Sophie Omont 
email: sophie.omont@ensam.eu
  
Daniel Froelich 
  
Philippe Osset 
  
François Thueux 
  
Murielle Rabiller-Baudry 
  
Didier Beudon 
  
Lionel Tregret 
  
Christian Buson 
  
Geneviève 
  
Murielle Rabiller- Baudry 
  
David Auffret 
  
Geneviève Gesan-Guiziou 
  
  
Eco-design of cascade membrane processes for the preparation of milk protein fractions: Approach and LCA results

Keywords: LCA, eco-design, membrane processes, food-processing industry

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction:

Food and beverages contribute significantly to the environmental impact generated by European consumption (JRC 2006a). The environmental load of food products is mainly linked to agricultural production. However, as underlined by P. [START_REF] Roy | A review of life cycle assessment (LCA) on some food products[END_REF], there are opportunities to improve each stage in the life cycle of a food product, including the transformation phase. Moreover, as suggested by J. [START_REF] Berlin | Environmental life cycle assessment (LCA) of Swedish semi-hard cheese[END_REF], it is interesting to exclude milk production from the impact assessment in order to focus on the dairy activities considered easier to improve. Finally, as N. Jungbluth explains (2000), the food-processing industry can directly act at three levels of environmental decision-making: "pre-product and additives", "processing" and "one product (types of packaging…)". In this context, the objective of the ECOPROM project is to eco-design a cascade of membrane processes allowing the extraction of two milk proteins with target properties: α-lactalbumin and βlactoglobulin.

The process studied is currently being developed, and its environmental performance optimization is carried out in 4 stages: 1) Description of the technological choices made for the initial process; 2) An LCA of this initial process to identify its weaknesses and define eco-design recommendations; 3) Eco-design for the initial process; 4) Validation and/or improvement of the design choices via an LCA comparing the eco-designed process to the initial process and to the reference chromatographic process generally used at the industrial scale for this type of application [START_REF] Bonnaillie | Whey protein fractionation[END_REF], but whose wastewater production remains problematic.

2.Methodology:

1.1 Definition of the objectives and scope of the study:

Objectives: This LCA aims to allow the definition of eco-design recommendations in order to improve the environmental performance of the studied process. This process is assessed with respect to the initial technological choices defined by the project partners.

Scope of the study: The system studied is the entire process implemented, from the entry of the milk into the plant to the production of dehydrated fractions of purified proteins (see Figure 1). It includes the unit operations, with the transformation and cleaning phases and the associated equipment. It excludes the facilities (buildings, lighting, etc.). Its geographic scope is France. The lifetime of the system is set at 20 years, in conformity with the lifetime scale of many transformation processes. The process studied is carried out on two distinct industrial sites 100 km from each other (one "conventional" dairy and one unit to separate protein fractions), which requires product transport, taken into account in the study. 

Functional Unit (FU):

In this first study it was decided to use a functional unit that corresponded to the processing of a volume of milk equivalent to that processed every day in a dairy in France (583,000 L) and enabling the production of the following co-products: cooled-down cream, the cooled-down retentate of casein micelles and lactose, which are valorized outside of the process studied, and the two fractions of purified dehydrated proteins, which are the valorization products. In a second phase, the processes (initial, ecodesigned and chromatographic) will be compared on the basis of the protein properties defined (purity, usage properties such as foaming capability).

Allocation rules: Since the objective was to study a process rather than to assess the environmental load generated by the manufacture of a product, we voluntarily did not establish a rule for allocation between the different co-products formed.

Inventory

The inventory was carried out on the basis of data specific to the project and generic data from the EcoInvent data base. The specific data correspond to controlled flows (e.g. the electricity consumption of the cream separator motor: 1035 kWh/day). They were either collected for each unit operation in the process based on the industrial knowledge of the operations, or estimated using calculations, since the process is in the development phase. Given the FU chosen, the controlled flows were quantified on the basis of one production day. The generic data correspond to the production of the controlled flows (e.g. electricity production). To make it easier to identify the sources of impacts and then ways to reduce them, it was decided to identify and quantify the controlled flows of the process for each unit operation and to break the system down into the following 4 sub-systems: processing, cleaning, equipment used and transport between the two industrial sites.

"Processing" sub-system: It is composed of a chain of some 30 unit operations that can be grouped together in the following functions: Note: stocks that are not refrigerated are not indicated here but are included. "Cleaning" sub-system: Each cleaning operation represents the cleaning of one or several machines on the line. It requires water and cleaning solutions (generally reutilized, with the exception of the operations using membranes, normally used only once according to industry practice) and generates wastewater that is then treated by a wastewater treatment plant (WWTP). These operations consume electricity and in some cases require the use of a gas boiler to heat the water and the cleaning solutions. A treatment plant was sized on each site to treat the quantity of Chemical Oxygen Demand (COD) generated daily by the cleaning wastewater. The impact of the treatment of each wastewater by one of the two plants is calculated on the basis of its COD. The pollutant load of the water exiting the plant was assessed on the basis of regulatory waste thresholds (JORF 1998, JRC 2006b). Since the precise outcome for the tensio-active and other molecules included in the detergent formulation, two extreme hypotheses can be expressed, depending on whether one considers them to be completely degraded or not at all degraded prior to discharge. We thus tested their potential impact in the framework of a sensitivity analysis between these two extreme situations.

"Equipment" sub-system: The equipment mainly includes: tanks, plate heat exchangers, a separator, a pasteurizer, pumps, a spray dryer and different types of membrane filtration installations: MF with ceramic membranes, UF and RO with polymer membranes. The pipes are also included. The various elements of equipment were sized for the process studied. Given the data available, only the type and the mass of the materials were taken into account. With the exception of the membrane installations, for which we know the required masses of materials, the material masses for the equipment were estimated. For each piece of equipment, the mass of materials consumed during the system's lifetime (20 years) was quantified and then determined for 1 day of operation. The pieces of equipment were not assessed individually but by equipment group involved in the same unit operation (for example, cooling requires: 1 plate heat exchanger, a pump and pipes).

"Transport" sub-system: Transport between the two industrial plants distant of 100 km from each other, requires a tank truck.

Results

The results were achieved using the IMPACT 2002+ method and are represented as normalized damage. IMPACT 2002+ assesses the environmental load of our system using 14 midpoint categories. It then proposes to aggregate these impacts into 4 damage categories. It should be noted that in the absence of scientifically recognized information, no damage characterization factor was determined to take into account aquatic acidification and aquatic eutrophication in the assessment of the damage category "Ecosystem quality", which nevertheless includes aquatic ecotoxicity [START_REF] Jolliet ; ) | IMPACT 2002+: A new life cycle impact assessment methodology[END_REF]. Since the discharge from the WWTPs in our system complies with the regulatory standards, we believe that excluding these two midpoint categories from the damage assessment does not challenge the relevance of this representation. Normalization then makes it possible to compare the different damage categories in our system with a certain homogeneity and with respect to the same reference: the environmental load of an average European per year for these same damage categories. (Figure 3) shows that the main damage caused by the system is the depletion of resources which includes the extraction of minerals and the consumption of non-renewable energies. The "Processing" sub-system contributes the most (roughly 2/3 versus 1/3 for the cleaning phases) to all of the damage categories tested.

System:

3.2 "Processing" sub-system: Figure 4 shows that the main damage of the "Processing" sub-system is the depletion of resources, which in fact reveals the strong impact of energy consumption in the process. In this sub-system, the "Control of microbiological quality" function is guaranteed by operations which consume gas (pasteurization operation) and electricity (various cooling operations). The main source of impact of the "milk processing" function is the proteins/ casein micelles separation performed by MF at 50°C. It would require heating the milk, which would consume gas and in itself consumes electricity (pump operation and maintaining the filter fluid at temperature). The major source of the impact of the "protein purification" is linked to the protein separation: the precipitation and the MF at 50°C, consuming gas and electricity, have the strongest impact. Citric acid involved in the precipitation by acidification of the α-lactalbumin appears to a lesser extent. It should be noted that this last result still needs to be confirmed, since in a first phase, in the absence of data set on citric acid in life cycle inventory databases we proceeded to an approximation. Finally, the environmental load of the "Powder formation" is linked to its electricity consumption.

3.3 "Cleaning" sub-system: The main impact of the cleaning operations (Figure 5) is linked to the electricity consumption of the WWTPs, to a lesser extent to the production of sodium hydroxide used for the single use cleaning solutions, and finally to the heating of certain cleaning solutions. In this respect, the cleaning of the first MF has the strongest impact. It should be noted that the cleaning operations consume large quantities of water, discharged into the aquatic environment after wastewater treatment. As S. Pfister observes ( 2009), if the water used undergoes a loss of quality and/or if it is transferred to another watershed, this corresponds to a reduction of fresh water resources. Moreover as A. Koeler (2008) observes, while the methodological framework of the LCA is suited to this type of assessment, the impact assessment methods neglect this aspect. In our case, no assessment was made to this end by the IMPACT 2002+ method, with the risk of underestimating the real environmental load of the cleaning operations. Likewise, the cleaning substances tested in the framework of the sensitivity analysis, EDTA and sodium hypochlorite, are not taken into account by the method. We therefore do not assess the potential of their possible emission into the water.

3.4 "Equipment" sub-system: (Figure 6) The mass of stainless steel masks the impact of the consumables required for the filtration installations. The latter will be studied in more detail in the future, including their manufacturing and end-of-life phases in a comparison of several membrane processes.

Outlook and conclusion

The results reached will be used in the future to eco-design the initial process. In addition to reducing the environmental load and preserving the properties of the two protein fractions, the technological alternatives will have to meet the following two constraints: controlling product hygiene, and economic feasibility. In a first phase, we will make recommendations aimed to reduce energy consumption, notably electricity. As emphasized by B. [START_REF] Notarnicola | Life cycle assessment of a pilot plant for the must enrichment by reverse osmosis[END_REF] in a study on reverse osmosis, membrane filtration steps are high electricity consumers. Another way of improvement could be the reduction of gas consumption, for example in replacing the MF at 50°C with a cold MF requiring certain adaptations of the process. Given that for milk the agricultural production phase has the largest impact (DEFRA, 2006), it could be useful to study ways to reduce product loss for example during cleaning operations. Since the WWTP is sized in relation to the load of COD to be treated, this could also help reduce the quantity of organic matter to be treated by the treatment plant. Finally, we plan to create a simple flow indicator that would allow quantification of water use and also make it possible to monitor the improvement contributed by water recycling.
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 1 Figure 1: System studied

  raw milk at 4°C; Pasteurization of the skimmed raw milk at 72°C; Cooling of the pasteurized skimmed milk at 4°C°; Cooling of the serum concentrate at 4°C; Cooling of the raw cream at 6°C; Cooling of the casein micelle retentate at 4°C 2-Transformation of the milk to manufacture the co-products Skimming the whole raw milk; Separation proteins / casein micelles (heating and microfiltration (MF) at 50°C); Cooling and separation serum-proteins / lactose (ultrafiltration (UF) at 15°C); Lactose concentration (reverse osmosis RO) 3-Purification and concentration of the two protein fractions Separation α-lactalbumin and β lactoglobulin (heating to 50°C, acidification, dilution, MF); Concentration of the α-lactalbumin (cooling, re-solubilization and UF); Concentration of the β lactoglobulin (cooling and UF). 4-Powder formation Drying of the α-lactalbumin; drying of the β lactoglobulin
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 3 Figure 3: Normalized damages: comparison of the 4 components of the system according to the IMPACT 2002+ method, SIMAPRO software
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 4 Figure 4: Normalized damages: comparison of the 4 components of the "Processing" sub-system according to the IMPACT 2002+ method, SIMAPRO software
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 5 Figure 5: Normalized damages of the "Cleaning" sub-system according to the IMPACT 2002+ method, SIMAPRO software
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 6 Figure 6: Normalized damages of the "Equipment" sub-system according to the IMPACT 2002+ method, SIMAPRO software
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