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Final publishable summary report

Executive summary

The ReBioFoam project (Development of a flexibled anergy-efficient pressurised microwave
heating process to produce 3D-shaped RenewablepBlfaer FOAMs for a novel generation of
transportation packaging) was a large-scale cofithe project within the EU’s 7 Framework
Programme. This four year project started on Felgria2009, and had a total budget of 5,1 million
Euro of which the funding from the European Cominissvas 3,5 million Euro. The overall aim of
the project was to develop a flexible and enerdigient pressurised microwave heating process to
produce 3D-shaped Renewable BIO-polymer FOAMs fonoxel generation of transportation
packaging. The ReBioFoam project has generated @f loteresting results. Here follows a list of
the most important results:

1) The materials formulation has been defined as a®lthe process parameters fmilets

production; the pellets produced at semi industt@alel have proved having good
homogeneity, proper water content and morphologlydefined chemical physical properties
both at the pellets and at the foamed material.leve

2) A flexible and energy-efficienticrowave heating processo produce 3D-shaped items has

3)

4)

5)

6)

been defined and implemented toward the realizaifancontinuous process line at the semi
industrial level. Particular focus was given to abdevelopment as well as to microwave
cavity design, which also included optimizatiortlué inside field homogeneity.

Key features of thenould which enhance product properties have been ideitiEmooth
surface and hot surface led to the production graotype mould which provided good
quality, low density products and to the developm&na good understanding of doping
mechanisms and mould design.

Microwave cavity design, along with inside field homogeneity, wengtimized by test
productions of prototypes, expansion tests angithalation of microwave fields into several
designs of cavities. This led to the definition the optimal and most energy-efficient
microwave cavity solution and to the productioritefns with density of 40-50 kgfin

The possibility to reach the target density evenloat pressure implied a significant
advantage for the project particularly as regandsexploitation potential of the technology,
while not implying any change to the original gaald objective of the project thanks to the
obtainment of a more scalable and easy way torokitai envisaged foam products at a semi-
industrial scale.

Two demonstrators were selected, defined and realized: a port hpbrer for washing
machines and a corner for packaging applicatiore Ehget density of 40-50 kg?mvas
reached for both, their properties were analysad results pointed out the good physic-
mechanical behaviour of the new ReBioFoam packadesign, also in comparison to EPS
material, which was used as reference. Ambientopmidnces are better for the most
important impact categories. Moreover, the prodacbiodegradable and compostable in
home and industrial conditions.

7) A fully automated semi-industrial pilot line haselpedeveloped, which is able to produce

foamed samples with density 40-45 kg/m



Summary description of project context and objectiv es

The ReBioFoam project (Development of a flexibled anergy-efficient pressurised microwave
heating process to produce 3D-shaped RenewablepBlfaer FOAMs for a novel generation of
transportation packaging) was a large-scale calh@ project within the EU’s 7th Framework
Programme. This four year project started on Felgria2009, and had a total budget of 5,1 million
Euro of which the funding from the European Cominissvas 3,5 million Euro. The overall aim of
the project was to develop a flexible and enerdigient pressurised microwave heating process to
produce 3D-shaped Renewable BIO-polymer FOAMs fonoxel generation of transportation
packaging. This was the project logotype:

Figure 1 — ReBioFoam’s logo

Context

Each year, millions of tons of protective packagimgste are generated throughout Europe and
worldwide. Protective packaging generally consistsshape moulded resin parts used as impact
cushioning shields to preserve and protect prodfroi® damage as they are moved within or
between facilities, or shipped to their final deation. Expanded polystyrene polyurethane ,
polyethylene and polypropylene are the most popalehioning materials applied for protective
packaging applications. Despite of their functistyathe widespread use of these polymer foams of
synthetic origin implies considerable environmemwrtahcerns. The depletion of non-renewable fossil
raw material resources, associated with emissidngraenhouse gases (such agi{z and CQ,
which are applied as blowing agents during the fogmprocess), are the most direct impacts on the
environment. Moreover, their non-biodegradable/-oompostable nature, associated with the short
life of protective packaging products, rises updamental concerns regarding waste disposal.
Recycling, which is the solely applicable solutfon preventing those synthetic foams entering the
waste stream, appears in fact to be not alwaysezpgle to cost-ineffectiveness.

With this in mind, biodegradable and compostabtebased plastics represent an emerging highly
promising solution for protective packaging prowdeat they can be processed in foamed products
resulting in adequate functional requirements.

Project objectives

The REBIOFOAM project targeted the development dfi@degradable REnewable BIO-polymer

FOAM to be applied as protective packaging matefialthis end, the project aimed at developing a
new environmentally-sustainable manufacturing psectr the production of foamed 3D-shaped
packaging material originating from expandable ctdrased polymer pellets. In this new process,
expansion of the pellets is driven by microwavéhtedogy and exploits the inner water content of
the material to generate vapour at high pressuteichwvtriggers the foaming process. The

REBIOFOAM process is a multiple step process, &timgj of the following steps:



1) Formulation and processing: the base materialsmanly starch and water, are processed
with smaller quantities of other required bio-baadditives.

2) Extrusion and pelletizing: the material is extrudieih controlled morphology pellets of well
defined water content; this, combined with subsatjgenditioning, allows achieving tailor
made chemical and physical properties of pelletea@sired for the expansion.

3) Microwave-assisted expansion and moulding: pelkts transferred into a microwave
transparent mould and are further processed incaomave environment with controlled
temperature and pressure conditions. Rapid dieteatrating of the pellets to a temperature
beyond the flash point of the blowing agent, whiglhe inner contained water, causes the
pellets to foam in the mould thus resulting in agliaped foamed product.

The development of such a process involved thredamental development steps. On the one side,
a microwave expandable material had to be develtdpedgh proper formulation and processing of

the base materials, thus allowing to achieve, atetid, moulded foam products meeting functional

requirements for protective packaging.

On the other side, a heating / expansion systenmdad developed, applying microwaves to achieve
adequate foaming of the bio-based polymer, to lserdeed in terms of expanded cell’s size and
conformation/shape, cell's morphology, and, finallmechanical characteristics and cushion
behaviour of the expanded samples. This impliedfaldy evaluating effects of microwave fields as
well as varying temperature profiles, and achievamgefficient design of the microwave oven as
well as efficient tuning of the operational paraenstrequired for the expansion.

Last but not least, adequate mould design had tadoemplished for successful processing of
moulded, 3D-shaped, foam products. To this ex@nhorough comparison of dielectric properties
of mould materials as well as a careful selectibnthe most appropriate material for mould
construction, guaranteeing proper adhesion toubstgte while achieving at the same time inherent
surface temperature control, had to be achievedhdtame time, the occurrence of viscous shear
stresses at the foam / mould interface had to bemmzed, thus facilitating complex 3D shaping
during the moulding process, through the properigdesf the mould surface. Following the
achievement of the abovementioned partial objestittee goal was to develop an automated pilot
plant prototype demonstrating viability of techngils at a larger semi-industrial scale. The pilot
plant had to be subsequently used to produce fogrm@dctive packaging product prototypes for
different applications by responding to requirersasftthe End-Users involved in the project. Those
foamed protective packaging products had to beestubp standard performance tests for cushion
packaging materials such as compression as wetloagpressive creep strain tests according to
ASTM D3575-08, transmissibility tests accordingB8 EN ISO 13753, dynamic shock cushioning
tests according to ASTM D1596, etc. Furthermoredegradability and compostability had to be
also evaluated according to EN 13432, “Requiremeiots packaging recoverable through
composting and biodegradation - Test scheme antlisgian criteria for the final acceptance of
packaging”, providing presumption of conformity Wwithe European Directive 94/62 EC on
packaging and packaging waste. Biodegradation amnatelgration tests had to be carried out as well
according to ISO 14851 and EN 14045 respectivebrtidularly, according to Annex |, the
following scientific and technical objectives hadde addressed:

* To develop a proper formulation and proper procgssif base materials thus allowing to
achieve moulded foam products meeting functionglirements for transport packaging.

* To define relationships existing between the foramabf the pellets’ morphology, and the
extruder design and extrusion process parametérs defined as well.

* To establish a comprehensive scientific understandif the role played by the pellet's
physic-chemical characteristics with respect toegpelexpansion rate.



To study pellets post-conditioning and subsequemidiing conditions in order to ensure
proper expansion of the pellets also after handiimgj storage.

To evaluate effects of microwave fields and varyi@igperature and pressure profiles on the
rate of moisture loss, indicating moisture retamapability, during microwave heating, thus
enabling an efficient design of the microwave oasnwell as efficient tuning of operational
parameters required for expansion. To compare aliedeproperties of different mould
materials as well as to select the most appropraterial for mould coating guaranteeing
proper adhesion to the substrate while achievingthat same time inherent surface
temperature control, in order to enable efficier@nsmission of microwave energy thus
allowing rapid and uniform heating at the fieldensity required for expansion.

To minimize the occurrence of viscous shear steeséethe foam / mould interface thus
facilitating complex 3D-shaping during the mouldipigpcess through the development of an
appropriate mould surface coating treatment anduestigate bonding between coating and
mould under cyclic loading conditions, in ordemntaximize its durability.

To develop an efficient microwave moulding systerthwariable pressure control up to 10
bar, including a proper design of the microwavengmarent tooling as well as an efficient
design of the microwave cavity, thus achieving amifity of heating within the mould and a
consequent uniformity of foam properties.

To extensively characterize foam samples in whatcems both static and dynamic
properties such as compressive strength, creegwsidon behaviours, G factor curves, and
to elaborate cushioning curves for different foymes obtained by varying both material as
well as operational parameters towards designimgfaam packaging applications.



Description of the main S&T results / foregrounds

Project structure and approach

The REBIOFOAM project aimed at introducing a fldeiband energy-efficient pressurised
microwave heating process to produce 3D-shaped virdile BIO-polymer FOAMs for a novel
generation of transportation packaging throughhaowvative concept that is constituted by:

1) A new IDEA: foaming an innovative starch-based mateusing MicroWave technology,
exploiting the inner water content of the matet@lgenerate vapour at high pressure, which
triggers the foaming process;

2) New PROCESS: validating a new process for the prioolu of a defined 3D-shaped
demonstrator using a semi-industrial pilot line @leped within the project;

3) New PRODUCT: achieving a biodegradable and comptsstgproduct, having good
environmental performances and cushioning propertie

To this purpose, the project has been executetia@rfdllowing interconnected work packages, as
illustrated in Figure 2.

| WPD MANAGEMENT |

WP1 SCENARIO STUDY
Comprehensive review of
sustainable packaging izsues

WP2 PELLETS PREPARATION

Material formulation, pellets

extrusion and handling
materials and surface treatments

WP4 MICROWAVE-ASSISTED
POPPING PROCESS
MW cavity design for optimized

MW transparent moulding
heating

WP3 FOAM MOULDING

TECHNOLOGIES

WPT PACKAGING DESIGN, PROTOTYPING &

WPS PROCESS
MODELLING

PERFORMAMNCE TESTING

| WPE PROCESS INTEGRATIOMN l—b

1_

WP3 IPR MAMAGEMENT, EXPLOITATION &

DISSEMINATION

| WPS LIFE CYCLE ANALYSIS

r

Figure 2 — Pert diagram

WP1 aimed at analysing the current scenario of eptite packaging materials, related
manufacturing processes, and markets, in ordeettdigh-level guidelines for the development of
the new technology. WP2 focused on studying theipgcand on developing the extrusion process,
in order to achieve adequate physic-chemical chenatics of the pellets to enable smooth
expansion of the biopolymer in a subsequent praugsstep. WP3 targeted the development of
appropriate foam moulding technologies throughgilection of proper mould materials as well as
the definition of appropriate moulding condition$/P4 focused on the development of the
microwave-assisted expansion process, being alsisted by modeling approaches to optimize



operational parameters (WP5). Last but not leagt6\Was dedicated to the integration of the above
technologies into a pilot process, while WP7 taxdahe demonstration of the technology through
the prototyping of 3D-shaped moulded bio-polymeanfoparts as well as their testing according to
standard tests for cushioning materials. Life CyRlealysis complemented research activities in
WP8, allowing to analyze the cradle-to-grave cyafldio-based transport packaging products. Last
but not least, WP9 dedicated to IPR managementpigaion and dissemination activities, while
WPO dedicated to Management activities.

The following sections are aimed at summarizingmaaihievements of each WP.

WP1 SCENARIO STUDY

WP1 aimed at analysing the scenario (i.e. by pdeity analysing the relevant legislation and the
market) and at setting an overall guideline for tlesign and development of the biodegradable
foamed 3D-shaped packaging from the biopolymeflsetdeveloped (i.e. by identifying the technical

and functional properties that the packaging shbalek).

Accordingly, activities started with an extensivealysis of the legislative framework that the

ReBioFoam project should take into account in dgpiely a technology and a product in compliance
with the current scenario. Moreover, a market neweas accomplished in order to identify a market
framework in which the new product should be intreed. The current market for cushion and
transport packaging is, in fact, dominated by @ertachnologies with which the new product will

inevitably compete. In Figure 3 the worldwide marikends of foamed polystyrene for protective
packaging (2004-2014) in MIn US $ is presented (SauNSEAD, 2008).
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Figure 3 The worldwide market trends of foamed puisene for protective packaging
(2004-2014)

Moreover, within WP1, the Consortium partners helpedefining a project demonstrator that is a
porthole spacer (Figure 4), actually made of ER$having a foam density of 20-22 kgimnwhich is
manually inserted between the washing machine laaditum and whose main function is to block
and stabilize the washing group during the trarntspibthe appliance, avoiding unwanted vibrations
and consequent damages to the washing group, btferarrival of the washing machine at the
customer site. The choice of the demonstrator waislynbased on the following criteria:

- the shape of the selected demonstrator is complexgh to be used to evaluate the ability of
the foamed biopolymer to fill the mould;

- the mould dimension is big enough to be manufadtimea semi-industrial equipment and
tested at semi-laboratory scale;



- from the industrial exploitation point of view, tselected demonstrator could already have a
good potential in the market.

Figure 4 - Porthole spacers made of EPS, selestdtkadlemonstrator of the project

Furthermore, in order to evaluate the flexibilitiytbe technology, the possibility to develop other

packaging system prototypes with specific shapes ljox, corner protection) has been investigated
as well during the project and the production @irther packaging system prototype, that is a aorne

protection, has been implemented within Novamomisrowave pilot plant.

WP2 PELLETS PREPARATION

The main achievements for this WP were the definibf a proper material formulation, and of the
process at laboratory and semi-industrial leveé d@blproduce pellets with the required physic and
chemical characteristics to be foamed by a flex#dnd energy-efficient microwave heating process
to produce 3D-shaped items. Accordingly, the follmyvachievements can be highlighted on the
pellets:

e The optimal water content has been defined andheeed after a drying phase;

* The morphology has been optimized towards the maxintevel of foaming and a proper

outer skin has been obtained to maximize the fleaming;

* A shelf life of up to 3 months has been achieved.
Furthermore pellets and the raw materials wereyaadlin term of:

» Determination of the cristallinity percentage;

* Molecular weight;

* Foaming capacity of aged pellets.
With respect to the latter point, aged pelletd $idlve a good foaming capacity and mechanical
properties comparable to the fresh pellets. Thietseloaming capacity was evaluated modifying the
MW power profile and measuring the temperature iwitihe pellets and the consequent foamed
product diameter (Figure 5). The general consideras that the maximum MW power has to be
irradiated on the pellets.
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Figure 5 - Experimental test: left, in black: th&\Mpower; in red: the temperature profile
(real and set); right: the foamed pellets

Within WP2 it was also ultimately possible to dersivate the feasibility of producing pellets at
semi-industrial level; pellets were produced camusly and pellets storage was simulated in order
to confirm the possibility to transport and use thew pellets as traditional ones (Figure 6).
Furthermore, the semi-industrial pilot productiamelwas designed as a scale down of an industrial
one, thus confirming industrial feasibility up tg@eoduction capacity of 1000 kg/h.

Figure 6 - ReBioFoam starch-based pellets

WP3 FOAM MOULDING TECHNOLOGIES

WP3 aimed initially at evaluating materials suitépifor use in moulds to be applied within the
ReBioFoam process as well as at evaluating appesacin mould surface treatment so as to achieve
a heated surface and a smooth mould release. Sudrgbq the objective was to design and make
prototype moulds for the pilot production of porhepacer demonstrator samples by which to carry
out expansion trials.

Accordingly, the main properties required to the Mkinsparent mould were defined. Different
materials were analysed, and several designs weded to optimize the specific properties of the
foamed product samples.

Surface treatments in order to prevent the coltapsif the foamed item surface (caused by the
presence of water) were evaluated as well as diffemethods were tested. Results achieved at lab
scale led to a smooth surface of the foamed product



Figure 7 - Mould prototype

Starting from the R&D results and with the aim tmale up the results obtained at the lab scale,
different approaches were evaluated such as panutér surface treatments. Results demonstrated
that, from an industrial point of view, heatingtbe mould by conventional (e.g. IR) methods was

the best choice, furthermore considering that,mduthe process, heating is only necessary in the
start up phase.

Another important result was the definition of tiheuld structure for the pilot line the best solatio
was to use two different materials combined in ptdegguarantee the mould mechanical and thermal
performances with the flow capacity of pellets ba mould surface.

WP4 MICROWAVE-ASSISTED PRESSURIZED EXPANSION PROCES S

The main objectives of WP4 were to design and baiikinall-scale prototype microwave system to
be verified by testing and the characterizationfadmed product items, thus identifying key
parameters for the development of the semi-incald#W system in WP6.

The initial work was related to the realizationaopressurized MW oven to guarantee the required
foaming capacity and the field homogeneity witHue tavity. This equipment allowed to obtain a
foamed product that respected targets and expauasati

The continuous upgrade of pellets properties aanl ftbaming capacity allowed to reach comparable
results at both low and high pressure conditiorfsis Timportant result allowed to simplify the
production process as well as the pilot line coheap design.

WP5 PROCESS MODELLING

The objectives of WP5 were the design and optinunadf a microwave applicator/chamber for the
microwave assisted pressurized heating of bio-bgdastics as well as the process simulation
towards the optimisation of the process parameters.

Activities were focused on the simulations of mwave fields in different cavities and then of
pellets behavior within different cavities and nomave fields. The first step was the definition of
the dielectric properties of the pellets and moditle simulations were carried out considering
different oven designs and considering differergifpans of the mould within the cavity. As shown
in Figure 8, which shows simulated results of theation of the electric field strength at diffeten

mould positions in the MW oven, mould rotation aloto achieve a better distribution of the
electromagnetic field. For this reason a rotatatge was suggested for the pilot line.

10



Furthermore an equipment to measure the temperatuhe pellets surface during foaming was set
up. An IR camera was fixed near the pellets in p@noresonator. Information related to the surface
temperature of the pellets during foaming was a&lyand compared to results of WP2 (Figure 9).

As a general consideration, the temperature orpéflets surface is higher than 100°C, suggesting
the presence of pressurized steam within the pellet

o e a0° 0

Figure 8 - Variation of electric field strength [H& different positions in MW oven (0° and 90°)

Figure 9 - Equipment to measure the temperatuggetiats surface using a IR camera (left) and the
pellets during the foaming (right)

WP6 PROCESS INTEGRATION

Main objectives of WP6 were the initial definitiad high-level production requirements and the
setting of high-level specifications guiding thevel®pment of the key steps in the pilot semi-
industrial process. Accordingly, detailed technispkcifications had to be defined for the semi-
industrial pilot process and an automated semistreal pilot line had to be designed and developed.

Within this framework, the pilot line design wasfided in parallel and taking into account R&D
activities carried out within the other WPs. Thecid®n, thanks to the upgrade of the pellets
properties and the optimization of the foaming ps%; to move from a pressurized system to a low
pressure microwave process line gave several aalyasit i.e. the improvement in flexibility,
scalability and energy efficiency as well as a atitn in cost. The pilot line was defined, which
consists of the following processing units:

1) Storage and dosing unit of the bio-polymeric psligith correct amount of water;
2) Foaming process of the pellets inside the microvegstem;

3) Extraction stage of the foamed product;

4) Conditioning unit of the bottom half mould.

11



Accordingly, bio-polymeric pellets with a specificater content are dosed properly in the mould,
which is then transferred to the MW system. In giage the mould is closed mechanically and MW
irradiation is started up, so that pellets can faaside the mould, releasing steam. The mould is
brought out from the oven and transferred to thieeaesion unit, in which the foamed product is
extracted by two extractors and one manipulatoty @ve mould is transferred to the conditioning
unit where it is conditioned thermally before resta a new process cycle.

The resulting pilot line is a semi-automatic rotamgchine endowed with a central shaft able to turn
around a main table. On this table four plateg@ngly installed, and on each plate there is iista
only one mould. The central table is able to tuwwuad in order to transfer each plate supportirgg th
mould from a station to another one.

A 3D model of the assembled pilot line is represdrielow (Figure 10).

1. Storage and dosing unit
2. Microwave system

3. Extraction unit

4. Conditioning unit

Figure 10 — 3D model of the assembled pilot line

The line is completely automatic, and human int&sads minimal. Moreover, the foamed samples
obtainﬁ? by the pilot line have densities comparablsamples coming from the laboratory (i.e. 40-
45 kg/nv).

WP7 PACKAGING DESIGN, PROTOTYPING AND PERFORMANCES TESTING

The main activities of this WP were related to tiedinition of the properties of the new foamed
material. An extensive characterization work wasstbarried out in terms of mechanical and thermal
analysis, test in use, determination of the cettsicture of the foam and evaluation of the
biodegradability according to the standard. Acauglli, prototyping trials of expanded foam
package systems had to be carried out by meansieofsémi-industrial process line and the
mechanical performances and cushion behaviourbiefpaickage system prototypes produced by
means of the semi-industrial line had to be charad, along with porosity and BET sorption.

12
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Figure 11 — Dynamic shock cushioning charactesqti@sed on ASTM D1596) of ReBioFoam
material (40 and 80 kgffhand EPS (17 and 26 kgim

In particular, foam samples of different densitvesre tested and compared to EPS. Some of the
results are shown in the picture above (Figure ftdi which it is evident that, as regards Dynamic
Shock Cushioning characteristics (based on ASTM98),5the ReBioFoam material (with density
80 kg/nT) performs better than EPS, whereas the new foanadrial with lower density (40 kgfn

is comparable to EPS. The same result was achievélde other tests performed, which comprised:

e Test method to obtain the material thermal resecggmternal procedure based on ISO 8894-
1);

» Standard test method for thermal insulation qualitpackages (internal ITENE procedure);

» Test method for rubber property - Volume Resisfiat electrically conductive and antistatic

products (based on ASTM D991-89);

Evaluation of the Compression Stress (based on ABBBI75-08);

Evaluation of the Compression Creep Strain (basefl®TM D3575-08);

Evaluation of the Trasmissibility (based on BS E50I13753:2008);

Evaluation of the Dynamic Shock Cushioning Chanastie (based on ASTM D1596).

The foamed prototypes were also analyzed accotdidectrolux packaging tests specifications for
fabric care products. In Figure 12, the portholacgp demonstrator is placed within a washing
machine, exerting the same performances of th@bRE®eS.

Figure 12 - The REBIOFOAM porthole spacer demonstralaced within a washing machine
(the external packaging (left) is in EPS)

A second demonstrator was realized as well at &boy level, in order to demonstrate the protective
performances of the new foamed material. This pypwis a corner that can be used in different
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applications, and whose innovation lies in the iy to modify its surface area considering the

material properties and the product to be proteclgids new ReBioFoam packaging system
prototype behaviour was compared with the behawdltPS packaging, doing the same tests with
the original washing machine packaging. The temt picluded the following steps:

1) Climatic conditioning for testing;
2) Drop test;

3) Compression test;

4) Vibration test;

5) Stability test;

6) Rotational drop test;

7) Horizontal impact test.

The obtained results indicate a good physic-mechaabehaviour of the new ReBioFoam packaging
design. Moreover, if the actual EPS packaging mgared with ReBioFoam packaging, the different
levels of the acceleration curves obtained fromtésés show that ReBioFoam packaging is able to
absorb more energy thus showing enhanced protecdioability than EPS protection.

Finally, biodegradability and compostability of ReBoam items were tested according to standard
EN13432 that requires:

1) Biodegradability;

2) Disintegration during biological treatment;

3) Absence of negative effects on the composting pce

4) Absence of negative effects on the quality of #msulting compost.

Results pointed out that Rebiofoam material corspiéh the EN13432 requirements. Furthermore,
disintegration test in Home Composting conditioascfrding to UNI 11355) was carried out

confirming that the product is not only compostableindustrial conditions, but also in home

composting (Figure 13) and recycling test of paggedboard was carried out as well pointing out
that the materials could be recycled with papedioaard without interfering with the pulp recycling

process.

Figure 13 - The porthole spacer before and af@ntdigration in home composting conditions
WPS8 LIFE CYCLE ANALYSIS

The objectives of WP8 were to analyse the cradigréwe cycle of bio-based transport packaging
products, and to compare results with environmemalacts procured by competing technologies
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such as EPS. Moreover, a Business Model involvlihglayers composing the Value Chain had to
be developed in close cooperation with exploitatiotwities (WP9).

Relevant activities have concerned the developroktite LCA model following the framework of
LCA. The model has been continuously improved \mtbtre complete, representative data about raw
materials, REBIOFOAM expansion processes etc. wanthey were available from partners. A
methodological overview and related activities swenmarised in Figure 14.

The Functional Unit (F.U.) of the study was defiresl “the production, use and disposal of 100
porthole spacers”. All the main life cycle stepstbé packaging (i.e. REBIOFOAM and EPS-
benchmark) were taken into account, whereas thduptmn of washing machines was left out
because it did not affect the comparison. Ovehal LCA profile of the REBIOFOAM packaging
has been determined with a good approximationahiqular a special attention was dedicated to the
evaluation of the robustness of obtained LCA resulo this end several tools were adopted like
inventory data checks, mass balance checks, Maaute €imulation and sensitivity analysis for the
key parameters. Expanded packaging systems lilsetimade of EPS are generally characterized by
a short life becoming a waste to be handled vergktpu Due to cost-effectiveness issues like low
quantities, low bulk density, difficulties in sepfing and identification of plastics by the endruse
EPS packaging wastes generated at house holddevejenerally characterized by a low recycling
rate.

1. Goal & scope 2. Life Cycle Inventory & 3. impact assessment 4. Interpretation

Comparative LCA analysis of Identification of relevant life

Product
two different pck systems Materials . cycle processes and
—> UNIT —>» Emissions -
Energy PROCESS key variables
Not compostable Compostable Waste
~ Robustness results evaluation
. ~Average industrial data for EPS production and Data quality checks
&P v expansion process Mass balance checks
5 [=) ‘i (e.g. consistency etc.)
«Sperimental data for granule production and Monte Carlo simulation

EPS Starch-based expansion process > directly collected and elaborated Sensitivity analysis for the

System boundaries
“Cradle to grave”

-Real End of Life scenarios
(as far as possible)

from the project partners. Secondary data for raw
material production (i.e. starch)

key parameters (e.g.
different types of starch etc.)

Conclusions

Environmental indicators
Functional unit
100 pck units «Non renewable energy resources (e.g. oil, coal ...)
-EPS pck weigth: 12 g *Renewable energy resources (e.g. biomass ...)
-Prototype pck weight: 24 g

Recommendations
*Water consumption

sLand occupation

*Global warming potential (e.g. fossil CO  ,, N,O, CH, ...)
«Eutrophication (e.g. PO ,*, NO;5™ ...)

«Acidification (e.g. SO ,, NOx ...)

«Stratospheric ozone depletion (e.g. CFC, HCFC ...)
*Photochemical ozone formation (e.g. VOC ...)

*Depletion of abiotic resources (Au, Fe, oil ...)

Future works

Washing machine production
was not included

Figure 14 - Methodological overview and main WP#8\vittes

A biodegradable and compostable packaging systaentte prototype developed within ReBioFoam
project (i.e. porthole spacer) is potentially soliéafor inclusion in the industrial composting pess

or home composting, or the waste water system ogemp new routes for waste treatment. As the
collection of the bio-waste fraction of Municipabli®l Waste (MSW) across the countries, where
washing machines are sold, was estimated to bet d068t, a potential (biological) recycling rate for
prototype packaging of 40%, without modifying wastdlection schemes currently running would
be expected. On the contrary, for a traditionak @@mpostable) expanded packaging system, the
estimated recycling rate ranged from 0% up to 2.6f0average 0.5%. According to such figures it
could be argued that a compostable packaging system increase diversion from landfill. A
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preliminary estimation suggested, de facto, thataserage landfill would pass from about 52%
(current scenario with EPS packaging system) to @Rkernative scenario with a compostable
packaging system), a reduction of 15%.

Beyond potential beneficial effects on waste maneagg, the prototype packaging was assessed also
from a life cycle perspective using LCA methodologgrformed largely following 1ISO 14044
standard. The analysis covered the most signifiiémtcycle stages of the prototype like raw
material acquisition, prototype packaging productand its disposal. Primary data reflecting the
best trial outcomes for the prototype packagingewesed and obtained LCA results were compared
with those characterizing EPS packaging system,se/H0CA was largely based using average
industrial data representative of European prodactiFrom a LCA perspective, the prototype
packaging showed a lower non renewable energy hiatiaresources consumption (-50% for both
categories) along with a significant reduction neephouse gas emissions (-60%) compared to EPS
packaging. This was mainly due to the use of awebé& feedstock. Also photochemical ozone
production potential resulted significantly lowe®@%) thanks to the absence of the expanding agent
(i.e. pentane) used instead in EPS expansion @mothas robustness of these preliminary results was
verified by performing a Monte Carlo simulation veeooutcomes confirmed the reliability of LCA
results. The results obtained by the project asgviohg concrete perspectives for commercialization
and other forms of exploitation: the potential éxploitation as emerging from the work developed
within the project is in fact expected to generateong interest in the industrial community.
Therefore, it was also of primary importance thia partners agreed on an appropriate Business
Model, describing in details the strategies to #epéed and the agreements on potential market for
the new products, etc.

The major exploitable result coming from the ReRiaf project is the integrated technology,
including the ReBioFoam material and the plantgdelet expansion and production of packaging
products.

Several future commercialization structures and iitass Models are possible such as the
establishment of a NewCo, involving some of thetrgas involved in the ReBioFoam project as
well as other partners/investors interested in kdg@neg new products with the proposed technology.
In this scenario, the NewCo may be mainly respdadir the commercialization of the integrated
technology and may be also responsible for thenegging and commissioning of the plant.

In this scenario the NewCo will not deal with protdan, but only with commercialization and
perhaps engineering of the integrated technologieldped within ReBioFoam. It will thus be a
service company which will deal with plant commissng and implementation supported by
specific components suppliers (i.e. Novamont walitbe supplier of bio-based granules).

The proposed business model for the ReBioFoamratied) technology has a value driven structure,
in which the added value of the product/serviceesebn the performances and sustainability of the
final packaging product obtained with the propotsathnology in line with the new upcoming norms
and standards (i.e. green products) In this seéheegeference market is represented by the mafket o
other green packaging solutions, as paperboarther solutions.

WP9 IPR MANAGEMENT, EXPLOITATION, DISSEMINATION

Work Package 9 was notably focused on the defmitb an exploitation strategy involving all
players composing the value chain. A high focus alas given to dissemination activities in order
to magnify the impact of the project on the wideesgling of the proposed environmental friendly
packaging foam.
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Novamont, as WP Leader, was in charge of prepdhi@agPlan for the Use and Dissemination of the
Foreground”, which is one of the compulsory repthts participants in FP7 projects are required to
deliver to the European Commission, summarizingdbesortium’s strategy and concrete actions to
protect, disseminate and exploit the foregrouncegeed by the project. With this respect, actisitie
performed within WP9, reflect the structure of tlian for the Use and Dissemination of the
Foreground”, which is divided into two sectionsct@n A “specifying the exploitable foreground
and providing a plan for exploitation, includingRRmanagement”, and Section B describing the
dissemination measures.

SUMMARY OF THE MOST IMPORTANT RESULTS / ACHIEVEMENT S

The ReBioFoam project has generated interestingtseddere follows a list of the most important
results:

* The materials formulation has been defined as aglthe process parameters fmilets
production; the pellets produced at semi industt@alel have proved having good
homogeneity, proper water content and morphologlydefined chemical physical properties
both at the pellets and at the foamed material.leve

« A flexible and energy-efficienticrowave heating processo produce 3D-shaped items has
been defined and implemented toward the realizaifancontinuous process line at the semi
industrial level. Particular focus was given to adbdevelopment as well as to microwave
cavity design, which also included optimizatiortloé inside field homogeneity.

» Key features of thenould which enhance product properties have been idedtiEmooth
surface and hot surface led to the production graotype mould which provided good
guality, low density products and to the developme&na good understanding of doping
mechanisms and mould design.

« Microwave cavity design, along with inside field homogeneity, wengtimized by test
productions of prototypes, expansion tests angithalation of microwave fields into several
designs of cavities. This led to the definition thie optimal and most energy-efficient
microwave cavity solution and to the productioritefns with density of 40-50 kgfin

» The possibility to reach the target density evenloat pressure implied a significant
advantage for the project particularly as regandsexploitation potential of the technology,
while not implying any change to the original gaald objective of the project thanks to the
obtainment of a more scalable and easy way tomokitai envisaged foam products at a semi-
industrial scale.

 Two demonstrators were selected, defined and realized: a port hpbecer for washing
machines and a corner for packaging applicatioe. fbhmer was developed at lab as well as
pilot scale; a density of 40-50 kg/m3 was reacloedbth. The port hole spacer as well as the
corner properties were analysed. Results confirthat their properties are comparable to
those of EPS material, which was used as referémbient performances are better for the
most important impact categories. Moreover, thedpcb is biodegradable and compostable
in home and industrial conditions.

* A fully automated semi-industrial pilot line haselmedeveloped, which is able to produce
foamed samples with density 40-45 kd/m
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Potential impact and the main dissemination activit iles and exploitation
of results

Potential impact

The expected impact of the ReBioFoam project shd@dplaced in a larger context. When the
ReBioFoam project was started, a technical featsilstudy, complemented by laboratory trials, had
already demonstrated that starch could be usedsis taw material to produce a novel lightweight
(density achieved so far of 40 kgjnand cushioning foam that could be moulded to B&pss to be
applied for transport packaging applications. Tleeh foam was intended to be an alternative to
EPS, which can be moulded into virtually any shapsize and represents the most largely applied
foam material in transport packaging.

Within the ReBioFoam project, building on this pmehary experience, an energy-efficient and
environmentally-sustainable manufacturing procesabkng the production of biodegradable
foamed 3D-shaped packaging originating from taiteade expandable anisotropic skinned pellets
made of slightly modified starch with controlled telacontent was developed and implemented at
pilot semi-industrial scale.

In terms of pellets production, formulation andrialang were optimized, the processes have been up-
scaled during the course of the project and todayblend is extruded into controlled morphology
pellets of small size, defined water content andeaser skin achieving the required tailor made
specific chemical, physical and functional propesti

In terms of 3D foamed items production, a new mi@aee-assisted moulding process was developed
and up-scaled during the course of the projectitgato the implementation of a new process
concept. A fully automated semi-industrial pilohdi has been developed based on this concept,
which is able to produce foamed samples with der#45 kg/m. The ReBioFoam project has
allowed to significantly increase the knowledgeraye involved processes and serves as a platform
for further developments. Furthermore, the posgitiib reach the target density even at low pressur
(instead of at high pressure as planned in thenbewi) implied a significant advantage for the
project particularly as regards the exploitatiotteptial of the technology, while not implying any
change to the original goal and objective of thgjgmt thanks to the obtainment of a more scalable
and easy way to obtain the envisaged foam produassemi-industrial scale. Finally, the fact that
the microwave assisted foaming process has beenupescaled and the feasibility of the process
has been demonstrated will enhance the likelihoodhis technique to be used in the production of
biodegradable 3D-shaped foam applications.

The total production of EPS in Europe is 1,600,@t/year (Eumeps 2008). Of this, about 400,000
tons is used for packaging, which is the secondekr application for EPS after construction
materials. The production volume of EPS has beahlestover the last years. While volumes of
traditional packaging has decreased in Western geyrthere is a growing demand for shape-
moulded construction details of EPS that combineekant insulation and good mechanical
properties at a low density. ReBioFoam foamed ratisra good alternative for EPS with respect to
shock protection. It has great potential to takeubstantial share of the European EPS market.
Property wise it will be possible to substitutdegtst 25% of EPS packaging, corresponding to about
100,000 tons/year of EPS. The availability of Ré¢®iam resins need, however, to be improved in
order to reach these levels. Preliminary studias larsiness model evaluation pointed out that the
major exploitable result coming from the ReBioFopmiject is the integrated technology, which
includes the ReBioFoam material and the plant fdles expansion and production of packaging
products. An evaluation of the costs of the Relaofademonstrator has been carried out taking into
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account the several hypotheses on a possible ewafign of the pilot line defined within WP6 at a
semi-industrial level.

Cost analysis contribution CAPEX/OPEX for the whaecess (from the raw material to the
demonstrator) has been evaluated as well as thedial analysis (NET, Payback, IRR) to define:

» if the hypothetical structure we analysed was fdasaind sustainable;
« the target CAPEX/OPEX and the working area restmettte actual situation.

Taking into account the several hypotheses donausecof the lack of a real industrial plant yeg, th
results are promising.

Main dissemination activities

The dissemination activities were aimed both natiigrand internationally (specifically in Europe).
The tools that were used for dissemination arel{gh®&eing not exhaustive):

* Publications
e Articles in technical journals as well as in poputeagazines
* Publications on related portals and magazines, imgail etc. dealing with
environmental issues and, more in particular, eeldd the use of bio-based foams for
transport packaging
» Conferences
*  Workshops
e Seminars
* Press releases
* Showcases and exhibitions
* Internet
* ReBioFoam Project Website
» Specialised web portals
* Forums
» Links to other projects
e Leaflets, brochures and posters
« Common graphic identity
e Promotional video

Furthermore as Coordinator, Novamont organizeda faunch event to present the results of the 4-
year ReBioFoam research and experimentation. Thdtsewere presented on thé"3lanuary 2013
during an international conference that took plecélovara, in the Lecture Hall of the Faculty of
Economics, at the presence of Project Technicakfsg and of representatives of the project and of
the Italian Ministry of Education, University andesearch. During the conference the promotional
video of the project has been shown publicly far finst time.

Moreover, a demonstration event has been organizdtie same day in Tortona, at Chemtex’
premises, in order to raise the attention of thkedtolders of the relevant industrial sectors.

Exploitation of results
The main elements that constituted the new ReBiwFaancept are:

e  Starch based pellets
e Mould
MW oven
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e Pilot line
« Foamed packaging items

The exploitation of the new concepts, and thentoklements, could be described with six stages
with stop/go decision points in between, as illatgtd below (Figure 15).

Gate Gate Gate Gate
\ Stage 1: \ Stage 2: \ Stage 3: \ Stage 4:
Technical Pre-project Build busi- Pre industrial
issues ness case Develop
Technical issues Feasability check. - Technology - Prototypes (customer
solved Prel. assessment: /product interaction)
- Technical definition - Manufacturing process
- Business - Product - Marketing plan
justification - Finalized IPR strategy

- Project plan

Gate

\ Stage 5: \ Stage 6: \ Post-launch
Testing & industrialization review

validation
- Customer tests - Implement - Project efficiency
- Test market marketing plan - Business realization
- Verify full scale - Advertising

manufacturing

Figure 15 — ReBioFoam new concept exploitation

As during the project the level of achievementsengifferent for the different elements, for eacle on
a different maturity level was reached. As in gartar:

1. Starch based pellets
Stage 4 - The pellets were produced at semi-indl#tel setting and optimizing an equipment that
is a scale down of an industrial one. The resulth® tests confirmed the industrial feasibility tap
a production capacity of 1000 kg/h; further tests meeded in order to set up an industrial line for
pellets production.

2. Mould
Stage 4 - The moulds were produced using exis@afpriologies. In case of an industrial line
implementation, other materials may be investigatedy. injection or compression moldable
materials). The developed moulds were validateeénms of functionality and design.

3. MicroWave oven
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Stage 4 - The MW oven was designed for the pita, ligiving important information related to the

power and time needed for the foaming of the pell€he developed MW oven is defined for the
production of pieces having dimension comparabtddaer) to the demonstrator (about 1 L). For

different products a new design may be studiediarghse of the set up of an industrial line, other
technologies may be investigated.

4. Pilotline

Stage 4 - It is the core of the process that casredtthe parts. It was demonstrated that theilne
able to work autonomously with a minimum interactmf operators. The line was set up thanks to
studies, information and feedback coming from ladl project partners. The design of an industrial
line will be probably different and will need to Istudied in order to maximize the production
capacity and minimize operative costs.

5. Product
Stage 4 - Properties of the foamed products weeplgeanalyzed. The results pointed out that the
properties are comparable to those of the referBR& The ambient performances are better for the

most important impact categories. The product mdégradable and compostable in home and
industrial conditions.
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Address of the project public website, and relevant contact details

PROJECT PUBLIC WEBSITE AND CONTACT DETAILS

The ReBioFoam project has an open website availablesww.rebiofoam.eu On the website,
information about the project vision, goals, cotison, newsletters and events are published. The
coordinating organization was Novamont, and the rdioator was Roberto Lombi
(strategic.projects@novamont.cptel: +39 0321 699 611).

REBIOFOAM CONSORTIUM

The ReBioFoam project was executed by a consortiomposed of 10 partners from 8 European
countries. The involved organisations are listddwe

Industrial partners

* Novamont S.p.A, ltaly

* C-Tech Innovation Ltd, UK

* FEN srl, ltaly

*  Chemtex SpA, ltaly

* Recticel BV, The Netherlands

» Com-plas Packinging Ltd, Ireland

» Electrolux Poland - Spotka z Ogranicacdddpowiedzialnécia, Poland

Research institutes

* ITENE (Instituto Tecnologico del Embalaje, TrandpoY Logistica), Spain
» Fraunhofer-Gesellschaft zur Férderung der angeweariebrschung e.V, Germany

Universities

« CTU (Ceské vysoké teni technické v Praze)
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