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The trade-off between fruit and vegetable shelf life and the environmental impact of their loss and waste
challenges the packaging use and design. Here, a versatile graphical toolbox for equilibrium modified atmo-
sphere packaging of respiring produce is proposed, providing detailed information about dimensions and ma-
terials, unlike conventional approaches relying on indirect gas composition and respiration kinetics. The design
degrees of freedom comprising packaging characteristics have been identified by modeling mass transfer pro-

cesses, yielding a simple yet informative set of plots that accurately predict the equilibrium headspace gas
composition and allowing for easy comparison between different solutions without the need for complex cal-

culations or experimentation.

1. Introduction

The optimization of the packaging design process is pivotal in sup-
porting food loss and waste (FLW) reduction strategies by providing
storage conditions that preserve product quality and ensure food safety
(Gustavsson et al., 2011; Wikstrom et al., 2019; Rosenzweig et al.,
2020). Throughout the food supply chain, FLW accounts for approxi-
mately half of the entire food system’s greenhouse gas (GHG) emissions
(Zhu et al., 2023). Post-harvest losses of fresh fruits and vegetables
amount to more than 700 Mt worldwide (FAO, 2023; Gustavsson et al.,
2011) and are responsible for 138 Mt annually (Zhu et al.,, 2023).
Extensive analysis of life-cycle assessment (LCA) studies (FAO, 2013;
Guillard et al., 2018; Matar et al., 2021; Muthu, 2014; Parfitt et al.,
2010; Qu et al., 2022; Rosenzweig et al., 2020; Springmann et al., 2018;
Wikstrom et al., 2019; United Nations Environment Programme, 2022)
indicates that tailoring packaging solutions to align with individual
countries’ consumer behavior, attitude, and legislative framework is
highly effective in supporting FLW reduction. Optimal packaging design
with reduced material usage, and in specific cases incorporating recy-
cled materials, is often a reliable and sustainable solution.

Modified Atmosphere Packaging (MAP) is currently a widespread
approach to extending the shelf life of perishable food (Qu et al., 2022).

* Corresponding authors.

Because of its intrinsic metabolism, each produce should be stored in a
specific range of gas composition (Opara et al., 2019; Shafiur Rahman,
2020) and temperature (Gross et al., 2016). However, MAP shows its
limits whenever the properties of the packed product or the packaging
material can affect the headspace gas composition. Each fresh product
has a specific respiration kinetic that results in an Oy depletion and CO,
increase in the headspace, while the permeability of the packaging
materials modulates gas exchanges.

Developed as an extension of the MAP approach, Equilibrium MAP
(EMAP) improves shelf life by balancing respiration kinetics with gas
fluxes (Belay et al., 2016; Qu et al., 2022). These fluxes are strictly
dependent on the gas permeability and on the geometry of the packaging
itself. Moreover, workarounds such as perforations can trigger other gas
exchange phenomena (Castellanos et al., 2016b). EMAP design is
generally done case-by-case, often basing on non-trivial mathematical
models (Castellanos et al., 2016a,b; Florit et al., 2022; Ghisoni et al.,
2022; Rashvand et al., 2023), or computationally-intensive simulations
(Belay et al., 2016; Opara et al., 2019; Rashvand et al., 2023; Shrivastava
et al., 2023). Recent literature reviews clearly describe the advance-
ments in the development of models and depict their accuracy in pre-
dicting the shelf-life of fresh produce under actual supply chain
conditions and EMAP systems (Opara et al., 2019; Rashvand et al.,
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2023). A recently published integrative programming solution for
simulating packaging efficiently supports practitioners thanks to the
availability of the programming code used to model the packaging
system (Jalali et al., 2021). However, an optimized approach which
takes into account product characteristics, package properties (such as
permselectivity of materials), environmental conditions, and mass
transfer phenomena is still needed (Rashvand et al., 2023). Moreover, no
simple graphical method for packaging design is available in the liter-
ature. An efficient EMAP design method should shift the paradigm of
packaging design from ideal headspace gas composition (Gross et al.,
2016; Robertson, 2013) to packaging characteristics. Simpler models
would moreover allow an effortless integration of packaging design into
LCA, encompassing predictive models on produce fate.

Starting from literature data sets and ideal gas concentrations for
storage (Gross et al., 2016; Robertson, 2013), we propose a generalized
toolbox for an a priori EMAP design and optimization approach. Herein,
in Part I of the series, we detail a graphical method based on rational-
izing equations describing the packaging evolution over time. Our
approach unifies, overcomes, and simplifies classical design techniques
by reworking the solutions of the packaging characteristic equations to
yield a simple but highly informative graphical tool that goes beyond the
case-by-case approach by determining an EMAP solution’s feasibility
and optimal configuration. A previous published model (Castellanos
et al., 2016a) is also used for validation and comparison with our
methodology for the storage of tomatoes. In Part II of the series, we
validate the model developed via novel experimental data and other
datasets available in the literature with a step-by-step procedure to
facilitate practitioners (Florit et al., 2025).

2. Mathematical model development

The packaging headspace gas evolution can be described using the
material conservation equation (Florit et al., 2022; Rashvand et al.,
2023):
dy; 1 Yi (dV v dP)
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where y; is the mole fraction of species i, t is the time, V is the gas volume
inside the pack, J; is the net flux of species i across the pack (positive for
influx), R; is the mass-specific production rate of species i (due to
metabolic processes of the packed food), W is the food mass, and P is the
absolute pressure inside the pack. This equation is valid for any number
of species, under the assumptions of isothermal conditions, ideal gases,
and uniform distribution of gases inside the packaging (i.e., no compo-
sition gradients). Additionally, the species production rate is assumed to
be state-dependent and time-invariant, thus R; is a function of the gas
composition in the pack, but not of the time. Notably, the expression for
R; can be of any kind, thus providing flexibility to the user in selecting
efficient kinetic models, avoiding risks of inconsistent expressions
(Rashvand et al., 2023). (Further details on the assumptions and limi-
tations of this model are reported in Section S.3.1.) The computation
details for all the parameters are reported elsewhere (Florit et al., 2022).

These differential equations are equipped with the initial conditions
¥i(0) =y?, wherey? is the bulk gas composition of the environment. This
initial condition is equal to the bulk conditions for EMAP, as it is
assumed that the sealing and the storage are done in the same envi-
ronment, which is usually atmospheric. The equations can be solved also
when y;(0) # yf’ (i.e., the initial atmosphere is modified, as in MAP).
Nevertheless, the equilibrium composition will be the same if the same
packaging is used.

The generalized model also observes the evolution of the food mass
due to metabolic processes. In this work we assume that this contribu-
tion is negligible, thus the mass of the food is constant and equal to the
initial value, Wj.

The optimal storage conditions available in literature are usually
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reported in terms of Oy and CO; quantities (Robertson, 2013), thus only
these two species will be considered. The model can be extended to any
gaseous species (e.g, water, ethylene, nitrogen), provided that the
permeability, the time-invariant kinetic expressions for the production
or consumption rates, and the optimal storage conditions of such gases
are available.

2.1. Equilibrium conditions

In EMAP the system reaches an equilibrium condition due to the
produce metabolic processes. At equilibrium, all quantities (composi-
tion, volume, pressure) are constant, thus Equation (1) reduces to:

JT+R"W, =0 (2

where the superscript eq indicates that the quantities are computed
using the equilibrium conditions of composition, y?.

The fluxes of each species can be computed as a sum of different
contributions: J{¥ = Jﬁw‘eq-i- NHJ?‘eq - Jic'eq, where M stands for the
contribution due to permeable materials, H for the one due to Ny per-
forations on the packaging, and C for the one due to condensation. The
condensation flux is null for O; and CO,, while the other fluxes are due
to diffusion/permeation only (since convective fluxes across the perfo-
rations are negligible, as the pressure difference at equilibrium is null or
negligible), therefore
Pl P
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where .7; is the permeability of the membrane to species i,.%/) is the
permeable area, [ is the thickness of the membrane, &; is the diffusivity
of species i in air (estimated via the Chapman-Enskog equation Poling
et al., 2001), Sh is the Sherwood number (referred to the diameter), and
dy is the perforation diameter. The Sherwood number, Sh, is dependent
on the geometry of the perforation and can be estimated from the so-
lution of the transport equation with purely diffusive terms using
dimensionless quantities. (Section S.1 reports the details of equation
solution via the finite-volume method and its experimental validation.)

Other models have also been proposed to consider non-Fickian
diffusion for the calculation of JiH (Rennie & Tavoularis, 2009). This
should be done when the diffusivity of the involved gases are different in
terms of order of magnitude. In the case of food packaging, the gases (i.
e., oxygen, carbon dioxide, nitrogen, water, ethylene) have very similar
diffusivity (as confirmed by the Chapman-Enskog equation), thus Fick-
ian diffusion can be assumed.

By adopting the aforementioned flux definitions, the equilibrium
condition given by Equation (2) can be rearranged as:

NHdHSh _
WO o ﬂ@i IWO

4 PuP 4RI
LAV 7

(5)

As a rule of thumb, the permeability ratio of different species is a con-
stant (Robertson, 2013) for all polymeric membranes. Choosing O, as a
reference species (as the oxygen permeability is commonly available for
packaging materials), . = y;%0,, the permselectivity y; is unitary for
Oy (by definition) and equal to approximately 6.316 for CO,, when
single-layer polymeric materials are used (Robertson, 2013). Therefore,
the previous equation can be recast as:

4 o 4 R

5 (6)
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being
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representing a characteristic parameter of the perforations, and
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a characteristic parameter of the membrane, accounting for its O
permeability. Consequently, once a target equilibrium composition is
assigned, the values of A and II able to achieve such equilibrium con-
ditions are linked via a linear relationship. This relation correspond to
lines (one for each species i) with a slope equal to —4y;/(7Z;) and an
intercept with the vertical axis dependent only on bulk and equilibrium
compositions (as the production rate of species i at equilibrium is a
function of the equilibrium composition only). The intercept is a char-
acteristic function of the selected produce, while the slope depends only
on the considered species i. Considering two species (O3 and CO3) for
which a target equilibrium composition is desired, two lines are defined
according to Equation (6) in the plane A, I1. The lines of O and CO, are
always crossing, thus there is always (mathematically) a couple of
values A, IT for which a desired equilibrium condition can be obtained.
The practically interesting (and physical) EMAP designs are those for
which A and IT are positive (or null).

If the reference value of yg,, = 6.316 is considered, the designed
EMAP has perforations characterized by A* and permeability charac-
terized by IT*. Thanks to the linearity of Equation (6), it is possible to use
the information given by the reference EMAP to obtain other designs
when yco, # 7¢o, achieving the same desired equilibrium composition.
It can be demonstrated (details in Section S.3.2) that the values of A*
and IT* can be corrected to the actual values of A and IT via:

Im Yco, — 6

n 0 ©
" yeo, =6

A_A*— i Yco, — Yco, 10)

V4 ;%02 }/COz -0
where § = P¢o,/ Z0,, Which is a constant of temperature in typical
storage conditions and it is approximately equal to 0.752. Notably, the
correction for IT only depends on the value of y,,, while the correction
for A also depends on IT*. Therefore, the results presented in the
following will be referenced to y¢,,A",IT", but will be easily extended to
any permselectivity.

By tuning the permselectivity of the film, it is possible to use the
aforementioned corrections to design a non-perforated EMAP. The
permselectivity capable of reducing any condition of A* and IT* to A =
0 is obtained from Equation (10):

* 4«
0 A'5+ ”31(102 Yco,
Yco, = A" 4 AT

70,

11

The developed equations are useful when designing any EMAP so-
lution aimed at obtaining the desired (optimal) storage conditions at
equilibrium to extend the shelf life of the food product. The required
number and dimension of the perforations (through A), as well as the
permeability of the membrane to Oy (through II), can be chosen to
satisfy Equation (6) for a given equilibrium composition and permse-
lectivity of the membrane. This can only be done if the respiration ki-
netics is known, as the production rate of each species must be expressed
as a function of the composition at a given temperature. This task will be
simplified by creating a simple graphical tool for EMAP design, similarly
to what was done for MAP design (Robertson, 2013).

2.2. Sherwood number

The parameter A also depends on the Sherwood number, Sh, a
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dimensionless quantity indicating how the geometry of the micro-
perforation affects the effective driving force of the gas flux. From the
analysis of the dimensionless transport equation with diffusion (details
in S.1.1), Sh only depends on the geometry of the perforation, and in
particular on the ratio of the perforation length, I (usually corresponding
to the thickness of the permeable material), and diameter, dy. (Notably,
this quantity is independent of the chemical species being considered.)
We analyzed the dependency of Sh on geometry from a model and an
experimental standpoint (see S.1.2). The model adapted from Heiss
(Heiss, 1949) shows a very good agreement with both the simulations
and the experiments.

The simple expression for the evaluation of Sh allows to recast the
definition of A to easily find the size of perforations:

2
Wod ([ 4ShiINy

dy =
" ONuSho + WoA

12)

where Shyg = 12/10, according to Heiss’s model (Heiss, 1949), which
physically represents the value of Sh for a very large perforation.

2.3. Characteristic time to equilibrium

The system reaches equilibrium after a theoretically infinite time
interval. Practically, this time is finite and its order of magnitude can be
estimated from the speed of composition change. By evaluating the time
derivative at time t = 0, one can compute a characteristic time, At;, as:

eq
At; = Wwen (13)
H
t=0
The time derivative at the initial conditions can be evaluated from
Equation (1). Considering that y;(0) = y?, all fluxes are null, thus from a
global material balance (Florit et al., 2022):

dy, W,
o= Ve (RE-AR) (14)

where the superscript b refers to values computed at the bulk conditions,
and the sum over j is extended to all considered species. Consequently,
the characteristic time is a function of initial/bulk and equilibrium
conditions only and it is directly proportional to the ratio of the initial
gas volume and the initial food mass, Vy/Wj. From the previous equa-
tions one can define:

Aty -y

= = 15
Vo/Wo R?fnyjR;’ (15)

T

7; is thus a characteristic parameter of each food indicating how quickly
an EMAP will reach equilibrium for a certain gas species i. The longest
time to equilibrium is the limiting condition, thus only the maximum
value of 7; (reported without the subscript) is the characteristic param-
eter for all species to reach the optimal conditions. This parameter can
also be connected to the food density (usually very close to water den-
sity), ps, the food bulk density, pp, and the headspace volume, Vjy,
providing a way to estimate the time required for the pack to reach
equilibrium:

11
At:‘r(;fer&) a6)
y  Pr Wo

3. Results
3.1. Characteristic packaging design parameters

Properly designed EMAP allows for achieving target steady-state gas
compositions (Fig. 2a, Table S.1), ideally providing optimal post-harvest
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atmospheres for respiring produce (Gross et al., 2016; Robertson, 2013).
Packaging designers often struggle with balancing various packaging
characteristics to ensure the optimal preservation of products. Limited
tools are available to unravel materials selection and structure design,
being a large part of the studies based on the produce properties. By
studying the conservation equations (1)—(5) describing a generic pack-
aging, we identified the independent characteristic quantities (i.e.,
design degrees of freedom) comprising all packaging design parameters,
schematically shown in Fig. 2b: I1,A,y,,, and 7. Given the product mass
(Wp), TI relates the Oy permeability divided by the thickness of the
material, the permeating surface area, and the absolute pressure; A ac-
counts for the presence of micro-perforations, contributing to different
transport mechanisms, and depends on the number and geometrical
characteristics of the perforations (diameter and length); ¢, is the
material CO2/02 permselectivity. For common polymers, the value of
Yco, is generally assumed to be equal to y5,, = 6.316 (Robertson, 2013).
From now on, the values of [T and A at reference permselectivity will be
defined as IT* and A* . The value 7, together with the headspace volume,
can provide an indication of the characteristic time to reach equilibrium
starting from an unmodified atmosphere (air).

3.2. General design plot

The equation (6) provides the required values of A* and IT* for the
reference EMAP (y¢o, = 7¢o,), resulting in the optimal storage condi-
tions for a specific produce (Fig. 1a). Given (or by knowing) the optimal
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storage gas composition, the result is a bounded design region on the
A*IT* plane (Fig. 2a), within which all points are the possible EMAP
solutions leading to an equilibrium gas composition within the desired
ranges. The shape and size of this region strongly depend on the respi-
ration kinetics, which is an underlying information of the plot, along
with the selected gas composition. We used data on respiration kinetics
from literature (Fagundes et al., 2013; Fishman et al., 1996; Geysen
et al., 2007; Ghosh & Dash, 2020; Makino et al., 1996; Maneerat et al.,
1997; Peppelenbos & van’t Leven, 1996; Salvador et al., 2002; Song
et al., 1992) to develop a plot (Fig. 2¢) resuming the design regions that
allow for the optimal storage conditions for different types of produce
(Gross et al., 2016; Robertson, 2013). (The use of experimental respi-
ration data to evaluate the design regions is reported in Part II.)

The reference plot (A*,IT* axes and colored regions) is used when the
packaging material permselectivity is approximately yg,, = 6.316.
Selecting any point within a region will provide the corresponding
values of A and II, providing the design criteria for the perforations and
the permeation properties. An infinite number of packaging solutions
are hence possible: the user will choose the best material properties and
perforation dimensions (if any) that lead to the selected values of IT and
A, by satisfying user or production constraints.

Points on the axes of Fig. 2c are peculiar types of packaging. In fact,
the axis A* = 0 represents non-perforated packs, while the axis IT* =
0 represents packs with no permeable surface. All other points represent
packaging with perforations and permeable surfaces.

By further exploiting Equation (6), the plot was extended to any

(b)
Equilibrium

(A l,Nug) = A (Po,, @, 1) = 11
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&
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Figure 1. (a) Literature reports optimal O, and CO, concentration storage conditions: dotted lines represent the permselectivity suggested to be used in MAP
(Robertson, 2013) with no perforations. (b) Schematic of the mass flow transfer in packaged fruits and vegetables. Main independent packaging design parameters —
A (possible perforations), IT (permeability), and y¢o, (permselectivity) — determine the equilibrium gas composition inside the packaging and represent an infinite set
of packs sharing the same equilibrium composition; the dynamics of the packaging is also determined by the parameter 7, which is a characteristic quantity of the
food variety being considered. Graphical representation of the characteristic time for O, (¢) and CO, (d) for typical composition profiles over time. The dotted line
represents the way At is evaluated for different species. On top of the plots there is a typical profile for gas rates, showing the balancing of respiration and mass

transport rates at equilibrium.



F. Florit et al.

0.8

0.7

0.6

0.4
0.3

0.2

(mg~']

0.1

A*

Food Packaging and Shelf Life 47 (2025) 101434

108

1072

10%

YCO2
I1/11*

0

-0.1

—0.2

-0.3

—0.4

(b)

Apple [T77709.1

Banana [ ]14.6
Broceoli [ 115.9

Cherry 71244

Fig 77777191

Lettuce ] 42.8

Mango [18.3

Tomato [ 715.3

0 20 40
7 [hgem™?

10°

10t
100

102

_ y()z ,QfMP
W
Vo

At =722
"Wo

Figure 2. (a) General design plot for EMAP (colored regions on the axes A*, IT*) with permeable materials having yco, = r¢o, = 6.316: no EMAP is feasible for
design points having IT* < 0 or falling below the dashed line (points above the dashed line having A* < 0 can still be used by properly choosing a permselectivity
value greater than y¢, ); additional axes for EMAP design extended to any permselectivity: determination of the correction factors A — A* (all dotted lines on the axes
Yco,»11") and I1/TT* (additional axis) to obtain a pack with a permselectivity value different from the reference value (y¢,). Design points enclosed in the colored
regions ensure an equilibrium gas composition within the ranges in Fig. 1(a). (b) Characteristic time parameter for produce packed in standard atmospheric con-
ditions (= 21 % 02, ~ 0 % CO-) considering the species that requires the longest time to reach the optimal storage conditions. (¢) Definitions of the quantities to be

used during packaging design.

value of yco, # r¢o, (thus any kind of permeable material), resulting in
additional axes on the right side of the plot. In such cases, the values of
IT* and A* should be corrected to evaluate the required IT and A values
able to provide the desired equilibrium gas composition. These correc-
tions (Equations (9) and (10)) can be evaluated by leveraging the dotted
lines (correction A — A*) and the second additional axis (correction
I1/11*) by means of a graphical method. (A detailed example is reported
in the next section.)

The diagram for the reference permselectivity (Fig. 2¢) is a simple
design tool for permeable materials based on common polymers and
provides a quick extension to other materials (extended axes). Notably,
produce having the design region at low values of IT* (approximately for
IT* < 0.05) are the most versatile in terms of material choice. A change
in material, with respect to the reference one, leads to corrections for A*
that are generally small, thus perforation dimensions are slightly influ-
enced at low IT*, even if very different materials are used. Furthermore,
values of y¢o, > r¢o, Will lead to EMAP designs having larger or more
perforations and films requiring a smaller surface or permeability;
conversely, yco, < ¢, Will require smaller or fewer perforations and
larger or more-permeable films. Another non-trivial result of this plot is

that it can also be used to redesign any EMAP solution obtained exper-
imentally or from modeling. Equivalent packaging solutions (in terms of
gas composition at equilibrium) can be designed using the definition of
A and IT and the extended axes without any further experiment or the
knowledge of the respiration processes.

3.3. Characteristic time

The designed pack requires a specific time to reach the steady state,
depending on the metabolic activity under the storage conditions. The
respiration rate of a produce only depends on the storage conditions so
that a fourth parameter can estimate it, 7, which represents the char-
acteristic respiration time. As from Equation (15), a time to steady state
exists for Oy and CO5 (Fig. 1¢ and d). The maximum time value for the
two gases is the limiting condition (as the stored food will be kept under
undesired conditions for a longer time for at least one gas species),
which determines 7. This parameter follows from the initial dynamic
behavior of the pack, which depends on the respiration kinetics and on
equilibrium and atmospheric gas compositions. Therefore, the atmo-
sphere composition at the packaging time can drastically change the
time to steady-state. Ideally, the initial atmosphere composition should
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be within the desired ranges, so any pack will always be under optimal
storage conditions. However, when the initial atmosphere is air, the
value of 7 becomes crucial. It is a characteristic parameter for the food
product (Fig. 2b), regardless of the packaging design (namely, the values
of A and IT). Notably, of all the produce being studied lettuce has the
largest value, meaning that a long time is required to obtain the optimal
composition range in the pack. 7 provides an estimate of the time to
reach the optimal conditions, At, concerning the pack volume and its
degree of filling (Equation (16)).

4. Discussion and use of the design plots

We have developed a set of original and adaptable plots to guide the
packaging design for respiring food produce. These plots contain ki-
netics information and visually support the relevant packaging param-
eter selections to achieve optimal preservation conditions. Fig. 2a, for
instance, immediately indicates that cherries can be stored inter-
changeably in packs with perforations only (using impermeable pack-
aging) or with no perforations (only using a permeable surface), as the
design region intersects both plot axes. Conversely, bananas should not
be stored in impermeable packs (the design region does not intersect the
axis I1* = 0), and mangoes should be stored using perforations and
permeable surfaces (the design region does not intersect both axes). The
plots further encompass and compare the produce respiration charac-
teristics: it is worth noting that, although some food types (e.g, apples
and bananas) can be stored in modified atmospheres with comparable
characteristics (Fig. 1a), when it comes to designing an EMAP solution,
the developed plot is different for each of them (Fig. 2a) (even if the
target gas composition that optimizes the storage is the same) because of
the different respiration kinetics.

Additionally, our methodology indicates whether a MAP or an EMAP
solution should be applied for the food of interest, based on the time
needed to reach optimal conditions. At (Equation (16)) is a relevant
parameter when compared to a product’s shelf life or to time-dependent
food quality attributes (e.g., flavor or texture modifications). Suppose At
is comparable to the shelf life. In that case, the EMAP design should be
optimized (for instance, by reducing the gas volume inside the pack-
aging) or the product should be packaged in an initial modified atmo-
sphere. For instance, salad has a low respiration rate (hence a high 7) and
a low bulk density, leading to large packaging volumes. Using EMAP
should require an initial modified atmosphere for cases such as lettuce.

The diagram proposed here is a powerful tool for selecting packaging
materials. Current packaging design primarily exploits non-micro-
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perforated solutions by leveraging materials permselectivity: in this
case, A assumes a null value, IT and y¢,, becoming the two design de-
grees of freedom. Gas fluxes are controlled by permeation only (towards
O, with IT and towards CO with y,), the value y¢,, being indicated as
ngZ. Equation (11) can be used to recast Fig. 2¢ into a new design plot
for non-perforated EMAP, as in Fig. 3a. The regions drawn on these axes
produce an EMAP solution with a certain permselectivity, ngZ, and
permeation parameter, II, that allow to reach an equilibrium gas
composition within the optimal ranges. The proposed plot is thus a tool
to select and design the permeable material based on its permselectivity.
Fig. 3b provides permeability and permselectivity of common packaging
materials (Robertson, 2013). Notably, different food products require
very different values of 7802 and most of the analyzed cases require a
large value of IT. When it comes to small packs (aimed at reducing
packaging waste), large values of IT mean large permeability values,
which can only be achieved using few common materials (namely,
LDPE, PS, PP). These have a narrow permselectivity distribution, thus
these polymers cannot be used to design some kinds of non-perforated
EMAP. For instance, figs require a low permselectivity (below 2) and a
high permeability (I1 > 0.3 cm®d~!g™1), for which no materials are
available. For the latter, very thin films or very wide surfaces should be
used, posing technological and waste disposal issues. Intermediate
properties between those of the materials reported in Fig. 3b can be
obtained by combining them in multi-layer films or using different
materials for different parts of the packaging (details in Section S.4).
The full potential of our toolbox can be exemplified with cherries, the
more versatile produce in terms of packaging design using films with
reference permselectivity y¢,,. The design region of Fig. 2¢ (enlarged in
Fig. 4a) for cherries intersects both axes A* = 0 and IT* = 0. Fig. 4a
further reports the isolines of gas compositions at equilibrium, showing
that all equilibrium compositions can be achieved, but only some points
(within the coloured region) lead to optimal conservation conditions.
Let us assume to design a 200 g pack of cherries with a polymer film (O,
permeability equal to 1 Barrer = 6.57 cm® ym d~! ecm™? atm™?, attain-
able by traditional, fossil-based material such as PP), 100 ym thick. The
design degrees of freedom will be the perforation characteristics (Ny and
dy) and the permeable area of the packaging (%/)). A point can be
arbitrarily selected within the design region (e.g., A* = 0.2 ym g~ ! and
IT* = 0.05 cm®d g™}, point 1 in Fig. 4a). By using the definition of IT*
(Equation (8)) it is possible to obtain the permeable area .«/y =
(ITIW,) /(P0,P) = 152 cm?. Perforations can be designed using Equa-
tion (12): assuming a single perforation (Ngy = 1), the resulting
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Figure 3. A tool for materials selection. (a) Design plot for non-perforated EMAP solutions relating the permeable material characteristics achieving the target gas
composition at steady state. (b) Typical ranges of permselectivity and permeability (1 Barrer = 6.5664 cm® ym d~! cm™ atm™!) for common materials (Robertson,
2013): PVC polyvinyl chloride, PA6 nylon-6, cPET crystalline polyethylene terephthalate, aPET amorphous polyethylene terephthalate, PLA polylactic acid, PP
polypropylene, PS polystyrene, HDPE high-density polyethylene, LDPE low-density polyethylene, LLDPE linear low-density polyethylene. The dotted line shared

between (a) and (b) represents the reference permselectivity.
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Figure 4. EMAP design plot application examples. (a) General design plot for cherries using a permeable material characterized by reference perm-selectivity:
design point 1 is a perforated, permeable EMAP, point 2 is a perforated, impermeable pack, while point 3 is a non-perforated, permeable design. Blue solid lines
indicate the equilibrium composition for O, [%], while red dotted lines that of CO, [%]. (b) Extension of design 1 to other packs with different perm-selectivity.
EMAP 1’ results in a design with no perforations allowing the choice of the permeable material. Design 1” (dashed blue arrows) results in a new design based on
a given perm-selectivity. (¢) General design plot for non-perforated EMAP. Points 3 and 1/ can also be visualized on this plot, while 4 is a new design with a different
material. Blue solid lines indicate the equilibrium composition for O,, while red dotted lines that of CO,. The dotted line is the reference permselectivity. (d and e)
Gas composition over time for the various designs (note that designs 1, 1/, and 1" lead to the same gas evolution inside the pack). All the designs based on the previous
general plots lead to equilibrium gas composition within the desired ranges (shaded area). The dashed line is the estimate of the time to equilibrium based on 3. (f)
Representation of possible practical designs for the various design points. Arrows indicate the magnitude of the gas fluxes for O, (blue arrow) and CO; (red arrow),
normalized on the O, gas flux of point 1. Designs 1, 1/, and 1" are permeable trays and achieve the same gas fluxes, despite using different materials and different
number/size of perforations; design 2 is impermeable and only has a perforation (similarly to a perforated can); design 3 can be made into a larger tray while 4 as a
non-perforated bag (given the large permeable area required).

perforation diameter will be 82 ym. For two perforations (Ny = 2), a permeable area of 304 cm? if the same material as the first case is used.

diameter of 54 ym will result. The same perforations can be adopted on
ideally impermeable EMAP (IT* = 0, point 2 on Fig. 4a) with the same
value of A* as case 1. This can be done because cherries can be stored in
perforated-impermeable packaging. Alternatively, non-perforated
packaging can be designed with A* = 0 and I* = 0.1 cm®d !g~!
(point 3 in Fig. 4a), resulting (from Equation (8)) in a required

This last point can also be found on the plot for non-perforated pack-
aging (Fig. 4c¢) at the reference permselectivity.

The EMAP of point 1 in Fig. 4a can be redesigned using a different
permeable material so no perforations are needed by means of the
extended axes on the general design plot (Fig. 2a). Design 1/ is obtained
in Fig. 4b (enlargement of Fig. 2a). y ¢, should be selected by imposing a
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correction which would make A = 0, starting from point 1 and vertically
intersecting (at IT* = 0.05 cm>d~1g™1) the dotted line characterized by a
correction A — A* = — 0.2 ym g’1 up to point A. The required perm-
selectivity can be read on the corresponding axis (point B) and it is equal
to y¢o, = 1.70. This new permselectivity enforces a correction IT/IT* = 6
(read on the additional axis, point C) leading to IT = 0.05 - 6 =
0.30 cm®d~1g L. It should be noted that point 1/ is correctly within the
design region in Fig. 4c (non-perforated EMAP) at a permselectivity
value that is lower than the reference value. To use the same permeable
area as for point 1 (152 cm?) and the same thickness, the film will
require an O, permeability equal to 39 cm® ym d 'cm™? atm™!. The
permeability required even for thinner films is quite large and no
common polymer is capable of achieving both this permeability to O
and the required permselectivity (y¢o, = 1.70). This simple example
shows the need of new, selective, and permeable materials for food
packaging applications.

Conversely, if a material with .2, = 3em3 ymd ! em 2 atm ™,
Yco, = 20, and 100 um thickness is available and EMAP 1 must be
redesigned with such a material, then design 1” is obtained by starting
from the y ¢, axis at a value of 20 (point D) and observing the correction
I1/TT* = 0.3 on the adjacent axis (point E). The value A — A* is evaluated
by conducting a horizontal line from E up to the vertical line passing
through point 1 (creating the intersection F) and by reading the
correction on the dotted curves, which in this example leads to A — A* =
0.03 ym g~ !. This means that A = 0.23 ym g}, thus an area of 100 cm?
(Equation (8)) is required, along with a single perforation (Ny = 1) with
a 90 ym diameter (Equation (12)).

The toolbox further supports the selection of packaging materials for
biopolymer-based design. The graphical approach shows how unperfo-

-2

rated packaging with PLA as the permeable material (0.56 Barrer =
3.67 cm® ymd ™ cm 2 atm 2, Y20, = 3.4, 1 = 25 ym) can be designed.
By selecting a point in Fig. 4c at the given permselectivity value, for
example, the one at I1 = 0.1 cm® (point 4), a permeant area of about
890 cm? is obtained. The latter design is a packaging that leads to the
optimal storage conditions, moving from conventional (i.e., PE, PP) to-
wards biobased and biodegradable materials.

The pack’s volume can be designed (regardless of the design point
chosen and according to the value of 7 only) to achieve equilibrium as
quickly as possible, assuming that the food density is the one of water (p¢
=1g em %), and that no headspace is used in the EMAP (Vg = 0). Given
the shape of cherries, the maximum bulk density (smallest EMAP vol-
ume) roughly corresponds to the sphere tight-packing limit (pp =
0.74 g cm ™). This means that the minimum EMAP volume is approxi-
mately 270 cm®. Evaluating the time to equilibrium for this packaging
using 7 underestimates the true value: adopting 27 or 37 leads to more
realistic time estimates. Therefore, being 7 = 24.4 h g cm ™ for cherries,
the characteristic time can be computed from Equation (16) considering
37, resulting in At = 25.6 h.

The designed EMAP solutions will lead to different equilibrium gas
compositions in the headspace, as shown by the isolines in Fig. 4a and b,
but all within the optimal storage conditions. Fig. 4d and e provide the
packaging dynamics for Oz e CO,, respectively, showing the headspace
gas evolution achieving the target composition (color regions). The
dashed lines correspond to the time computed using 37, showing that
this value is a good estimate of the time to equilibrium. Notably, packs 1,
1’ and 1" undergo the same gas evolution, as the last two points are re-
designs of the first, demonstrating that it is possible to achieve different,
yet equivalent, EMAP solutions via a simple graphical method. (A more
rigorous demonstration of this is provided in Section S.3.2.) For the sake
of example, Fig. 4f also depicts possible practical designs for all the
example cases.

5. Example case and comparison with another model

The mathematical model underlying our methodology differs from
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the models previously reported, such as the one proposed by Castellanos
and coworkers (Castellanos et al., 2016a), by how transport across
perforations is described: the original work adopts a transmission rate
that is dependent on the gas species considered with one or two
adaptable parameters for each gas considered (to be found via fitting of
experimental data). In contrast, this work has no adaptable parameters
to describe transport across perforations (only predicted through Heiss’s
model). The literature model also allows volume variations of the
packaging under the assumption of flexible packaging (bags). These
volume/pressure variations are null at equilibrium, where both models
coincide. The data available in the original work (respiration kinetics
and material properties) can be employed in our methodology, allowing
us to trace the design plot and readily design optimal packaging,
providing the values of A and Il meeting the composition target at
equilibrium.

Seven different packs were considered by the authors and their pa-
rameters are reported in Table S.2. Packs T1, T2, and T7 use PP as
permeable material, T3 and T4 use LDPE, T5 and T6 use PLA. Fig. 5a
reports the design plot and the 7 alternative packaging designs proposed
by the authors (points T1-T7). Fig. 5b-h report the time evolution of the
gas composition in the packs (T1-T7), showing a very good agreement
with experimental data. The equilibrium gas compositions predicted by
this work are also similar to those predicted by the literature model
(average absolute differences in the gas composition of 1 % for O and
0.3 % COy), confirming the ability of the proposed methodology to unify
other models and datasets.

The original work proposes a target of 5% Oy and 3 % CO, at
equilibrium. Our methodology simplifies the design of a pack with such
characteristics, avoiding an iterative procedure with a possibly complex
mathematical model. The isolines of the two gas composition targets are
depicted in Fig. 5a. Their intersection is the only point (black star in the
plot) in the design space that satisfies both criteria. Nevertheless, this
single point corresponds to an infinite number of designs sharing the
same values of A* and I1* meeting the equilibrium composition criteria.
These values of A* and IT* can be converted to the required values of A
and IT based on the permselectivity of the selected permeable material
using the extended design plot (graphical procedure) or by using
Equations (9) and (10).

When using PP one obtains A = 0.0359umg ' and II =
0.823cm®d'g”!, for LDPE A = 0231uymg ! and N =
0.567 cm®d'g”!, and for PLA A = — 0.244uymg ! and Il =
1.19 cm3d'g™!. A negative value for A using PLA indicates that this
material will never meet the required criteria, while PP and LDPE can for
some combination of the physical parameters. When the mass of pro-
duce is fixed (350 g), one can select the permeable area and perforation
diameter (assuming Ny = 1), obtaining the required values of the design
parameters. This means the PP-based pack requires .73y = 1173 cm? and
dy = 24 ym, while the LDPE one needs ./ = 292 cm? and dy = 86 um.
The packs in the literature work have an area of 800 cm?: if this was
considered to be a maximum area because of some constraint (e.g. ease
of transport), then the PP-based pack would be excluded as the perme-
able area is excessive. A larger bag increase the area, but this would also
increase the volume, resulting in long times to equilibrium. Therefore,
only the LDPE pack can meet the target concentration within the con-
straints set (or within a reasonable time).

It is worth noting that our design procedure does not specify a value
for the free volume of the pack, which should be as small as possible to
achieve atmospheric equilibrium as quickly as possible. By considering a
square bag that is permeable only from one side and using the formula of
the paper bag problem, one obtains a free volume Vo = 600 cm®. Fig. 5i
reports the simulations of this final design, which show that the designed
pack will quickly reach the desired equilibrium and approach its final
value.
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Figure 5. Design plot for tomatoes for the model comparison. (a) General design plot for tomatoes using a permeable material characterized by reference perm-
selectivity: design point as from Table S.2, kinetics taken from literature (Castellanos et al., 2016a). The blue solid isocurve is the target 5 % O,, while the red dotted
isocurve is the target 3 % CO,. The red shaded area is the target condition 3 % < O, < 5 % and 0 % < CO» < 5 % (Gross et al., 2016; Robertson, 2013). The black star
is the optimal packaging designed according to the text. (b-h) Comparison of the predictions of our model and experimental data (Castellanos et al., 2016a) of the gas
composition over time. (i) Time evolution of the optimal packaging designed according to the text. The dashed lines are the target compositions.

6. Conclusions

Design plots for different commodities are obtained (Figs. 2 and 3),
allowing to select the best design parameters without resorting to
complex models. Three parameters (A, I1, and y¢0,) were found to fully
define an EMAP solution as they comprise the permeability properties of
materials, the packaging geometry, and the attainableness of perfora-
tions, filling the gap of current literature (Rashvand et al., 2023).
Properly picking these values from the design plots provides a
straightforward way to design packaging that ensures an ideal head-
space gas composition. The method helps in the selection of packaging
materials based on target permeation properties. Our toolbox provides
the characteristic time needed to achieve the desired conditions, sup-
porting an easy selection of MAP vs. EMAP approaches. The design
method was also compared to another model, showcasing the unifying
nature of the proposed methodology.

The results pinpoint and fulfill the purpose of measuring detailed
kinetic data of respiration processes and indicate the need for new
packaging materials from a product-driven perspective. Furthermore,
this work sets the ground for unifying literature data on respiration ki-
netics for optimal produce storage. Other validation examples, with a
detailed step-by-step procedure, can be found in Part II (Florit et al.,

2025).
Nomenclature of the symbols used and units

The following list reports the main quantities used and the most
convenient units to adopt to apply the proposed methodology. The units
listed here are not mandatory, yet these provide directly the units of
measure for I1 and A given in the plots.

Variable  Unit Description
Am [em?] Permeable surface area
T [em3d 1] Molecular diffusivity of species i
dy [um] Perforation diameter
Eqi [J mol™1] Activation energy of the permeability of species
i
Ji [em3d 1] Volumetric flux of species i
l [um] Membrane thickness, perforation length
Ny [-] Number of perforations
EZ [em® g d ! em™2 Permeability towards species i
atm™']
[Barrer] Corresponding to 6.5664 em® ym d7! em?
atm™!
R [J mol ! K’l] Ideal gas constant = 8.314 J mol ! Kt

(continued on next page)
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(continued)
Variable  Unit Description
R; [em3g1d™] Production rate of species i
Sh [-1 Sherwood number
Shg [-1 Sherwood number for large perforations =
12/10
T [K] Absolute temperature
\4 [cm3] Free volume
Vu [em®] Headspace volume
w [g] Produce mass
Yi -1 Mole fraction of species i
Greek symbols
A [pym g’l] Design parameter of perforations
S [-] Ratio of CO, and O, diffusivities = 0.752
Yi [-1 Permselectivity of species i
]/202 [-] Permselectivity of CO, when no perforations
are used
I [em®d g™ Design parameter of permeable surfaces
p [g em®] Density
T [h g cm®] Characteristic respiration time
9 [-1 Dimensionless time

Subscripts and superscripts

0 Initial (subscript)

b Bulk conditions

C Condensation

eq Equilibrium conditions

f Food

H Perforation

M Permeable surface

ref Reference

* Conditions for which y¢,, = 6.316
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