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It is necessary and urgent to reduce the impact of single-us@lastics and in particular
those used for beverages and similar products. Fewer plagis or reduced shelf-life
need to be explored simultaneously while keeping open the sibilities of bringing
on the innovative market designs and consumer experiencesThis work details a
general computational framework bridging simulation of capled mass transfer and
non-linear thermodynamics with 3D geometry optimizationecodesign and other mass
transfer-related risks (collapse, migration of chemicalsThe three-dimensions (impacts,
design, shelf-life) of the storage of alcoholic beverages plastic containers are presented
as a representative case-study of the multi-objective ecoelsign problem and as an
illustration of new trends to accelerate prototyping and inovation. The capacity to
evaluate, maximize product shelf-life and minimize packagg waste was tested on 450
miniatures served usually in plane and train. Four alcoholstrengths (including pure
water) and four storage conditions were considered. Sevetalternatives (900 different 3D
designs) were explored by simulation and constrained optiimation to reach the targeted
shelf-life. The large set was used to establish the Pareto djpnal design enabling to
minimize weights while maximizing shelf-life. The approé&cis suf ciently versatile and
exible to adapt arbitrary designs and additional phenomea controlling shelf-life (aroma
scalping, oxidation, migration of non-intentionally addeé substances).

Keywords: ecodesign, packaging, mass transfer, alcoholic be
thermodynamics

verages, shelf-life, polyethylene terephthalate,

INTRODUCTION

During the last decade, the perception of plastics by the publitauthorities has fundamentally
evolved from bene cial to signi cantly negativélamaide et al., 20)4They have been successfully

associated with potential sources of harmful substancestesiagreenhouse gases, etc. The negative

perception has been ampli ed by the absence of harmonized régnta(see an overview of
regulations in the world irRijk and Veraart, 201)and the lack of good manufacturing and design
practices for materialsused in association in packaging corapis (laminates, printed and coated
surfaces, closure with gaskets or varnishes, plasticsiatgsbwith paper and board...). Among
developed countries, the EU is equipped with the strictestais# rules. EU framework regulation
1935/2004/ECHC, 2004p makes a risk assessment and risk management compulsoryhédor t
introduction of any new substance, material or industriahptice (active/intelligent packaging
system, recycling) regardless the material is in plasticsotr\While not mentioning design, EU
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regulation 2023/2006/EC E(C, 200% encourages the in EU regulation 282/2008/ECE(C, 2008p they oer low
developments of good manufacturing practices and qualitgnvironmental footprints (oniolo et al., 2013; Accorsi et al.,
assurance systems at all stages of the production and hgndlig015; Manzardo et al., 20)L&ince the shelf-life of pasteurized,
for each of the 17 groups materials and their combinationsterilized, and liquid food products tend to be shortened in
accepted for food contact. The reduction of the environméntaplastic bottles, the food product and its convenience should
impact of packaging and its wastes has been enforced since 25 introduced in the holistic approach. Similar conclusions
years ago in EU with the Directive 94/62/EEEC, 199%and were drawn byWikstrém et al. (2014)by noticing that that
its successive amendments(, 2004a, 2005, 2014ts annex food production has a higher impact on the environment
Il imposes that any “packaging shall be so manufactured thahan the packaging. For single-use beverage bottles, thé draf
the packaging volume and weight be limited to the minimumof EU directive 2018/0172/ECE(C, 2013 on the reduction
adequate amount to maintain the necessary level of safetyf the impact of certain plastic products on the environment
hygiene, and acceptance for the packed product and for thivors product design requirements too restrictive and @anass
consumer.” Since foods are not specically mentioned, naneasures. Original LCA methodology is mainly forensic and
association has been made between barrier properties, shaktrospective. It has therefore little applicability at eatgges
life, and amount of plastic materials and nally wastes. Foodf product development when the concepts do not enable a
packaging represents in western countries most of the plastaear determination of material use, energy consumption, and
wastes (Plastics Europe, 2018) with a growing contributibn ompacts Holdway et al., 2002 Despite 29 methods available for
ready-to-eat foods Silberbauer and Schmid, 2017A recent sustainable product developmeriti(chert et al., 20)7 current
study Wilson et al., 201) showed that the willingness of global indices remain too rough and too uncertain to nalize
consumers to waste food was a ected not only by product sizdesign detailsYu et al., 201) Rezaei et al. (2019roposed
and expiration dates but also by date labels themselvesnimisi a pairwise preference comparison methodology recently to
words, reducing the shelf-life of food products would enghke  select the best tradeo between the consumer acceptabilidy an
use of less barrier materials, but will also increase foodteva environment impacts. The approach is qualitative and does
and will reduce access to global markets. FA&Dgtavsson et al., not integrate the food explicitly. During the last decadéfg |
201) concluded that well-designed packaging was stronglgycle design and ecodesign have been promoted by authorities
e ective to reduce food losses and waste for all food categori (Keoleian and Menerey, 1993; EC, 2PD%khd international
and all along the food supply chain until the nal consumer. As aorganizations (SO, 2002; UNEP, 2009They are considered
result, the design of a new packaging for a new product or markets pioneering concepts for food packaging desigarisson
should be envisioned as a trade-0 between several issafetys and Luttropp, 2006; Gonzalez-Garcia et al., 20The methods
shelf-life and environmental impact. and tools of ecodesign are, however, still at a primitive stage
This study addresses food packaging design as a multieriterand can be considered as “vectors of learning, i.e., alpwin
optimization problem, which can be tackled with the tools anddesigners to improve their individual and collective expsstin
concepts of Chemical Engineering used to reduce material areto-design” Yallet et al., 2013 In details, they exhibit some
energy requirementsRangaiah and Bonilla-Petriciolet, 2013 similarities with the TRIZ-problem solving methodl€vbare
For food packaging, the chief question is how to maximizest al., 201B by reusing a knowledge base to self-similar
shelf-life while minimizing packaging weight in worst-caseproblems: renewable or recycled materials, low materiagiei
storage and transport conditions (min-max problem). Addited e cient transport, reusability, recyclability or compostgiby,
problems of minimization, such as mitigating migration isesu low waste emissions, etc. Innovative solutions integgpdirginal
of intentionally-added substances, can also be consideretsign, consumer convenience, and new functionalitieactme
during packaging design as shown biguyen et al. (2013) explored, because mainly engineering aspects are not elyplicit
The considered degrees of freedom are various, they includ®nsidered such as packaging weight, shape, barrier properties
the choice of the materials, their formulation and induatri food shelf-life, cost, safety, etc. By taking the example ohalic
practices along the supply chain; but only the packagindpeverages stored in PET bottles as a representative casge stud
shape and wall thicknesses are common to all mass transfartailored and more systematic methodology is proposed to
problems: mass loss, migration issues, aroma scalping,tmfigda solve, holistically, several mass transfer problems impgcti
etc. The proposed approach is complementary to life cyclthe amount of wastes, the shelf-life of the product and food
assessment (LCA) codi ed in standard 1ISO 14040-20@6)( safety issues. The developments must be seen as an extension
2006, which can be used to recommend materials, but whiclof safe-by-design concepts already applied to food packaging
lacks enough granularity to orient packaging design. BottleENguyen et al., 20)3 The proposed multiscale modeling,
in polyethylene terephthalate (PET) o er the best illustrativesimulation, and optimization framework reuses indeed saler
example of environmental challenges, as they represent 7f4 %mass transfer simulation components of the open-source project
all packaging Flastics Europe, 20).@&nd have been associated FMECAengine Yitrac, 201§. The chained simulation engine
with the growing marine litter in oceans and sedsrfibeck et al., and the procedural solver enable was initially developed to
2015. For comparison, one kilogram of glass is approximately er concurrent engineering on contamination issues alohg t
required to produce two bottles of one-liter capacity when 28upply chain and between packaging components for one to
bottles can be processed with one kilogram of PET. Wheseveral hundreds of substances. The new extensions focus on
PET bottles are produced from recycled material, as autkdriz packaging geometry optimization in the presence of coupled

Frontiers in Chemistry | www.frontiersin.org 2 May 2019 | Volume 7 | Article 349


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhu et al. Rational Design of Packaging

mass transfer (the diusion of one substance is a ecting theof di usion and sorption properties in the considered polymer,
others). Additionally, the new capability to integrate massusually a polyester material such as polyethylene terephthalat
transfer equations over three dimensional geometry careka s (PET), at the di erent stages of transportation, retailinthrage,
complementary to 3D simulation-optimization strategies @i and nal consumption. In this study, the non-linear behavior
at maximizing mechanical resistance of bottles with lesstigla of water-ethanol mixtures stored in PET bottles is thought t
material (Viasood and Keshavamurthy, 2005; Demirel and Daverepresent the properties of real alcoholic beverages such as
2009; Daver et al., 2012; Hu et al., 2012; Huang et al.) 20&8s  ciders, beer, wines, and spirits realistically. Since omltemand
transfer are, indeed, rarely considered in such approachiglsss ethanol are considered, the type of beverage is de ned by its
et al., 201pand never while taking into account the impact on alcoholic strength by volume, denoted abv. It is legally d=in
the shelf-life of the food product inside. in EU as “the ratio of the volume of pure alcohol present in
The paper is organized as follows. The principles of theéhe product in question at 2@ to the total volume of that
description of coupled mass transfer of water and ethanolsscro product at the same temperature” (see Annex | of EU Regulation
polymer walls are described in section theory. Special atterg ~ 110/2008£C, 2008 The case of bottled water can be seen as
devoted to the thermodynamical coupling between the chemica special case corresponding to BIov Tolerances setting the
potential of water and ethanol in the case of alcoholic bevesag shelf-life of alcoholic beverages are also relative to thetani
The consequences of mass transfer on the total pressureitie@d of abv during storage and transportation, denotddabv. EU
packaging, the primary cause of leaks and packaging collagse, azgulation 1169/2011/EE(C, 201) sets out a stringent tolerance
also discussed according to packaging lling conditionti®da of 0.3% for non-beer related beverages with abv values larger
materials and methods details studied experimental coonéti than 1.2%. Finally, the EU applies a tolerable negative error of
and our strategy of 3D simulation under geometry and shelf1.5% for the weight of prepackaged liquidsy, with volumes
life constraints. The thermodynamical diagrams and theébglo equal or larger than 1L (see Annex | of Directive 76/211/EEC,;
validation of our predictive approaches are presented in sectioEEC, 197§ In the context of plastic containers, it should be
results and discussion for PET miniatures, which are smalhterpreted as the maximum allowable variation from the virtig
plastic bottles containing fruit juices, liquors, or othdc@holic labeled on the package according to unavoidable variations i
beverages, usually served in trains and planes, and aldaldgai weighing, measuring, and mass transfer across packagitgy wal
in hotel minibars. Comparatively to full-size bottles, theéesign,
and their conditions of storage are very challenging bojiqti ~ Common Assumptions
the shelf-life of the beverage, as they have the higheshca#f Weight and abv tolerances are governed by the mass transfer
to-volume ratios packaging in particularly, and (ii) for the of both water and ethanol, with possible antagonist e ects. Fo
constraints of weight at the board of an aircraft. This exaenpl instance, losing water in a dry storage place will conceatrat
is used to demonstrate that con icting constraints packagin ethanol and increase consequently abv. Losing simultaneously
weight and shelf-life can be managed in a consensual mannesrater and ethanol will, by contrast, keep constant abv or will
if the rst is correctly adjusted to the second and if new sh&pe make it decrease. The e ects are highly non-linear and regquir
are introduced. Though only coupled water and ethanol mas§) a proper description of the thermodynamics of water-ethano
transfer from the inside to the outside of the packaging aremixtures during the shelf-life of the beverage and (ii) a petisie
considered in this study, the approach remains transposabldescription of mutual sorption and di usion phenomena across
to any permeation, and migration problem met in beveragesthe walls of the container. In a real container, the liquid tabe
pharmaceutical, cosmetic, and biotechnological productse T is in equilibrium with a headspace containing air or an inersga

main ndings are summarized in the last section. Its volume and its pressure are complex functions of tempegatur
(thermal expansion of the liquid and gas in fact), of mechahic

THEORY constraints applied on the semi- exible packaging, but alsdef t
resulting mass transfer between the liquid and its headsdie

Shelf-Life of Alcoholic Beverages section introduces a comprehensive and consistent description

Packaging for long shelf-life products is designed to o erfor arbitrary water-ethanol mixtures below the boiling poiof
signi cant barrier properties to gases from the ambiance éxat ethanol, enabling to predict overpressure and collapse issues
vapor, oxygen) and to food constituents. Aside from oxidatio Mass transfer across the walls of the container are destribe
issues in oxygen-sensitive products, the reduction of dtielbf  in simpli ed but not oversimpli ed calculations, which do not
beverages is primarily caused by mass loss (usually watirapn require any steady state for the uxes for water and ethanol,
and by the loss of both aroma and sapid compounds. Weightut which neglect the modi cations of the polymer induced
loss occurs as the balance of all mass transfer across mentaiby the sorption of water and ethanol. In the case of PET,
walls and the closure system. As an example, water bottlesdsto polymer relaxation e ects are triggered by critical temperagi

in a dry place are losing weight due to a net permeation rate adnd relative humidities (see the pseudo state diagram 5 in
water from the inside to the outside. The loss of aroma is ligua Dubelley et al., 20)7 but they do not modify the di usion
slower and associated to reversible sorption in the wallsiecbi coe cients of water in PET signi cantly (see Figure 14 in
“scalping” processCucruet et al., 2007; Dombre et al., 2§15 Burgess et al., 201¢4aAlthough such non-linear behaviors
and which dominates over mass loss by permeation. Predictingpuld have been integrated, it has been preferred to use robust
the rates of each mass transfer requires a proper charadteriza simulations based on worst-case assumptions, which enaéle t
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full exploration of the geometry space for containers intethde Practical Approximation of the Total Pressure in the
to preserve the properties of alcoholic beverages under stritteadspace in Equilibrium With the Beverage.

tolerance constraints { abv 0.3% andlw 1.5%),

The total pressure in the headspa@gag results from several

while minimizing the amount of plastic material to produce the equilibria: (i) the chemical equilibrium between the liquéshd

container itself.

Thermodynamics of Alcoholic Beverages
Water and ethanol mass transfer, denoted with subscripésnd
e are controlled by two driving forces: partial pressure geath

the headspace, (ii) the thermal equilibrium with the gas and
liquid phase and (iii) the balance of forces on the sides of
the wall. All equilibria are connected, changing temperature
or changing the volume of the headspace a ect both the total
pressure and the composition of the headspace (and corollary

across walls and the di erence of total pressure on both sides ghe composition of the liquid). The presence of air or an inert

the closure system. By neglecting internal mass transfénen

gas a ect these equilibria. An e cient procedure to calculatet

beverage and the heat transfer required for the vaporization 5 total pressure and composition of the headspace has been

the condensation of water and ethanol at the liquid-gasriiaiee,

devised. It takes into account the internal volume of thetleot

the driving potentials on the beverage side are set by thé totg, . the initial temperaturd o, the initial total pressur@s, the

pressure and the partial pressures in the headspace.

Practical Agproxggnations of Partial

Pressures: pim o
iDe,w

initial composition of the beveragiw and the initial headspace
vqumeVﬁ[e’gd Without a loss of generality, some simpli cations
are introduced. The deformations of the wall are not consédier

(the total volume of the gas and liquid is constant), the lemkd

In this study, the state of pure-components is chosen as nefere Mass transfer across the walls are discarded (the equi6hre
state of water and ethanol. As a result, the partial pressurefgster than permeation), the headspace behaves as an ideait gas

(0]

inert gas cannot dissolve in the liquid and is incondensab

p,(T'ab") __inthe headspace, can be inferred from the binar;Pr - - )
iDew n o At any timet, the number of solutesD w, ein the gas phase,
activity coe cients, i(T'ab") o , relative to the molar fraction n? ipwe IS derived by combining Equation and the ideal gas
iDew L
of water or of ethanol in the heverggeigpe,, and from their law as:
- T
pure vapor saturation PreSSUfeBi(,sLt ew . Vhead Taby Pilg Vhead
.T.aby/ .Tabv T/ :
P D Xi PisaforiDew (1) where Vpeads the volume of headspace arilis the ideal

with T the absolute temperature in Kelvin, but expresseddnn
the description of storage conditions.

gas constant.
Since air (or the inert gas) is assumed to be incondensable,
insoluble and initially dry (no water inside), the number of

Equation (1) is exact when the interactions between wateg; molecules,n,, is given by the initial amount of air in
(and also ethanol in a less extent) and the other beveraggq headspace:

constituents (pectins, proteins, aroma...) can be neglected

When the real alcoholic beverage is replaced by an equivalent

hydroalcoholic solution, one gets:

XeD1 xyforiDew

)

By noticing thatabvis de ned at 20C, molar fractions are related
to the density of the mixture with the same composition at the

20 Cab
same temperature, denote e \IZ

Xe D We=Me
We=Me C .1  wWe/=My,
1 gO C
Mo 20 cany ADV
D wCe (3)

gO C
.20 Cabv/ abV
wCe

20C 1
20 Caby abv C My 1
wCe

1
Me

20 C
with we D ,237c,awabV being the weight fraction in ethanol,
wCe

fMigpeuw the molecular weights anid 2° © the densities of

pure components at 2C.

gDaw

tDO
I:)Ovhead

)
a RTo

(5)

Equation (5) and subsequent mass balance on air assumes that
nitrogen and oxygen are not exchanged between the beverage
and the headspace. The assumption is reasonable with nitrogen
(low solubility), but questionable for oxygen. At atmosplaeri
conditions, the solubility of oxygen in water is very lowoab
eight parts of oxygen per million at 26 (Truesdale and
Downing, 195 Its solubility increases slightly with ethanol
content to reach a value of 3.5% higher than in pure water
for abv D 0.15(see Table 1 and Figure 1 lofitsche et al.,
1989. The total desorption or sorption of oxygen in a headspace
representing 1:15 of the volume beverage will cause a \@riati
of the total pressure lower than0.02 %. Comparatively to the
risk associated with ethanol and water, the contributionxjgen
on the risk of collapse was therefore neglected. In the absznce
an inert gas, the beverage is additionally assumed to badyire
at or close to the equilibrium with the earth atmosphere, so that
signi cant desorption, or sorption of oxygen is unlikely.

By assuming that the headspace does not contain ethanol
initially before the bottle is lled, the total number of edmol
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TABLE 1 | Hydroalcoholic solutions simulating real alcoholic beveges.

Beverage code abV target () @bV measured (<)  Comment Number of bottles and measurements in each storage con dition '
S1 S2 S3 S4
B1 0.7 0.7004 9 10 4 simulant of absinthe type a. 84 a. 82 a. 77 a. 10
b. 44 b. 57 b. 64 b.0
c. 247 c. 265 c. 318 c.9
d. 45 d. 44 d. 59 d.o
B2 0.4 04029 6 10 4 simulant of vodka type n.c. n.c. a. 85 n.c.
b. 66
c. 338
d. 66
B3 0.15 0.1515 5 10 4 simulant of wine type n.c. n.c. a. 85 n.c.
b. 77
c. 393
d. 72
B4 0 deionized water a. 10 a. 10 a. 30 a. 10
b.0 b. 0 b. 0 b.0
c. 57 c. 62 c. 209 c. 180
d. o d. o d.o d.o

Tsee the storage condition code inTable 2.

a. total tested bottle; b. non-leaking bottles; c. mass loss measurementy. abv measurement.

n.c.: not considered.

90

80

60

z: position (mm)
N )
(=] (=]
T T

w
(=)
]

N
(=]
|

10

0=‘-

0 10 20
r: radius (mm)

N
80 =)
70
60 )
€
50 E
c 50 -
40 =]
8 40} -
o
30 N
30 -
20
20 -
10
10 -
0
0
10 0 10 0051152
10 35 I: thickness (mm)
y (mm) x (mm)

FIGURE 1 | Bottle geometry: (a) radius pro le (the arrows indicate the top and bottom positia of the sleeve and the vertical line indicate the level of ligd for pure
water); (b) 3D-representation assuming a revolution geometry(c) thickness pro le (the shadow indicates the variation range bmeasurements among 10 bottles);(d)
lled and sealed bottle; (e) bottle equipped with a shrink sleeve label.
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molecules in the bottle is hence given by:

20C
nteDO D e
Me

tDO
VbOtt'e Vhead ab\b

(6)

For water, the number of water molecules in the bottle is ki

from the density of the initial water-ethanol mixture\;vzoéab\d:

. To.abw/

oo VtDO
nb0p

Vhottle head

Mw

nteDOMe

)

For a given volume of the headspaggag the theoretical density
of the liquid mixture, negretcal v, . {, is given:

g
nP0 nd MeC nlPO

nd, My
Vhead

theoretical
wCe -Vheac( D

8)

Vbottle

Equilibrium is reached when the density of the mixture matsh
the equilibrium density of hydroalcoholic mixture as repedtin

handbooks and denoteol;\,ggb\/. Finding Vheaqis equivalent to
solve the equality:

wggrencal-vhead D JvCe-Xe-VheaJ/ . (9)
with:
ntbo ng-vheac{
Xe-Vhead D < . (10)
ntPo C niPo ng -Vhead nw Vhead

Finally, the total pressure in the headspace at equilibrium
given by:

na C ng,Cng

RT
Vhead

I:’head D (11)

The full procedure reads:

1: calculaten, Eq7 ,nP° Eg8 ,niP° Eq9
2:initialization Vhead VIR0 at Ty
3:initialization xe ~ x{P0

. old DO g
4:x¢¢ x% caleulate ny’ . EG6
with the previous guess o, 1 Xe
5:( x point iteration) : updatexe Eqg12
6:go to step 4 until xe X3 (12)
7: nd abvfrom xe Eg3 and read\;\,TC’:b\/

8: calculate hegretcal vy . Eq10

. .Tabv  theoretical
9:calculatel D |ce wea ' Vhead

10: updateVyeagaccording to the Gold section search method

11:go to step3 until is minimized
12: calculatePheaq EG13

Transport Equations at Bottle Walls

The internal side of the container (e.g., bottle) is exposetthéo
vapors of the water-ethanol mixture whereas the externa sid
is exposed only to the relative humidity of the storage place or
room at the same temperature. In this description, the bewerag
is assumed to be macroscopically at thermal equilibrium with
the surroundings and that the storage place does not accumula
ethanol (i.e., good ventilation and extraction).

Without distinguishing whether the mass transfer was
initiated in the liquid or in the headspace compartment (they
are both at thermodynamical equilibrium), the di usive use
at the interfaces in contact with polymer walls are described
satisfactorily within the thin Im approximation. On the interal
side, denoted@ <yt and its normal vectomg.,, an e ective
mass transfer resistance can be considered to account for the
vaporization-condensation process gssocigted with the isorpt

of water and ethanol. By denotingC**' ou,, the solute
iDew

concentration (Sl units in kgn 3) in the walls at a position
X,y,z atthe timet and fiTP iDeWthe binary sorption isotherms
in the walls, the mass ux densities at the internal boundary
condition reads:

2 3 2
.. T.abv T/ Yzt
9 Je o g 2 De'r C)e(y o N@ e g
D) nt (13)
.. T,aby T/ Y.zt
w DW r C\ﬁl n@ﬂnt
2 @int @sint
T/
P .T,abv/ 1 vzt
hemett e 5" fIn 1 CE
D T T b\/ 1 @int
hwpss 1 xd 4 0 fhe T C
W ’ @int
. n 10
I%vhere fiTP o is the inverse function of the function
! bew
fiTP iDengving the amount of solute absorbed in the walls

according to its activity at temperatur@; h; iDew is the

equivalent mass transfer conductance across the boundwyey |

(Sl units in ms 1). The molar fraction of ethanol in the mixture
.t/

Xe is derived from its weight fractionnﬁw (see Equation 3)

and the global mass balance in water and ethanol over attiate
interfaces of the packing. For a bottle of heigthaind cylindrical

symmetry, the rates of variation of the mass in water andmtha
denotedm\',f,’ and mé“ , reads:

" y # 77 2 j.T,abv,x,y,z/ 3

d m: e
dt m:y 2 .. T.abvxyz/ e g dA
@+t @sint
H o Tabyz/ #
D & L 2rZdz  (14)
o W

wherer .z/ is the radial pro le of the bottle along the vertical
coordinatez.
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Transport Equations Within Bottle Walls Figure 1L The thickness prole was measured in more than
and Strategy of Resolution fty dierent random locations per bottles on 10 randomly
Since the thickness of bottle walls is several magnitudersrd Sampled bottles with the help of a magnetic wall thickness gaug
smaller than the height of the bottle, mass transfer througfmodel MiniTest 7,200 FH with probe FH10, ElektroPhysik
bottle walls can be therefore assumed one-dimensionalowtth GMbH, Germany).

a signi cant loss of accuracy. By neglecting the contribntof Four hundred twenty-ve asks were tested in conditions
the polymer relaxation as driving force, the mutual di usiof o Simulating four typical beverages listed Table 1 and severe
water and ethanol in polymer walls reads: storage conditions reported imable 2 Two temperature levels
(35 and 50C), three levels of relative humidity, RH, (10,
" # " . # 20, and 75%) and foumbv levels (0, 0.15, 0.4, 0.7) were
@ cr*Y 1@ D-eT’[Ceiva] el 0 covered. Temperatures 0.5 C and relative humidities 2%
@ C\.I;,Z,t/ re r 0 D_T,[Ce,CW]O,z/ were controlled and monitored in three climatic chambers
" #1 w with renewed air. Bottles were lled with 44 0.5mL at
@ Céflvt/ room temperature and atmospheric pressure to keep the
@ C{,S’Z’“ (15) headspace volume independent of the hydroalcoholic solution
considered. They were subsequently and without delay deale
n

T’Q’ﬂo with 21.5mm diameter pre-cut foils (aluminum-polyester lid,

where D; is the di usion coe cient in the normal

iDwe supplier Embatherm, France) as showrFigure 1d A lab-scale
direction of the walls. The dependence with the vertical posit pneumatic-controlled heat sealer (model TIME 160, Embatherm,
zand with the local solute concentration accounts for non-France) was used with a set temperature of T3Gand a
uniform drawing and plasticizing e ects. set pressure of 200 kPa. Large headspace was preferred to
Equathon (15) can be solved e ciently for any arbitrary it ~ minimize the overpressure and minimize the risk of leaking.
along with boundary condition Under these speci cations, the number of I_e_aking bottles was
ranged from 40 (for the most severe condition 1) down to O
by decomposing the bottle into vertical sections with simila (for pure water stored in all conditions). The initial test sva
thickness and transport properties. In other words, mass fiems prolonged for beverages B3 and B4 stored in condition S4 by
across container walls can be factorized into 1 boundary adding a 66rm thick shrinkable PET sleeve label (supplier Fuji
conditions between the beverage andequivalent sections geal France SAS, France) on remaining bottles as illugtrate
coupled via mass balance Equation . By assuming that comtaing Figure 1d The sleeve did not cover the whole surface area
walls are at equilibrium with the storage atmosphere at &f the bottle (positions are indicated iRigure 13, but it was
relative humidity RHo and a temperatureTo, and which is sy cient to induce a mass transfer reduction via the thinner
not contaminated by ethanol vapors, the corresponding ihitiasyrface areas and to con rm the physical description of mass
condition is: transfer by mutual sorption/permeation across the walls of
the bottles.

Mass transfer was monitored regularly by weighing the whole
oy D LT (16) bottles (bottle, content and sealing) with an electronicqissn
Cu™” fup - RHo/ balance (0.001g, PE160, Mettler Toledo, USA). At regular

times, some bottles were sacri ced (opened) randomly to &nab
Equations (1-3) (13-6) have been implemented by followingthanol content determinations. The contents of the tesisttles
the nite-volume formulation of Nguyen et al. (2013and the  were transferred to glass measurement tubes. Alcohol gtinen

solution CJ#PY ¢ rztbu

Cér,z,tDO/ # 0

opensource project FMECAengin€i(rac, 201§. by volume of each sample was subsequently determined at three
di erent depths in the tube using an automatic densimeter
MATERIALS AND METHODS (model DMA 5000, Anton Paar GmbH, Austria; accuracy of 10
% with pure water-ethanol mixtures) equipped with an accurate
Mass Transfer Cha”enge Teston temperature controller and an autosampler. Ultrapure water was
Real Bottles used as reference.

Miniature PET bottles with a capacity of 55mL (injected-
mold, supplier Pernod Ricard, France) and a weight of 10.Databases and Properties

0.2g were used to carry out a long-term challenge testhe accuracy of the whole calculations is highly sensitiviiéo
mimicking real storage conditions (up to 7 months) and realquality of thermodynamic data over the range of temperatures
alcoholic typical beverages. The bottles were produced by om@dabvvalues of interest.
step injection-blowing. The crystallinity of main bottlealls Vapor saturation pressures of pure componeBasuration
was determined by the di erential scanning calorimetry (nebd pressures of water and ethanol were approximated with a
DSC 3, METTLER TOLEDO) and estimated to 32 1.2% good accuracy via the modi ed Go and Gratch equation (see
(based on three bottles), with an enthalpy of fusion of 140.Equation 17) Go and And Gratch, 1946; Go , 1957and with
Jg 1 as reported byWunderlich (2005) The geometry of the Antoine equation (see Equation 18)dbst, 201} for water
the bottles and the prole of wall thickness are shown inand ethanol, respectively.
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TABLE 2 | Studied long-term storage conditions.

Storage condition T( O RH target (%) RH measured @)" Indicative equivalent storage/transportation condition s

SO 20 50 55 3 Initial condition for lling and sealing

S1 50 10 7 3 E.g., deep-sea container shipping

S2 35 75 80 3 E.g., storage tropical region

S3 35 20 12 3 E.g., transport condition corresponding to the air 50%RH 820 C and heating up to 35 C
S4 35 20 12 3 Following S3 with a sleeve around the bottle shown in th&igure 1e

TRH average value measured during the experiment.

With pressures in Pa and temperatures in nga[reads: the possible cooperative interactions between water and ethan
As reported byBurgess et al. (2014aind Dubelley et al. (2017)

Iogp\'NT,éatD 7.90298 Wsa‘ 1cC 5.02808Iog3TWT'—53‘ Diy/ was considered independent of the amount of absorbed

10 0 1 10 water and uniform across the wall thickness and along the

11.3441 —— contour of the bottle. The e ect of orientation during blowgn
7 @}J Twsat A 3
1.3816 10 0 12 C8132810 (17) was not considered in agreement with observationSwhroop

0 1 and Gordon (198Q)The sorption isotherm of water was based

.
3.49149 1 s i isti imatiéne
@0 T 1A C logPyy on a conservative, but realistic, approxmaﬂ@fjp RH D

100C\Nsat' where is the saturation concentra’ucﬂ’,q,\,salt of PET.
A similar approximation was applied for ethanol based on

with all temperatures in Kelvin and the water saturationthe experimental values esatm soaking experiments. Binary
temperatureT,, o5 D 373.1K chosen at the standard pressuredj ysion and sorption properties for all tested conditions are

Pstd D101324$ Pa. summarized inTable 3along with their strategy of estimation.
Similarly,pgs)at reads: Since all properties were inferred from literature or indepent!

measurements, the results were compared to experimental
measurements without any adjustment.

logPase D 2.1249@C A (18)
10

CCT
Simulation Optimization of Bottle Shapes
with A D 8.204178 D 1642.89C D 230.3for 57 T 80C.  and Geometry

Density of water-ethanol mlxtureEquatlon (12) requires  gimylation optimization refers to the optimization of the

accurate determinations q[,Ce . Values in vacuum have been shape, wall thicknesses according to a set of constraints,
initially tabulated byOIML (1975)ranging from 20 C up to including internal capacity, one or several shelf-lifeexid. The
40 C, with factual errors discussed @hanson (20150 include  problem itself is slightly di erent from algebraic model-teabs
the revised formula proposed IBettin and Spieweck (1990Jhe  mathematical programming as it couples physical modeling with
upper limit of 40 C was imposed by the decrease of the boilingseveral optimization loops and calculations of constraintsctvh
point of ethanol at low pressures. In this study, an extensivenay be not algebraic (i.e., not related to algebraic opematio
database was compiled by assembling the OIML data and mamely, addition, subtraction, multiplication and divisionjhe
extending them with the predictions of the commercial softeva objective function de ning the quantity to maximize or mimize
AlcoDens (version 3.3, Katmar Software, USA) abovec4T0he  (e.g., the weight of a packaging unit, shelf-life) and comstsa
slight compressibility of the mixture at atmospheric pressues  (e.g., capacity, shape ratios) need to be calculated itelafiom
based on the compressibility values was corrected from thiesa independent numeric simulations. According to the considkre
reported by the US National Bureau of Standards [see Table 6 pfoblem, the number of objectives to consider simultaneously
CFR (2006priginated fromOsborne et al. (191R) can be reduced by treating some objectives by constraints.
Activity coe cients of water and ethanol in hydroalcoholic We propose a global framework to resolve the coupling
mixtures Vapor-liquid equilibria of hydroalcoholic mixtures between 3D geometries and mutual mass transfer problems
were calculated from the UNIFAC contribution method (sorption, di usion, desorption) mathematically. At the expsn
(Wittig et al., 2003 of adding more solutes (from the food, the packaging or the
Binary di usion and sorption isotherms of water and ethanosurrounding), the framework is enough exible to manage
in PET. Amorphous PET exposed to wateB(rgess et al., one or multiple linked optimization problems associated
20143 and ethanol Chandra and Koros, 200%bove 35C to mass transfer phenomena and thermodynamics: shelf-life
exhibits complex behaviors on long-time scales. Polymer anchaximization, packaging weight reduction, minimizationtbg
relaxation and densi cation are associated to non-local &ec risk of collapse, minimization of migration issues (for one o
and because they are slower than normal diusion in thickseveral substances). The degrees of freedom are the ggometr
materials, they were neglected in the current study as veell atself and the shape constraints de ned by the designer. As
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TABLE 3 | Thermodynamic and transport properties of water and ethanbin PET.  of inventive problem solving”l[evbare et al., 20)3A notable
feature of the approach is to use 3D representations, making it
virtually interoperable with computer-aided design and diraf
DID35 C al5 10 122m2 1 tools (solid and surface modelers), engineering and nieseent
tools (mechanical resistance of bottles), manufacturiaid (e.g.,

Diffusivities Values

DJPse © bog 10 12m2s 1 . .

extrusion blowing of preforms).
DEP¥® € when abvD 0.15 °55 10 m?s ! Nonlinear and non-convex problems such as shelf-life and
DEP35 C when abvD 0.4 €63 10 6m2s 1 weight optimization problems remain intrinsically more diwlt
BIP35 C when abvD 0.7 cg9 10 Bm2s 1 to [S]olve. The optimal solution may be not unique, it may occur

at an interior point of the feasible region, at its boundaryabone
DIP30 Cwhen abvD 0.7 d24 10 Bm2s 1 ; . : : :

the extreme points of the feasible region. Integrating utaiaty
Saturated concentration Values inherent to any [E]valuation step complicates the de nition

a robust termination condition. The best solution lies with
cpnc €0.0118kg kg *dry PET  a tolerance from the last best optimum and at an acceptable
distance of critical constraints to be considered “safe” or
“compliant” ([Decision step]). In this work, the internal doamn
is mapped with a regular grid to o er to enable a sensitivity
cio e ho.0224kg kg *dry PET  analysis close to constraints. An instance of the [S]olvimgp st
is detailed for a packaging design problem with a prescribed
aFrom the Supplemental Information oBurgess et al. (2014a) : : :
bBy assuming an activation energy of 49 5 kJ/mol extracted from Table 1 between 23 CapaCIty (150 mL)' Th? Shape of the l;)ot_tle IS ho_mothetlc_to the
and 50 C, and averaged over the range of RH between 10 and 90% dbubelley et al. 3D Shape presented "F'gure 3(n0n'0pt|mlzed) while matChmg
(2017) exactly an internal volume of 160 mL for a nominal capacity of
¢From Figures 6 and 12 with the conversion between abv and p/po from Figer2 of Vb LD 150 mL and a shelf-life of at least 180 days al2r
Chandra and Koros (2009) eve:;lﬁ t b D 0.4
dFrom Ds(35 C, abv D 0.7) calculated with Arrhenius activation by T an apparent aa vodka-type everag@d\b ' ) .
activation energy 54 kJ/mol. Based on the geometry parameters de ned Higure 3,
¢From Figure 3 ofSurgess et al. (2014b) the weight optimization problem was split into a two-
JFrom Table 1 ofl aunay et al. (1999) step optimization process: i) setting macroscopic dimensions
From Table 3 ofChandra and Koros (2009) . . ..
"From inhouse vapor sorption experiments with the help of a gravimetric icrobalance H'\_N1_D_1 d' h to match the prescnb?d internal v_olume an(_j “)
(model: DVS Resolution, Surface Measurement Systems Ltd.). optimizing lyai, Ibottom ltop: Ineck t0 @djust the barrier properties
of the bottle. Without a loss of generality, the general peoblis
solved using a multiresolution method [séenaran et al. (2014)
a result, an algorithm executed by a computer can exploréor a review of applicable algorithms]. At the lowest level, al
iteratively several generations of new designs and providecn  parameters in the group are frozen except one. The elementary
smaller number of feasible solutions meeting goals and@ape problem with shelf-life and capacity constraints reads hence:
closely to several constraints xed by the end-user, curren
regulations. The simulation-optimization strategy implemesd 2 m | 3
in this work is illustrated inFigure 2 The global task is split into LD - %‘?g?;tlelﬂ'f, ""Ia” X bV T 5
three independent tasks, denoted [E][D][S]: [E]valuatidmass  Wal- arg min with Shetrlile lwai, 2, a0\, Voeverage

cipc f0.0107 kg kg * dry PET

ciw © 90.0208 kg kg ! dry PET

transfer, [D]ecision, respectively, to targets and [S]a\ioupled 180 days 0

constraints and goals. Taken individually, the method tsalge ~ WhereX D Viottie W, D, d, h, liop, Inottom Ineck ~ @ndVhead

each task has been explored and justi ed by their respectiv@ Viootte  Vbeverage 0 (19)
eld: chem_ical engine_ering, r_isk, and impact assessme_ntja;bpl where the shelf-life function is de ned as:

mathematics. As an illustration, mass transfer contrgllshelf-

life and the safety of food contact materials have been lgetai sheltlife |y, X, abw, Vpeveragel D

in section two, as well as byitrac and Hayert (2005and by . argmin abv t,lyan, X, @b, Vpeveragel 0.003,
Nguyen et al. (2013Acceptable thresholds are de ned either by min arg min Mpeveraget, lwail, X, @b, VpeverageT ~ 1.5%
regulations or by technological considerations (see amae® (20)

in the seminal books oPiringer and Baner, 2008; Robertson,

2019. [S]olving the optimization problem, where some objectiveand where the height of the bottle is found by adding the
functions or constraints are nonlinear, can be carried oyt b complementary constraint:

extending well-known techniques used in convex optimizatio

and linear programming techniques, such as the simplex method

(Strongin and Sergeyev, 2000; Borwein and Lewis,)2@ce H Vbeveragdwal D argmin Vinerar H, lwai, Vbottie
pa_ckaged ina smgle_softwa_tre or library, the whole [E][D_]mp Vieverage (21)

is intended be combined with tools commonly used by industry

such as Life Cycle Assessmeiri@, 200§, the data-driven Six As a result, the internal loop manages implicitly design and
Sigma approachRyzdek, 2003the TRIZ method or “the theory product constraints in a conventional simulation framework
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Market demand, new food products

Life cycle analysis considerations

First solution from known problem solving tools (TRIZ, Six Sigma approach, etc.)
Diagnostic from root cause analysis, seek of preventive actions

@
c
o
7]
[ =
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<
[}

this work | Computer-aided drafting

PHENOMENA-ORIENTED @
Multiscale modeling FOOD-ORIENTED PACKAGING-ORIENTED
[E]valuation of mass transfer, risk /x [D]ecision: comparison Ok
collapse, overpressure with acceptable thresholds g
[}
- - Local 2 < + Massloss *
S 2 . RZ] o S
£ | F | thermodynamical | 5 = - Alcohol strength =
= © Hlip k=S
S | 5|  equilibrium s =+ Internal pressure or 2
E |2 e - g mechanical stresses =
T | 8| Binary,mutual, |2
S | = 2| sorption, diffusion, | & © o Miarati i
g § pdesor tion % S Migration of 9hem|cals «» ¢ supply chain constraints
= p = @ e Aroma scalping & - consumer practice (.g., consumption rate)
—~ 2 « Permeation of gases 2« amount of recycled material
\J Geqmetry > « Reactions (oxigation) % + shelf-life based on migration, loss of aroma
Z X + risk for non-intentionally added substances
L Partially-optimized packaging (this work: bottle for alcoholic beverages) J

Feasible solutions (optimal or Pareto-optimal)
this work | Prototyping

Computer-aided engineering (mechanical resistance) and manufacturing (extrusion-blowing)
Additional validation (e.g., consumer acceptance)

Global environmental footprint

extensions

FIGURE 2 | Overview of the simulation-optimization framework and itgtegration with product-design tools used commonly by indistry. Extensions are applications,
which are covered by the proposed approach but not applied irthe presented case-study.

=0.0230 m
D =0.0600 m

H

Lyorzom = 00015 m W = 0.0600 m

FIGURE 3 | Example of initial bottle design to be optimized.

All input parameters are set conventionally excepand l,y, RESULTS AND DISCUSSION

which are optimized by resolving successively the capaciy an

the shelf-life problem via a golden-section search methee (s The problem of mass transfer between an alcoholic beverage
section 10.1 inPress, 1992 Additional degrees of freedom and the surrounding ambient is described via quantitiesicivh
controlling the shape of the bottle are introduced at a highe@re causally related to the shelf-life of the product: mass lo
tier by resolving again the elementary problem. The currenfl m) and the residual alcoholic strengthalfy). Mass loss
implementation is su ciently e cient to screen hundreds or may be, however, ambiguous whether it is de ned as the net
thousands of geometries/designs under constraints. Thbafjl variation of the amount of the consumable product (i.e., legal
optimization whenW and D are released has been explored orde nition) or as the net variation of the beverage mass plus
a30 30grid (i.e., 900 bottle geometries were optimized). its packaging (i.e., permeation de nition). The second oneswa
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used in this study. The di erence between the two de nitionsa less extent of water, as well as thermal expansion of the raixtu
is related to the amounts of water and ethanol present ir(seeFigures 4B,G. According to the volume of headspatieag
the walls. A correction by subtracting the initial mass o&th the pressure dierence between the headsp&pg,g and the
container was avoided as the walls (bottles were stored %t 5Gsurrounding,PxmD100 kPa, can be much greater thafforete
RH prior experiments) were also containing water. With thisCalculations were carried out for the 55 mL bottles depicted i
respect, the parametabv is only associated to the content of Figure 1with a headspace volume varying from 0.5 to 35 mL and
the package (destructive measurement), but its variatioly maby assuming that the walls of the bottles are rigid. When ttiag
evidence ethanol loss (by sorption or permeation), water losmperaturel is equal to the storage temperatdrgthe internal
(by sorption or permeation) or more likely a combination of overpressuréPheag  Pamm, iS commensurable tp{gfgl’re“ca'and
both. Detailed simulations were used to reconstruct thedvér  independent oVpea¢ Using storage temperatures greater tiign
of an average container exposed to controlled conditione Thprovokes strong overpressures strongly dependen¥@agand
reconstruction for individual bottles was out of each asythe on abv. In our experimental condition¥peaq 11 mL andTo D
depended on factors out of our control and which are listed in20 C, Pyeaqreaches 135, 145, 152 kPadb 50 Cand 116, 121,
decreasing order of importance: leaks from the lid, volumimdl 123 kPa af D 35 Cfor abvD 0.15, 0.4, 0.7 shown FFigure 5,
errors, ethanol evaporation before sealing, distributidrP&T  respectivelyVheadlecreases from 11 mL down to 10.43, 9.99,
material in the bottle (thickness variation between bdai}ljehe 9.67mL atT D 50 C and 10.76, 10.51, 10.36 mLTatD 35C
mass of the bottle. forabvD 0.15, 0.4, 0.7, respectively. DividMgsapy 2 and 4 in

the worst-case conditiond (D 50 C, abvD 0.7) increases the

overpressure by 17.4 and 91%. Negative pressures (Bal@v
OIassociated with important risk of collapse occurs in presence
of headspace volumes lower than 5mL and lling temperatures
10 C above the storage temperatuiigg¢ T C 10 C).

A signi cant total pressure di erence across the lid existed fo

| tested storage conditions and beverages including when

ottles were lled with pure water. Foabv > 0.4, the internal

. .  Taby o pressure was estimated 86 % higher in the presence of ethanol
With abvbetween 10 and 7C: mixture density yce — , activities  than without and made the risk of leaking through the more

Driving Forces Controlling Shelf-Life

By noting that PET is not a porous material, water an
ethanol mass transfer across bottle walls occur prior diswi
in the polymer and obey to the general sorption-di usion-
desorption model. The main driving forces are the partial
pressure di erences between the beverage and the surroundi
The variations of binary properties of water-ethanol mixtsire

ai(T’ab") __, partial pressurespi(T'aW __andthe theoretical likely. Leaking was detected by a rapid mass loss during tke& we
Dew Dew retical of storage. The number of leaking bottles reached 48% a& 50
prfs.;L;re o tThe;Dgeadspace atconstant volume (n(p)%fg D and 23% at 35C forabv 0.4 (se€Table 1). For lonabwalues
Pw e Pe % in equilibrium with the mixture are presented (0.15), the number of leaking bottles dropped down to 9.4% and
in Figure 4. was reduced to zero in the case of pure water.

By neglecting the amounts transferred to the headspace,
binary equilibrium data o er a rst approximation of the drivig
forces based on the alcohol strengtiby) of the considered COUpled Water-Ethanol Mass Transfer
beverages and the conditions of storage. Activities of matd  From 50 mL Bottles
ethanol do not evolve signi cantly with temperature. Water After discarding leaking bottles, 1889 mass measuremerts a
activities at 35C of typical alcoholic beverages correspond to286abvdeterminations were collected on 358 bottles for all tested
0.977 bv D 0.08), 0.960&bv D 0.15), 0.9114bv D 0.4) and conditions (sedable 1). Bottle weights were monitored during a
0.819 @bv D 0.7) as lower limits for beer, wine, vodka, rum, period of up to 5 months with bottles regularly sacri ced tdoal
respectively. In non-tropical regions (for RH.8), alcoholic abv determinations. The same experimental conditions were
beverages stored in plastic bottles lose water and therefeight.  simulated using an axisymmetric bottle geometry averagen o
Ethanol activities are comparatively much lower 0.188v(D  ten bottles (se&igure 1) and using an averaged lling volume
0.08), 0.2434bv D 0.15), 0.4084bv D 0.4) and 0.541apbv D  for each tested condition. Temperature and relative hunedit

0.7). The e ective driving forcea{a®” % andal’®¥ o introduced in boundary layers were based on the averagegof lo

across bottle walls tend to be of the same magnitude ordenyin d values. Experi.me.ntal and §imulatgd mass lossesahmdalues
conditions. Temperature a ects di erently the partial pressure@re reported inFigure 6 with the individual uxes of water
of water and ethanol. Increasing the temperature in a closednd ethanol reconstructed by simulation detailed Figure 7.
storage room will cause a dramatic decreaseRid.T/ and Experimental losses were also standardized to the same lling
therefore of water transfer. In our experiments, conditichi§ ~Weight to remove the initial dispersion of data. To facilitate
the most extreme and corresponds to conditions metin coreain the interpretation of coupled water-ethanol mass transfeg t
transport. The cumulated pressurﬁgfa"lre”cab eralowerbound permeation curve of water alone is shown as reference for all
for the total pressure reached in the headspace under vacuut@sted conditions. The variations afvcorrected from water loss
(no air). It can reach up to 25 kPa for liquors at %D (point ~ are also presented by assuming that the permeation of water was
B1(abp0.7 pihecreticah 25 kPa) inFigure 4B). proportional to the applied driving forces. _

Bottles are lled with air at atmospheric pressure and Weight dierences between bottles lled with water and

at a temperature lower than the storage temperature. Thedydroalcoholic mixtures are little and controlled by the

conditions will provoke signi cant evaporation of ethanolém  di erences in water activitiea‘,{‘,‘bw %, on both sides of bottle
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FIGURE 4 | Binary properties of water-ethanol mixtures(A) activities, (B) partial pressures,(C) total pressure in vacuum,(D) liquid density. The symbols depict the
tested beverages and storage conditions. Horizontal lines (A) show the variation of RH when air temperature is increaseddm 20 C up to 70 C.

walls. Though water losses dominated in alcoholic beveragdsthanol di uses slowly through PET without reaching a steady
the shelf-life was determined mainly by the variation of #i®/  state. Lag-times beyond which permeation of ethanol maytreac
criterion in hydroalcoholic mixtures. The maximum storage a steady state are evaluated ca. 1.4 and 3.6 years, at 35 and
times ful lling weight loss andabv criteria are summarized in 50 C, respectively.

Table 4for the strictest conditions associated to containersdarg ~ The results presented a signi cant variability between lestt
than 1L and extrapolated down to containers of 50 mL. The rapidvhich could not be reduced experimentally, and which could
permeation of water trough bottle walls caused a concomitarmot be reproduced by simulation. The sealing was identi ed as
fast increase in ethanol strengthhy) in conditions S1 and S3 the source of major leaks and defects, but the contributiba o
(seeFigures 6A,C,D. Weight losses exceed faster limits only forweak gas leak, which could be confused with permeation, could
mixtures with lowabvvalues Figure 6B or when the di erence not be tested directly along with other sources of varitibsi

of water activities was low (2b). For both observed critéalav ~ variable plasticizing of PET and variable distribution of PET
and weight loss), a steady regime was reached within 3 to® daynaterial at injection-blowing time. It is worth noticing #t
Simulations enabled to reconstruct all aspects of massfeafts  possible heterogeneities in hydrodynamic, temperature and
all tested conditions and provided a mechanistic interprietat humidity conditions around bottles cannot be invoked to eaipl

of coupled mass transfeFigure 7 decomposes mass losses fowvariabilities, as all climatic chambers were equipped with an
water and ethanol according to sorption and permeation. Conta e cient air recirculation and renewal. Further insights wne
times were much longer than permeation lag-timégyure 7B)  brought by adding a shrinking 6®m biaxially oriented PET
and justi ed the apparent steady state of weight losses andim (sleeve) around the thinnest part of the bottle (cylindrica
abv variations. The water content in bottle walls evolved insection of the bottle as seen kigure 1), which was thought to

a non-linear manner with desorption dominating in very dry contribute the most to the overall permeation rate. The steev
conditions (condition S1). At high (S2) and intermediate3]S was added to bottles of Balgv D 0.15) and B4 (water only)
relative humidities, the rapid water sorption is followed byas at the end of storage S3 (s@able 2; it covered ca. 80% of
drying when the surroundingrRHduring storage is lower than the the total surface area. Since ethanol could not signi caotlss
equilibration RHbefore the experimentation startsigure 7A).  the ca. Eight hundred micrometer hick bottle walls, the exaé

Frontiers in Chemistry | www.frontiersin.org 12 May 2019 | Volume 7 | Article 349


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhu et al. Rational Design of Packaging

A 5 _T=50C.abv=015
30 |
_ | 30
- |
\E/ 20 g/
O>_E 10 >.C
0
10 15 20 25 30 35 40 45 50
T, (C)
B 35 —=80,C.abv=04
30
— 30 ~
| -}
£ 20 E
QE 10 ==
0 0
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
T, (C) T, (C)
C . T=50C.abv=07 F T=35'C, abv=07
AW = T T T 35 T T T T T
; \ g T T e
. - ) ) 2 o o 30
-}
20 &
3
10 <
0 0=
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
T, (°C) Ty (°C)
FIGURE 5 | Calculated iso-headspace pressuresRpeaq) and iso-headspace volume Vhegaq) at equilibrium in the bottle depicted irFigure 1 according to the
headspace volume Vr?ead) and temperature Tp) at lling time. The results are presented for two storage temerature 50 C (A—C) and 35 C (D—F)three abv values
(0,15, 0.4, 0.7).

Im reduced mainly the ux of water. Mass losses before andOptimal Design of Packaging Systems
after the addition of the sleeve are analyzed individually fofor Liquors

20 bottles containing ethanol (10) or not (10) Figure 8 The  The design of a new packaging can be seen either as a problem

results were not normalized to highlight the di erent evaloihs — of 3 relationship between wall thickness and shelf-life sr a
of the bottles. Before the addition of the sleeve, the “tt@jges” 3 more global problem seeking the maximization of shelf-life
followed by the bottles diverged (di erent permeation rates) hijle minimizing the mass of plastic material. As previously
Adding a sleeve in ected all permeation rates in a very similashown on the tested 55mL bottles, wall thickness and shelf-
way and made all permeation kinetics looking very similatwit |ife are not independent parameters as soon as a steady regime
almost parallel slopes. This trend con rmed the prevalence ofs reached. Under a strict permeation control, doubling shelf
the body of the bottle and of water permeation on overall masffe requires twice the initial thickness and doubles theghe
transfer. Since the thickness of the sleeve was commenstoab of p|astiCS_ Substantial gain can be achieved without dan'gag|
the thickness uctuations in the body region (segjure 19, the  \yeight only if some non-linarites can be introduced in the
dispersion of permeation rates between bottles was asstbétte griginal engineering problem. They appear spontaneously if the
the slight variations of the distribution of weight aftefj@ttion-  shape and, in particular, the surface-to-volume ratio is also a
blowing (see similar analyses in Figures 3-6, 1Da@fer et al.,  gegree of freedom. Its contribution was investigated byyariag
2012; Demirel and Daver, 20/réspectively). The uxreduction the e ects of parametersV and D on the weight of bottles
followed approximately the rules of serial association Offma%natching the design presented Figure 3 For each value of
transfer resistancesiwellII C Isléeve l, with lyan and lgeevethe W and D, the wall thickness of the main sides was optimized
thicknesses of the wall and the sleeve, respectively. to grant a minimum shelf-life of 6 months for a vodka-type
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FIGURE 6 | Comparison of experimental (exp) and simulated (sim) masssis and abv variations for storage conditions S1A), S2 (B), S3 (C-E) and beverages B1
(A-C), B2 (D), B3 (E), B4 (A—E). The dashed lines plot the thresholds used to calculate shtlife (see text). Empty symbols (triangles) represent thikeoretical variation
of abv when concentration effects due to water permeation a corrected.

product stored in tempered conditions (26 at 50% RH). The cylindrical bottles, ask shapes, long tubes, at bottleem®

full explored domain covered a 3030 grid describing a uniform shapes were exotic, but they could be examined at no extra cost
variation of both parameters between 30 and 120 mm. All otheby calculations.

properties were recovered by simulation-optimization. It i The optimization procedure generates two families of
noticing that onlyl,g was updated for each bottle. The othersolutions for the same nal capacity 150 mL and shelf-life but
constraints were managed by mathematical constraints applievith weights varying in a ratio 1:2. Flat geometries assedia
to the bottle geometry. For e ciency and robustness in pauter ~ with largeW andD values led to heavy bottles and large weights.
close to edges, all bottles were modeled as cylindrical iBespl On the contrary square sections with intermediaté and D
surfaces rather than swept surfaces. All integrations (egss values led to very similar weight reductions, while keeping the
uxes) were integrated accordingly. The corresponding spaceame shelf-life. The transition between the two regions appear
of explored shapes is shown kigure 9 with optimized values noisy with several maxima. The transition region correspesd
summarized inFigure 10 Shapes vary from almost symmetric to a shift of the shelf-life criterion controlled bgbv for heavy
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FIGURE 7 | Reconstruction of mass losses by sorption and permeation fio(A,B) water and (C,D) ethanol.

TABLE 4 | Comparison of shelf-lives extrapolated from experimentsral calculated from simulations.

Storage condition Beverage Time to reach 1.5% Time to reach Theoretical shelf-life for

m/m mass loss 0.3% variation of abv 50 ij bottlesi(days)

(days) tm (days) ta min %tm ,btac
exp. sim. exp. sim. exp. sim.

s1 B1 18 (16.20f 21.1 8.5 (8,97 7.3 8.5 7
S1 B4 17 15b 19.2 - - 102 115
S2 B1 > 140 >730 > 140 225 >140 224
S2 B4 > 140 197 - >140 1182
S3 B1 64 (63.65§ 67.1 31 (29.33¢ 22.9 31 22
S3 B4 64 (63.65) 58.6 - - 384 351
S3 B2 54 5P 62.3 38 (36.40¢ 335 38 33
S3 B4 66.5 (64.697 58.6 - - 399 351
S3 B3 69 (64.747 60.7 105 82 105 82
S3 B4 65.5 (64.67¢ 58.6 - - 393 351

T see Annex 1 of EU Directive 76/211/EECHEC, 1976 (class “B” product with a package capacity over 1L); ¥see Annex Xl of EU relgtion 1168/2011/EC EC, 2011) (applicable for
any beverage containing more than 1.2% vol}shelf-life extrapolated for 50 mL bottles according to EU Directive 72/211/EEC.
a. shelf-life on average days (min,max); b. shelf-life in days 95% con dence interval.
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bottles and by the mass loss for light bottles. For a giveof bottles along the Pareto front is shown kigure 10C The
WorDvalue, a unique bottle minimizes the weight of the PETresult can be seen as a shape interpolation process from one
bottle. The continuous curve connecting all points representshape where the curvature is on the smallest side to a nal shape
the Pareto front for all the criteria considered: capacitygls  where the curvature dominates the largest side. As theetl
life, weight, shape factor. Changivgor Dwill at the expense not symmetric, the transformation is not equivalent to a gved

of either the shape of the bottle or of its weight. A selectiorsides. The optimal shape is closer to the cylinder shape and o ers

FIGURE 8 | Modi cations of mass transfer when a sleeve is added to the
bottles containing the beverage B3 and B4 after several mohs of storage:
mass loss during condition S3 (dash lines, one line per condéred bottle) and
S4 (continuous lines, one line per considered bottle).

as expected the minimum surface-to-volume ratio.

CONCLUSIONS AND PERSPECTIVES

Minimizing plastic wastes is an urgent priority for our planet.
New prototyping tools to explore the consequences (positive
or negative) of the packaging design on the shelf-life of
sensitive products is a chief priority. It could be though naive
than alternative shapes could reduce the weight of packaging
dramatically while keeping unchanged shelf-life. For bages,

it is usually not veri ed as the shapes of commercial botteit
already to minimize surface-to-volume ratios, at least furse
with large capacities. The alternative scenario o ers, harev
broader perspectives: what is the loss of shelf-life induced b
a modi cation of the format, of the shape or by slimming the
walls? The presented computational framework is generic and
exible. It can tackle both design problems, but also analyee t
conditions of shelf-life loss.

Integrating simulation and semi-supervised decision making
in the ecodesign process is highly desirable. Ecodesign was
theorized in the groundbreaking manual of the United Nations
Environment ProgrammeHrezet and Van Hemel, 19R7The
strategy is split into seven sub-problems or steps, which could be

FIGURE 9 | Space of geometries explored and optimized for a 160 mL bot# (capacity 150 mL) containing a vodka-type beverage(A) shapes corresponding to a 30
30 combination of W and D, (B) 5 5 combination, (C) weights of bottles optimized to ful Il a shelf-life of 180 dag at 25 C.
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FIGURE 10 | (A) iso-weight and (B) iso-thickness contours of optimized bottles (minimum shéllife of 180 days) shown inFigure 9. The lled symbols locate the
sampled Pareto front. A selection of designs sampled alonghe Pareto front (from left to right) is presented ifC).

translated as follows for packaging design: preferring niter non-linear problems. Step [E] can be extended to a broad
with low impacts (S1), minimizing packaging weight (S2),range of phenomena including chemical reactions (oxidation
optimizing shape (S3), mitigating transportation and retajli and hydrolysis) and additional mass uxes (aroma scalping,
conditions including the risk of overpressure and collaps#)(S migration of plastic additives). With this respect, safedssign
updating the packaging format to the food volume consumedind ecodesign approaches can be treated in parallel without
(S5), optimizing food shelf-life (S6), optimizing collectjo substantial additional cost and by adding rows to Equatigiss-
recovery and recycling (S7). Steps S1 and S7 require a glotél). The only limit is the availability of di usion and partiin
evaluation and should be oriented according to the indicegoe cients. Step [D] aims at adjusting walls the thickness of
“rst impacts” and “end-of-life impacts” common to life cycle the walls, shelf-life or concentrations to ful Il the choseaais.
analysis. Steps S2 to S5 correspond to a detailed optimizatitvihen many independent phenomena are reducing shelf-life,
involving the packaging, the food, retailing, and consumethe latter should be de ned as the lowest value imposed by
practices or preferences; they can be streamlined to targey maall phenomena considered (e.g., mass loss, scalping, moigyrati
optimal or sub-optimal solutions. For instance, the format ofcollapse) in the most severe scenario. Finally, the entoengéry

the packaging can be optimized by minimizing the amountcan be modied and resolved [S]. Parametric modeling (with
of packaging waste generated by an average consumer owveany additional geometric constraints) enables to preseree th
1 year (mass of a single packaging unitnumber of units design intent between dimensions, sections, parts, and asssmbl
consumed in 1 year). The solution should accept shelf-life as\ahile exploring thousands of combinations. Very few primigve
free-parameter bounded by a maximum commercial value andnable to test almost any imaginable bottles in almost riea t

a minimum value combining the retailing time, consumption and to integrate them in the packaging work ow. For example,
time and the maximum durability of the product after opening. the approach can resolve what the optimal bottles for given
The dierent levels of optimization associated to the full preform are? How to distribute the mass during blow molding.
problem “less plastics, more shelf-life, exact or betterriveke The detailed case-study demonstrate that very small formats
capacity, minimum collapse/overpressure, interpolation a th (miniatures) cannot compete with larger PET bottles for sigr
right shape” are resolved iteratively via a three-step sehemalcoholic beverages. Similar tolerance on mass loss andahico
denoted [E][D][S], involving an [E]valuation of mass trdas  strength by combining two strategies: increasing wallkh&sses
and thermodynamics; a [D]ecision based on a comparison witland changing their shapes. Additionally, the main stressax&eh
acceptable thresholds; and a [S]olving procedure adapted fbeen identi ed and are associated contrary to intuition teet
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di erence of partial pressure of water across the walls and netth0.017mg kg ! in the beverage for a residual post-consumer
one of ethanol. As the thickening of the wall is bene cial ofdy  contamination of recycled PET conservatively set at 3kag
water permeation, keeping miniatures in a humid place or evelBarthélemy et al., 20)4The chief di culty at this stage is the
immersed in water can contribute to extending shelf-lifeheiit ~ absence of standardized templates and non-commercialdesen
producing additional waste. Beyond brute-force optimizafio for food packaging design. Bringing the proper amount of
the [E][D][S] approach can bring a comprehensive descriptiorplastics to speci ¢ food usages, supply chains, and consumer
of causes and stimulate the production of alternative desagmd  experiences could be accessible while minimizing health and
industrial practices for alcoholic beverages, but virpédr any  environmental impacts.

packaged food. The gains might be highly substantial. Revised

miniatures with triplicate capacity exhibit thus double dHék
with half-weight. The acceptability of the calculated siolns can AUTHOR CONTRIBUTIONS
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