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Introduction

The design of innovative coatings with multifunctional properties is a real challenge.

Generally, a functional coating requires several layers with particular properties: a first layer to enhance the adhesion between the paint and the substrate, a middle layer with specific property (e.g. with flame retardant properties) and a protective topcoat to prevent the ageing and to protect the coating against external aggressions (scratches, humidity, UV rays...) [START_REF] Benjamin | Self-stratifying coatings for metallic substrates[END_REF]. From an industrial point of view, these multilayered systems require complex formulation, application, and curing steps, implying many constraints [START_REF] Verkholantsev | Nonhomogeneaous-in-layer coatings[END_REF]. In order to comply with increasingly demanding environmental constraints, the new concept of self-stratification has been developed (Beaugendre et al., 2017a). A self-stratifying coating is based on a blend of polymers dissolved in a common solvent to produce a coating requiring only one step of: formulation, application, and curing [START_REF] Verkholantsev | Polymer structure and properties of heterophase and self-stratifying coatings[END_REF]. This efficient and economical concept allows reducing the number of steps to coat a substrate, while providing a coating with equivalent or better performances than the common multilayer process (Figure 1). Reduction of energy, pollution and waste generation is therefore induced by this process [START_REF] Baghdachi | Design and development of self-stratifying systems as sustainable coatings[END_REF].

Furthermore, an increase in stringent regulations on toxicological and environmental aspects now favors the use of bio-based products. Fossil fuel reserve is expected to deplete around the end of the 21 st century if the present consumption rate continues. For this reason, replacement of petroleum-based polymeric materials in paint by chemicals of natural and renewable origin has gained growing interest from industries. New perspectives for biobased chemicals and polymers have been driven by the recent rise in oil prices and consumer expectations for environmentally friendly products [START_REF] De | Bio-based chemicals -Value added products from biorefineries[END_REF]. In 2017, the total production volume of bio-based polymers reached 7.5 million tons in the world (Nova Institute, 2019). The coating industry, one of the main polymer consumers, has been able to integrate these bio-based polymers into paint formulations as a binder [START_REF] Derksen | Renewable resources in coatings technology : a review[END_REF]. These bio-polymers are made from different renewable resources as vegetable oils: sunflower, soybean and linseed oil [START_REF] Sharmin | Recent advances in vegetable oils based environment friendly coatings: A review[END_REF] [START_REF] Athawale | Waterborne Coatings Based on Renewable Oil Resources : an Overview[END_REF], cardanol and sugar [START_REF] Kumar | Recent Development of Biobased Epoxy Resins: A Review[END_REF] among others [START_REF] Meier | Plant oil renewable resources as green alternatives in polymer science[END_REF]. devised a method to assess the impact of energy consumption on the environment. At the beginning of the 1970's, energy and raw materials were factors mainly considerate for LCA calculation. Later other parameters were also considered, such as air and water emission and solid wastes. Even later, in the 1980's, hazardous waste management became the primary environmental concern [START_REF] Svoboda | Note on Life Cycle Analysis[END_REF]. Nowadays, LCA is a commonly used and successful method to investigate and quantify environmental impacts of a product or service throughout its whole life cycle [START_REF] Heijungs | The Impact of Climate Change on the World's Marine Ecosystems[END_REF].

Indeed, several LCAs in the coating field have been conducted, however dealing with other applications than fire protection. For example, the environmental impact of antifouling coatings in marine [START_REF] Rossini | Biotoxicity and life cycle assessment of two commercial antifouling coatings in marine systems[END_REF] and food engineering [START_REF] Zouaghi | Investigating the effect of an antifouling surface modification on the environmental impact of a pasteurization process : an lca study[END_REF] was investigated. Both reports demonstrate that the production step of antifouling coating significantly affects the environmental impact of the system due to the chemicals used. The positive environmental impact resulting from the use of antimicrobial coatings for packaged fresh milk was also reported [START_REF] Manfredi | Environmental assessment of antimicrobial coatings for packaged fresh milk[END_REF]. The results show how the reduction of milk waste achievable through the use of a coating generates environmental benefits and demonstrates the importance of including food waste in the LCA of packaging systems.

Another paper [START_REF] Babaizadeh | Life cycle assessment of nano-sized titanium dioxide coating on residential windows[END_REF] reports that the application of a nano-sized titanium dioxide coating on residential window glass has a positive effect on several indicators (acidification potential, eutrophication potential, criteria air pollutants and smog formation potential) but also damages some of them (global warming, fossil fuel depletion, water intake, human health, and ecological toxicity).

One last example is the study of the environmental impact of the production and construction of reflective coatings for cool pavements to reduce the contribution of the formation of urban heat islands in urban areas [START_REF] Li | Information synthesis and preliminary case study for life cycle assessment of reflective coatings for cool pavements[END_REF]. It reports that the environmental impact could be reduced by applying these coatings instead of traditional urban pavement, but it also Organic Compounds into the atmosphere, with a negative impact on both the environment and human health and water-based coatings have relatively shorter lifetime, but with less impact on the environment.

The objective of the present study is to enhance the environmental impact of innovative coating processes. In this paper, different processes to coat a polymeric substrate with a flame retardant coating were compared using LCA: (i) the classical multilayered approach (REF), (ii) a "one pot" self-stratifying approach using a silicone resin and an oil-based epoxy resin (SSO) (Beaugendre et al., 2017b) and (iii) a "one pot" self-stratifying approach using a silicone resin, a bio-based epoxy resin and less toxic solvents (SSB). As far as we know, no paper compares a multilayer versus a self-stratifying coating process in term of environmental impact. However, Montazeri et al. and Gustafsson et al. already reported, through a "from cradle to grave" LCA the positive environmental impact of bio-based ingredients in coating formulations [START_REF] Montazeri | Life cycle assessment of UV-Curable bio-based wood flooring coatings[END_REF]) [START_REF] Gustafsson | Life Cycle Assessment in Green Chemistry : A comparison of various industrial wood surface coatings[END_REF]. All processes are carried out in the North of France, in the city of Villeneuve d'Ascq.

Experimental methods

Life

Moreover, this assessment takes into account the impact created by inputs and outputs from extraction step to the waste treatment step.

Functional unit

A functional unit (FU) aims at providing a basis to compare different systems in a fair and valid manner [START_REF] Wolf | General guidance for life cycle assessment[END_REF]. LCA was performed on the three lab scale coating processes (REF, SSO and SSB). The FU chosen was: "Deposit on a 100 cm² Polycarbonate plate of a FR coating allowing reaching a V0 rating at UL94".

Description of the studied systems

The first two systems (REF and SSO) are oil-based, so the chemicals used to formulate coatings are the same. The third system (SSB) is bio-based, explaining why the epoxy resin and the solvents are different from those used in the two other systems.

In Epoxy resin was dissolved at 30% wt./wt. in BuAc: xylene (1:1). Once iron oxide was mixed with the epoxy resin, the cross-linking agent was slowly incorporated. This system was applied on the substrate with a Devilbiss spray gun to reach a 100 µm wet thickness. It was then cured during 1 day at 22°C and 2 hours at 110°C, using two different ovens.

Afterwards, the silicone resin was prepared in the same conditions: at 30% wt./wt. in a blend of BuAc: xylene (1:1). This system was sprayed (100 µm wet thickness) on the previously applied epoxy layer, using the same spray gun. It was then cured for one day at 22°C and two hours at 110°C, using two different ovens. The pre-curing step has been set up to avoid a too brutal evaporation of the solvents from the paint film. The curing step is carried out at 110°C because at this temperature the epoxy resin reacts with the hardener to form a 3D network in order to form a durable film. These drying parameters were defined in a previous study but they could be optimized (Beaugendre et al., 2017b). Therefore, the REF system process is divided into six steps. All inputs, outputs, equipment and process conditions are detailed in Figure 2. Self-stratifying oil-based coating system (SSO)

Each resin was dissolved at 30% wt./wt. in BuAc: xylene (1:1). Iron oxide was mixed in the epoxy resin. Then, both resins were mixed together (1:1 wt./wt.) for 10 minutes at 400 rpm.

The cross-linker was slowly incorporated into the mixture and stirred during 3 minutes. The formulation was applied (200 µm wet thickness) on polycarbonate with the same spray gun.

The curing process was the same as previously described. SSO system only requires three processing steps summarized in Figure 3. In that case, a lab scale epoxy resin (Epoxy A, reaction product of isosorbide and epichlorohydrin with 70% bio-content, equivalent weight: 176), a silicone resin (Dowsil S217, Dow Corning, Seneffe, Belgium) and a diamine (Diethylene triamine (99%), Sigma-Aldrich, Midland) as curing agent were selected. Ethyl lactate (99%) and butyl acetate (99.5%) purchased from Sigma-Aldrich (Midland) were chosen as solvents.

REF system

The selected resins were separately dissolved at 30% wt./wt. in a blend of BuAc: Ethyl lactate (10:90). Iron oxide was dispersed in the epoxy medium. Pigmented epoxy resin and silicone resin were then mixed together and stirred at a 1:1 ratio by weight (epoxy: silicone).

The hardener was added dropwise in the polymer blend and mixed for 5 minutes before coating application in the same conditions as SSO system. The coating was dried for 15 minutes at room temperature (~20°C), and cured for 1 hour at 80°C in an oven. The precuring stage of 15 minutes mimics industrial conditions. Indeed, in the coating industry, there is often a small delay between the application of the coating and its curing. Moreover, the drying step is carried out at 80°C for the same reasons as with the epoxy resin used for REF

SSO system

and SSO systems. 80°C is the temperature at which the bio-based epoxy resin and the amine reaction takes place and where the conversion rate is high (>80%).

The three main processing steps of SSB system are visible on Figure 4. 

Coatings properties

The cross-section of each dry coating films were then analysed by Scanning Electron Microscopy with X-Ray analysis (SEM-EDX). In the reference system (not shown here), two distinct layers are obtained, with epoxy as bottom layer and silicone as upper layer. In the SSO coating, the silicone resin migrates toward the top to form the upper layer, similarly as iron oxide and the base layer is composed by the epoxy resin (Figure 5). Observations are the same for the SSB coating (Figure 6). 

SSB system
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Life Cycle Inventories

To achieve a whole LCA, this study compiled Life Cycle Inventories (LCI) to quantify every input and output regarding their amount, origin and end of life scenarios.

Hypotheses

In order to get closer to reality, many experimental data were collected. Furthermore, some literature data as well as hypotheses are inevitable to execute a complete LCA study. These hypotheses are detailed below.

Chemicals

As some of the chemicals used are not listed in the Ecoinvent 3 database, some hypotheses were made on how the components were synthesized. For more than three compounds, one synthesis way among others was chosen, aiming at obtaining new intermediate products

Multilayer

Self-stratified available in the database. Moreover, process parameters like heating time, temperature and stirring time have been taken into account when the information is released. They provide important guidance to be near the real environmental impact of the final product. The choice is certainly not the most relevant in terms of industrial constraint, but these syntheses are those with the most available background data. Nevertheless, simulations concerning transport and energy consumption for each compound are close to reality but remain uncertain.

Electrical consumption

According to the device specifications from manufacturer's sheets, electrical consumptions were calculated with the average data of the French energy mix from the latest version of the Ecoinvent 3 database.

Carbon mix as German mix would increase the importance of electricity consumption, by contrast to the Norway mix based on hydroelectric power which would minimize it. Therefore the French energy mix is a good compromise.

End of life

The end of life scenario was the following one: all the samples were considered to be used for energy recovery.

Allocation and process hypothesis

In order to achieve an LCA as fair as possible, assumptions and allocations on the process have to be made: (i) for the coating preparation : the power required to stir the mixtures is not correlated with the agitated mass due to the very low viscosity of the coating formulation, (ii)

for the coating application : the paint spray booth is used for 64 seconds (2 seconds per pass

x 4 passes per plate x 8 plates), the energy taken into account corresponds to the consumption of the compressor and to the electricity required for the fan extraction during this working time, (iii) for the coating curing : the oven used can contain up to 24 plates, the heating is considered for the entire enclosure reduced to 8 plates and (iv) for all processing steps : retreatment of gaseous and/or liquid effluents was taken into account.

Nevertheless, the most important hypothesis formulated in this study concerns the wear of the equipment and devices used. Given the short operating time of the equipment and the lack of information on their lifetime, the wear of the devices will be overlooked. This approximation makes sense as only the process constraints change, but not the equipment used.

LCI example for SSO system

Life Cycle Inventory (LCI) is a methodology used to assess resource consumption and the quantities of waste flows and emissions caused by the product life cycle [START_REF] Rebitzer | Life cycle assessment Part 1 : Framework , goal and scope definition[END_REF]. For each of the three systems, exhaustive lists of chemical components, consumables, energy consumed and transportation are established. The LCI of the SSB system is shown in Table 1 for 8 coating plates, allocations are made to refer to the functional unit for the quantification of environmental impacts. database where the nominal environmental impacts were recovered. Recipe E 1.12 (Europe) was chosen as calculation method due to the relevance of its indicators [START_REF] Goedkoop | ReCiPe 2008 : A life cycle impact assessment method which harmonised category indicators at the midpoint and the endpoint level ReCiPe[END_REF] and by the fact that this method calculates also the impacts for the European territory (except for categories with global impacts (climate change, ozone depletion and consumption of natural resources)). Moreover, this method is very efficient when electricity is an important impacting factor on the studied processes.

The results will be presented in midpoint and then analyzed in the discussion part.

Results and discussions

Impact categories selection

In order to focus on relevant data, generally accepted pollution indicators have been selected

to estimate the consequences on the environment. Impact categories (IC) representing less than 0.5% of the total "whole process" score were excluded, leaving eight ICs to be LCA carried out on the REF system first determined its total environmental score, i.e. 18.2 mPts for one deposit on a 100 cm² Polycarbonate plate of a FR coating allowing reaching a V0 rating at UL94. Total environmental score of 15.7 mPts was obtained for the SSO system, corresponding to a 13.6% decrease compared to the REF system. For the SSB system, a total environmental score of 12.3 mPts was obtained, corresponding to a 32.4% decrease compared to the REF system.

Figure 10 compares the environmental impacts for major indicators of each system, extrapolated for 10 years use. First of all, it can be noticed that Metal Depletion (MD) is the only impact not significantly affected by the processes. Then, four impact categories out of the eight present a contribution higher than 0.5%, namely CCHH, HT, CCE and FD, which together represent approximately 86% of the global impact for each system. It should be noted that a reduction between 31% and 50% of the environmental score is visible for each of these four impacts between REF and SSB processes.

Each contributor to these main environmental impacts is graphically summarized in Figure 11. In the following part, each impact will be detailed precisely. 

Discussion

For greater clarity, the comments are gathered under three main categories based on the endpoint impacts: effect on human health, effect on ecosystems and effects on resource availability.

Influence on human health

Influence on human health is mainly explained by the CCHH, HT and PMF indicators (Figure 9). In this part, these indicators and the main contributors associated will be discussed.

The CCHH indicator (Figure 11, a) reflects the impact on global warming and its consequences on human health [START_REF] Barnes | Climate Change and Our Environment : The Effect on Respiratory and Allergic Disease[END_REF]. Nevertheless, it is difficult to consider all the potential effects of global warming on human health [START_REF] Mcmichal | Climate change and human health : Risks and Responses[END_REF]. The preponderance of climate change related scores is not surprising, due to the chemicals

c) d) a) b)
involved in the coating formulation (resins and solvents) and to the curing procedures. In fact, to synthesize raw materials, to formulate, apply and cure coatings, electricity and heat are needed. Upstream, this energy requires the production of high voltage electricity from power plant. A 74% decrease of electricity contribution in the SSB process compared to the REF process and a 68% decrease compared to the SSO process is highlighted in Figure 11, a.

These improvements are mainly due to the reduction of drying times and temperatures between the processes: (i) REF process: 24h in the oven at 22°C and 2h at 110°C two times due to two steps of curing, (ii) SSO process: 24h in the oven at 22°C and 2h at 110°C and (iii) for the SSB process: 1h at 80°C in the oven. The decrease in the energy consumption is particularly noticeable for the SSB system because of the less drastic curing conditions. The reduction of preparation time, temperature and curing steps thus results in a decrease in energy consumption between multilayer and self-stratified coatings.

Concerning the Component and Chemicals contributor, the difference is less significant between the three processes (Figure 11,a). In fact, many chemicals are used to produce coating raw materials for all processes. However, chemicals used in the SSB process are less harmful than those used in oil-based coatings. It is noteworthy that xylene represents 45% of this contributor for the REF and SSO systems. Xylene is an aromatic hydrocarbon easily absorbed by lungs. The main effect on human health of inhaling xylene vapors is depression of the central nervous system. For these toxicity reasons, the use of xylene is increasingly contested in some fields such as rail transportation. The influence of the substitution of this chemical by less toxic solvents will be discussed in the following part dealing with the toxicity for human health.

Human toxicity (HT) indicator (Figure 11,c) refers to the potential health damage caused by chemicals emitted into the atmosphere and the environment. Many human activities require the use of substances that may be released into the atmosphere and the environment [START_REF] Krewitt | Indicators for human toxicity in Life Cycle Impact Assessment 1-30[END_REF]. This is the case for many industrial and energy activities (steel mills, nuclear power plants, coal-fired power plants) and activities based on chemistry.

All these activities can be potentially dangerous for human health if inhaled or swallowed.

For this indicator, the substitution of some components and the decrease in electricity consumption result in a 50% reduction in human toxicity impact for SSB system compared to REF system (Figure 10). More precisely, bisphenol A, major component of the oil-based epoxy resin, has a high environmental impact in the REF coating formulation. Bisphenol A is indeed known to be an endocrine disrupting chemical with an impact on development, metabolism and reproductive system [START_REF] Flint | Bisphenol A exposure , effects , and policy : A wildlife perspective[END_REF]. In order to lower the effect on human toxicity factor, bisphenol A epoxy resin was substituted by a bio-based epoxy resin in the SSB system. The Epoxy A resin used was obtained from the reaction between isosorbide and epichlorohydrin. Isosorbide is a molecule of interest for the replacement of fossil based products [START_REF] Chrysanthos | Preparation and properties of bio-based epoxy networks derived from isosorbide diglycidyl ether[END_REF] [START_REF] Rose | Isosorbide as a Renewable Platform chemical for Versatile Applications -Quo Vadis ?[END_REF]. It can be produced by different routes including the enzymatic hydrolysis of starch or the catalytic dehydration of sorbitol, a derivative of glucose. On the other hand, xylene was replaced by less toxic solvents. Butyl acetate and ethyl lactate were selected as they exhibit few toxicological consequences (INRS, 2009) (INRS, 2011) (INRS, 2008). Thus, the replacement of toxic chemicals by less harmful components in the SSB system has a positive impact on LCA results in terms of toxicity for human health.

As well as for the CCHH indicator, electricity consumption has a major impact on the HT indicator. Indeed, electricity factor is divided by 8 for SSB process compared to the REF one (Figure 11,c). This decrease explains the fact that the environmental impact of the HT indicator of the SSB system is lower than the REF process.

In the case of the REF system, more solvents are used compared to SSO and SSB systems, and thus more electricity and transportation are required. Moreover, for oil-based systems (REF and SSO), chemical products are mainly imported from the United States whereas for the SSB system, the epoxy resin is produced only few kilometers by truck from the coating formulation site. It results in a higher impact on the environment with an increase in Particulate Matter Formation (PMF): +14% and +26% for the REF system compared to the SSO and SSB systems respectively. The positive influence on the environmental impact of the change of the location, from China to Netherlands, of the glass manufacturing for the application of an anti-reflective coating for greenhouses has been also demonstrate recently by Natalya Tsoy [START_REF] Tsoy | Anticipatory Life Cycle Assessment of sol-gel derived anti-re fl ective coating for greenhouse glass[END_REF].

Influence on ecosystems

Influence on ecosystems is mainly explained by the ALO, NLT and CCE indicators. In this part, these indicators and the main contributors will be discussed.

Agricultural Land Occupation (ALO) and Natural Land Transformation (NLT) are indicators with minor environmental impact (around 4%) for each of the three processes.

These indicators are linked to the loss of available habitat for living species caused by land use through human activities (agriculture, logging and deforestation, transport network control, urbanization, etc.). This phenomenon is considered to ultimately lead to a loss of biodiversity [START_REF] Souza | Assessing biodiversity loss due to land use with Life Cycle Assessment : are we there yet ?[END_REF]. A 200% increase in the agricultural land occupation indicator for SSB system was however observed in comparison with REF system. Indeed, more agricultural land is needed to cultivate plants (potatoes, beets, etc.) from which molecules used to synthesize the epoxy A resin are extracted. This growing occupation of agricultural land reduces the living space of animal species and serves the environmental impact badly for the SSB system. A recent article reports that three-quarters of all land have been transformed into agricultural fields or other structures on the Earth. In addition to that, human activities in two-thirds of the marine environment and three-quarters of lakes and rivers mean that more than 500 000 species do not have sufficient habitats for their long-term survival. Many of them are on the point of disappearing within a few decades [START_REF] Watts | Human society under urgent threat from loss of Earth ' s natural life[END_REF].

Nonetheless, natural land transformation impact was divided by half between REF and SSB processes. Indeed, the need for oil wells and uranium mining sites is less important for the SSB system.

Climate Change Ecosystems (CCE) indicator evolution (15% and 30% decrease for SSO and SSB, respectively in comparison with REF system) may be due to a decrease in pollution, particulate matter and CO 2 levels. These factors impact ecosystems [START_REF] Mooney | Biodiversity , climate change , and ecosystem services[END_REF] by leading to a temperature rise and thus to environmental degradation with forced migration of some species and to aquatic environment degradation (Hoegh-Guldberg and Bruno, 2010). As mentioned before, the 26% reduction in electricity requirements and 72% reduction in petroleum products (Figure 11, b) for the SSB system compared to REF system mechanically reduces the impact on the climate change, and therefore consequences on the ecosystem.

Influence on resource availability

Influence on resource availability is mainly explained by metal depletion (MD) and fossil depletion (FD) indicators (Figure 9). As mentioned previously, MD is largely unaffected by the type of process used because the quantity of iron oxide used to provide fire retardant properties is the same for each formulation. Thus, only FD indicator will be considered in this part.

Fossil Depletion (FD) indicator is used to measure the potential depletion of fossil resources in terms of resource scarcity in relation to remaining stocks, or in relation to the additional price induced by this scarcity [START_REF] Klinglmair | Assessing resource depletion in LCA : a review of methods and methodological issues[END_REF].

It is clearly visible that, compared to the REF system, SSB process allows a reduction of the contributors impacting fossil depletion indicator: compounds and chemicals -70%, coal -38%, petroleum -77% and natural gas -45% (Figure 11,d). Indeed, Xylene, used as solvent in REF and SSO processes, is obtained primarily from crude petroleum, similarly to DGEBA resin, which is 100% oil-based from BPA and leads to an increase in the "compounds and chemicals" indicator into this Fossil Depletion category.

In addition to that, coal, petroleum and natural gas are natural resources. Primary energy is the amount of energy stored in these natural resources in their raw state. To make these primary energies available to users, they must be extracted, transformed, stored and distributed [START_REF] Nelson | Energy Resources[END_REF]. If significant amount of energy is required for a process, more natural resources will also be needed. The higher number of coating steps or hard drying conditions of oil-based processes thus requires more energy and influences this FD indicator.

Total environmental impact of each process

When the scores of each indicator (Figure 10) of the same process are combined, the total environmental score is obtained (Figure 12) and allowed to make a general comparison.

A 13.6% gain on the total environmental impact is observed when the SSO process is used instead of the multilayered process (REF). This relatively low decrease, despite the reduction of the number of processing steps and of the power consumption, is explained by the use of the same oil-based chemicals, which have intrinsically high impact on climate change and on human toxicity, and the same curing conditions. A recent paper dealing with the influence of the surface treatment on the environmental impact of a pasteurization process also reaches the same conclusion. The coating system used to increase the anti-fouling properties of the process has been identified as the most important contributor in terms of environmental impact. This is due to many solvents and oil-based chemicals used to synthesize the coating [START_REF] Zouaghi | Investigating the effect of an antifouling surface modification on the environmental impact of a pasteurization process : an lca study[END_REF].

A 32.4% gain on the total environmental impact is however observed when the SSB process is used instead of the multilayered process (REF). The use of a bio-based epoxy resin and less toxic solvents is responsible for this improvement. Moreover, the less drastic (time and temperature) drying conditions applied to cure the self-stratifying bio-based coatings reduced the electricity consumption and therefore also the total environmental impact. 

Conclusion

The present study aimed at quantifying the environmental impacts of multilayered and selfstratified processes through Life Cycle Analysis. Three different processes to coat a polycarbonate substrate with a flame retardant coating were compared. The one pot processes, i.e self-stratifying processes, lead to similar fire properties (UL-94 test) than those of the two-layer reference process. Furthermore, overall SS processes show better performances in terms of substrate adhesion, interlayer adhesion, visual aspect and weathering resistance than the multilayered system.

Based on the analysis conducted, it may be concluded that the use of bio-based products and less harmful solvent has a positive effect on the climate change, human health and human toxicity for the SSB process. The decrease in electricity consumption due to the reduction of the number of processing steps and the application of softer drying conditions also have a positive influence on the SSB environment impact. Indeed, the need in fossil energy and the particulate matter formation are reduced.

Finally, the global environmental impact of a coating process may be significantly improved through the use of bio-based or less harmful components and by the implementation of the innovative self-stratifying process. Life Cycle Assessment is thus an essential tool in trying to quantify and reduce the environmental footprint of processes. The difficulty lies in the accurate definition of each parameter influencing the study to carry out a fair analysis. -32.4%
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 1 Figure 1: Self-stratifying concept

  durability: solvent-based coatings have longer lifetime but can emit Volatile
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 2 Figure 2: Structured Analysis and Design Technics (SADT) diagram for the multilayered (REF) coating process
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 3 Figure 3: SADT diagram for the self-stratifying oil-based coating process
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 4 Figure 4: SADT diagram for the self-stratifying bio-based coating process
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 5 Figure 5: SEM micro micrograph of a cross-section of the SSO system (a, b) with EDX mapping of Iron (c) and Silicon (d).

Figure 6 :

 6 Figure 6: (a) SEM picture of SSB cross section coating with X-ray mappings of (b) Carbon, (c) Silicon and (d) Iron showing iron oxide in the silicone top layer.The samples (100*10*3 mm 3 ) were then submitted to the fire test UL-94 (Figure7) combustion rate and time and production of flaming drop (with ignition of a cotton sample) are evaluated to qualify the sample resistance to the action of a flame according to a ranking from: non-classified (NC) to V0 (the best rating which corresponds to short burning times without ignition of cotton).

Figure 7 :

 7 Figure 7 : UL-94 device with UL-94 classification (according to IEC 60695-11-10)
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 8 Figure 8: Comparison of the properties of multi-layered and self-stratified systems.

  discussed: Climate Change Human Health (CCHH), Human Toxicity (HT), Particulate Matter Formation (PMF), Climate Change Ecosystem (CCE), Agricultural Land Occupation (ALO), Natural Land Transformation (NLT), Metal Depletion (MD) and Fossil Depletion (FD). Each indicator can be associated with one or more damages as shown on Figure 9.
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 9 Figure9: Midpoint impact categories and their consequences[START_REF] Thériault | Dans le cadre d'une ACV, conception d'un outil à la selection d'un jeu de catégories d'impact pour les entreprises européennes et nord-américaines du secteur textile[END_REF] 
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 1011 Figure 10: Environmental impacts (for 10 years) for major indicators of REF, SSO and SSB systems and Comparison of SSO and SSB systems with the REF one.

Figure 12 :

 12 Figure 12: Comparison of total environmental score (in mPts) for REF, SSO and SSB systems for one coated 10cm² polycarbonate plate.

Table 1 :

 1 LCI of self-stratified bio-based coating system

	PROCESS

SimaPro 8.2.3 software allows the LCA calculations in combination with the Ecoinvent 3.4.
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