quality products, to reduce risks and give the possibility of punctual interventions, as well as to have the traceability of wines and to protect the European wine industry.  More specifically, the following basic issues have been addressed:
· To improve wine quality and increase efficiency of winemakers to meet the challenges of the present global market;

· To enable vineyards in marginal wine growing regions to improve wine quality and therefore to help the regional economy;

· To forge links between research institutions that can be used to add existing and to develop new biosensors to be based on the knowledge base of the WIPS system;
·  To offer high quality analysis to winemakers without  extensive laboratory facilities, that can be operated by unskilled users and should require low capital and user costs;

· To apply information technologies that can manage in real time a huge amount of data related to fermentation kinetics, to wine-making historical data-bases and to other external sources;

The following main steps towards the achievement of the above stated objectives have been identified:

1. to produce a full specification for a wine in-process monitoring system  based on user-driven parameters;

2. to establish the main parameters to be monitored in order to assure a good evolution of fermentative processes;

3. to establish the characteristics of sensors to be used in order to comply with the demands of the sector;
4. to design and when necessary, to realize the correspondent sensors and the data acquisition system;

5. to develop a comprehensive mathematical model capable of describing the evolution of the main wine fermentation monitoring components in different conditions, based on experimental data’

6. to realize an integrated system for monitoring wine fermentation, with possibility of being extended later;

7. to test and validate the integrated system at a laboratory and industrial scale.

3.     The Project Consortium
In order to reach the project objectives a multidisciplinary consortium of partners was set up, including small and medium size enterprises (SME), and  research and technological developers (RTD).  WIPS partners brought expertise in control engineering, mathematical modeling, computer software, chemistry, microbiology, oenology and agriculture to the project.
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	PARTNER NAME
	TYPE
	TECHNICAL &

SCIENTIFIC SKILLS

	1
	POLMASSICK VINEYARD
St Austell, UK
	SME
	Wine making experience

Oenology

	2
	CAVE DU CANAL
Castelnaudary, France
	SME
	Wine making experience

Oenology

	3
	VENDANGEOIRS DU VAL DE LOIRE,
Tillieres , France
	SME
	Wine making experience

Oenology

	4
	PAPADOPOULOS I – KALAITZIDIS I.O.E,

Microchori Drama, Greece
	SME
	Wine making experience

Oenology

	5
	CANTINA VINI ARMANI A.S.R.L
Dolcè, Italy
	SME
	Wine making experience

Oenology

	6
	AZIENDA AGRICOLA VITIVINICOLA MOSSI
Piacenza, Italy
	SME
	Wine making experience

Oenology

	7
	OLIVEDA
Capmany, Spain
	SME
	Wine making experience

Oenology

	8
	LABO DI CASTAGNA E MONTANARI SNC
Genova, Italy
	SME
	Software development

	9
	GWENT ELECTRONIC MATERIALS LTD, 
Pontypool, UK
	SME
	Biosensor development,

Electronic technology

	10
	VIGO LTD
Honiton, iUK
	SME
	Food industry

	11
	UNIVERSITY OF PLYMOUTH, Plymouth, UK
	RTD
	Control engineering,

Mechanics &Electronics

	12
	UNIVERSITA DEGLI STUDI DI PAVIA
Pavia, Italy
	RTD
	Mathematical modelling,

Information technology

	13
	ISTITUTO AGRARIO DI SAN MICHELE ALL’ADIGE, 
San Michele All`Adige,  Italy  
	RTD
	Microbiology,

Oenology, 

Wine making experience

	14
	UNIVERSITE DE NANTES 
 Nantes, France 
	RTD
	Electrochemistry, Biosensor design

	15
	INSTITUTUL DE CERCETARE DEZVOLTARE PENTRU VITICULTURA SI VINIFICATIE
Valea Calugareasca, Romania 
	RTD
	Wine making experience

Oenology, 

Chemistry


 WIPS Consortium

In  the activities of WIPS Consortium have been coordinated by Polmassick Vineyard, which has been assisted by a Scientific Steering Committee composed by University of Plymouth, University of Pavia, Universite de Nantes, Istituto Agrario di San Michele all’ Adige and Gwent Electronic Materials.

4.  Work performed
4.1      Choice of variables to monitor fermentation kinetics and wine quality  

Taking into account the objectives of the project, the variables to monitor fermentation kinetics should allow a reliable and efficient data acquisition and at the same time the corresponding measuring sensors should be easily integrated at a low accost in a winery scale.  This can be done in a continuous way by using low cost sensors installed inside fermentation tanks.  In fact, temperature is one variable that must be continuously controlled during fermentation.  Carbon dioxide flux is a direct measure of the evolution of the fermentation process, while pressure variations are linked to the weight decrease due to the production of carbon dioxide and the decrease of density from must to wine.  It should be noted  that the use of both sensors during fermentation can improve reliability and accuracy of the monitoring system.

Variables affecting malolactic fermentation can be measured off-line in a discontinuous way by using biosensors developed for the measurement of sugars and acids produced during the fermentation.

In order to choose other important variables related to wine quality assessment, a questionnaire prepared by the University of Pavia with the assistance of oenologists and winemakers was distributed to all the vineyards participating in the WIPS project.  The questionnaire contained several parameters considered important for wine quality  control.  In particular, the main parameters to be monitored off-line were the characteristics of the raw materials and the fermentation procedures.
   4.2  Mathematical models of wine fermentation process.
A fundamental objective of WIPS project was to determine and validate a class of mathematical  models of primary (yeast) and secondary (malolactic) fermentation.  This task was headed by the University of Pavia, in collaboration with Istituto Agrario S. Michele all’Adige and Institutul de Cercetare Dezvoltare pentru Vitiviniculture se Vinificatie.

    4.3     Monitoring and prediction system

In order to determine in real-time the evolution of wine fermentation process, a monitoring and prediction system has been developed by University of Plymouth in cooperation with University of Pavia. This system,  as shown in Figure 4.5,  is composed by a suitable combination of on-line identification of the wine fermentation model  with a multi sensor data fusion (MSDF) system. 
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The MSDF system combines information from different independent sources of limited accuracy and reliability to give information of better accuracy and reliability.  Consequently the resulting system is more robust to failures of a single measurement.

The developed system is composed by multi-sensor data fusion of different temperature sensors, combined with two subsystems for on-line identification of the fermentation process.  The last two modules identify in real-time the parameters of two mathematical models of alcoholic fermentation expressed  by Gompertz extended differential equation.  The first is based on a carbon dioxide flux sensor, while the second one is based on a pressure sensor.  The additional pressure sensor has been considered complementary to the information supplied by the carbon dioxide sensor, in order to improve the reliability of the system. 

The estimated parameters, obtained as output of these modules are subsequently processed by a MSDF subsystem, which will  provide an optimal estimate of the fermentation specific growth rate, that is finally combined with the optimal estimate of temperature by a monitoring and prediction subsystem.  In fact the information provided by temperature and specific growth rate is sufficient to determine the fermentation kinetics.

         4.4 Development  of biosensors for malolactic fermentation  

The carbon dioxide amount produced by lactic acid bacteria during malolactic fermentation process is about 100 fold less than that detected during alcoholic fermentation. Since this quantity is not clearly detectable by CO2 or  pressure transducers, and there is no feasible possibility to monitor this important transformation step continuously in a cheap way, it has been decided to control this process off-line developing a new concept electrochemical  biosensors applied for the measurement of sugars and L-malic acid and L-lactic acid detection in wine, that carry out fast and easy measurement in a selective way.

This task, leaded by the University of Nantes in cooperation with Gwent Electronic Materials, had the following targets:

· to define the adequate biosensors to be developed, in particularly for the measurement of sugars and acids;

· to develop biosensors and procedures for measurements;

· to test the developed biosensors in wine samples

The measurement of sugars and acids during malolactic fermentation has been carried out, in a first approach,  working  on carbon based paste biosensors modified with adequate enzymes and other mediators, stabilizers and activators. These biosensors were evaluated in two modes measurements: one for batch analysis and the other in Flow Injection Analysis (FIA) mode. When oxidase enzymes were used, two different types of biosensors were prepared: one working in oxidation mode and the other one working in reduction mode. Taking into account the not very good  results  obtained with this approach, and following the discussions with the scientific steering committee on the prospect for particular analytes to be measured and the way to incorporate the corresponding biosensors to the work packages developed by University of Plymouth and University of Pavia, in a second approach biosensors have been  developed for  the measurement of L-Lactic acid and L-Malic acid  to be used in batch method, out of the fermentation tanks, with disposable electrochemical modified cells either as a reagent-less biosensors or as bio-tests coupled to biosensors that use reactive step in solution before the analysis with the biosensor.
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5. Experimental test facilities

      5.1
Test facilities configuration

After a set of preliminary experiments carried out at the University of Plymouth and at the University of Pavia with the objective of testing the data acquisition system, sensors, and software in a laboratory situation, two test facilities have been set up by the University of Pavia during vintage 2006 at Cantina Armani in Dolce  (Italy) and at Istituto Agrario di S. Michele all’Adige (Italy).
These experimental activities have been carried out by University of Pavia with the contribution of University of Plymouth, Istituto di S. Michele all’Adige, Labo and Armani vineyard. 
The experimental set-up in Dolcè, shown below, is constituted by  three pressure and three temperature analog transmitters  placed on three fermentation tanks connected to the process computer that is connected to a PC. A data acquisition program running in the process computer performs readings of analog signals from pressure and temperature sensors.  It was decided to set the sampling rate to one reading every 10 seconds because, even if wine fermentation is a quite slow process with respect to such relatively high sampling frequency, it is possible to apply advanced digital signal processing and filtering algorithms.   
Each stainless steel fermentation tank is  3.22 metre high  with a capacity of 104 hL. A   photograph of a tank with fitted  pressure sensor is shown in the figure below.
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Fermentation tank with pressure transducer, Dolce set up
5.2      Sensors  for measuring lactic acid in wine
NAox which made it possible to start this study for measuring malic acid was a gift of a private biotechnological laboratory.  Because NAox is not available commercially it was not possible to fully conclude during the time available this study for malic aacid measurement, though the feasibility of such a method was shown.
At the last period of the contract most of the work was focused on the lactic acid to enable the preparation of the procedure of its analysis during the periods of fermentation of wines.  Many analyses were made on various wines, white and reds, in the course of fermentation and at the end of fermentation from wine producers Cantina Armani, Wine Art Estate, Oliveda SA, and Vendangeoirs du Val de Loire.  The results obtained by the electrochemical method were all compared and validated by a standard method: enzymatic method with spectroscopic detection.
Many analyses of a great variety of wines at various stages of their preparation showed that interference from tannins in red wine as well as natural or added antioxidants were a problem.  In order to get rid of these interferences which led to underestimated results, a method was developed which is fast, simple , and adaptable to a broad range of wines.

A prototype has been built and successfully tested out. It has been implemented by a low cost hand held potentiostat. Such system, in turn, can be interfaced with a PC for more advanced calibration and data analysis, as shown in the figure below.
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Prototype for lactic acid measurement
       5.3    Software development
An innovative software system has been developed by the University of Pavia, in collaboration with LABO and the University of Plymouth, to implement a monitoring and prediction system for wine fermentation.  For this purpose, object-oriented programming has been used.  Moreover, by organizing all the relevant achieved data into a database system, it has been possible to build a historical archive useful for decision –making for wine quality purposes.

This software system has three elements:

· Measurement system

· Program Wine Monitor 2006
· “Knowledge” database and “Measurements” database
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6.  Results and Achievements

On the basis of the experimental results achieved during WIPS project a number of conclusions can be drawn :

· An integrated computerized data acquisition system has been developed for measuring and monitoring in real-time the main variables of wine alcoholic fermentation. A novel mathematical model for alcoholic fermentation has been experimentally validated. Such a model can be used for fermentation data acquisition and advanced monitoring by a multisensor data fusion system. The same model can be used also for malo-lactic wine fermentation. 
· The combined use of pressure sensors, CO2 flux and temperature can bring  remarkable advantages with respect to traditional systems, since a continuous, accurate and low cost monitoring of wine fermentation is possible. As a consequence of that, it is  expected that also quality of wine can be improved. 
· An electrochemical method for measuring lactate for accurately monitoring   malolactic wine fermentation has been developed.  The bio-assay is constituted by 1 mL vial containing small amount of the oxidase enzyme in solid form, disposable screen printed electrochemical cells (biosensor: measuring head) working with two electrodes: Ag/AgCl reference one and carbon working electrode modified with appropriate enzymes, co-enzymes, redox mediators and stabilizers. A prototype has been built and successfully tested out. It has been implemented by a low cost hand held potentiostat. Such a system, in turn, can be interfaced with a PC for more advanced calibration and data analysis. 
· A wine quality data-base management system has been built on the basis of a questionnaire prepared by the WIPS vineyard partners. This system can collect and organize in a structured form the historical data of a vineyard that are relevant for wine quality evaluation and prediction. A statistical analysis developed on such data indicates that, even in the presence of a small dimension data-base, a reasonably good correlation exists between the input and output variables selected for modelling wine quality.
Further Information

Further information is vaailale on the www.fermentest.co.uk website of by contacting the Project Coordinator Barbara Musgrave at Polmassick@btconnect.com
Kontek, Cavazza, Tiano, Sutton at Girona
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