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ARTICLE INFO ABSTRACT
Keywords: Amongst fruits and vegetables, strawberries (Fragaria x ananassa) are one of the most perishable products.
Ventilated Packaging Design Consequently, it is challenging to maintain their quality until they reach the consumer. Therefore, keeping

Multiphysics modeling optimal hygrothermal conditions around the berries from farm to the consumer is crucial to preserving them and

Slmula“o"s_ avoiding food loss. Using ventilated packaging design is an established way to address this technological, eco-
Supply Chain . . . L. . . .
Food loss nomic, and environmental problem. Until now, strawberry packaging is often designed using a trial-and-error

approach, and a multitude of packaging designs exist. Ideally, the packaging should be designed in such a
way that it provides the best preservation of the fruit all the way from farm to retailer. This is challenging since
the hygrothermal conditions change significantly along the supply chain. In this study, we use physics-based
modeling to evaluate new strawberry packaging designs in regard to cooling performance, risk of condensa-
tion, mass loss, and respiration-driven shelf life of the fruit and assess their performance along the whole post-
harvest export supply chain from Spain to Switzerland. Twelve packaging designs for strawberries with existing
and newly-designed vent hole configurations were investigated. Simulations quantified how the berries physi-
ologically and hygrothermally evolve inside these packages along the whole post-harvest supply chain. Imple-
menting appropriate ventilation in open-and top-sealed trays for strawberries can help to minimize losses along
the post-harvest supply chain. As commonly known, strawberries cool significantly faster in better-ventilated
trays than in unventilated trays, and condensation-based time of wetness could be reduced by 45% by adding
additional ventilation holes in a top-sealed tray. The height of the secondary packaging, the total opening area
(TOA), the size, and the placement of the vents have a substantial influence on the performance of the packaging.
We recommend a TOA between 5.5% and 7% and a diameter of the vents between 5 and 12 mm. Also, they
should be evenly distributed. However, there is always a trade-off in packaging design: a reduced risk of
condensation comes along with a higher mass loss of the strawberries. Strawberry packaging models enabled a
unique insight into the evolution of the fruits along the supply chain and visualized the spatial distribution of
condensation and mass loss inside the package.

Quality preservation

x ananassa), the losses are estimated to be up to 40% from farm to
consumer (Trinetta et al., 2020). Their high respiration rate is one of the
basic causes of their high perishability (Castello et al., 2010). Further-
more, they are susceptible to moisture loss and mechanical damage since
they have a soft texture and no thick peel that protects them (Colussi

1. Introduction

Fresh fruits and vegetables are among the most wasted foods because
they are highly perishable (Kelly et al., 2019). For strawberries (Fragaria

Abbreviations: ANOVA, analysis of variance; RANS, Reynolds-averaged Navier-Stokes; TOA , Total opening area in the flow direction [%]; TOW, Time of wetness
due to condensation [h].
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Nomenclature

Symbols

Ay Water activity of strawberries [-]

A Biochemical respiration-driven fruit quality [%]

q Concentration of liquid water [mol m~3]

Cpa Specific heat capacity of air [J kg 'K™1]

Cp,f Specific heat capacity of strawberry fruit [J kg~' K]

Csat Saturation concentration of water vapor [mol m~3]

Cy Concentration of water vapor [mol m~3]

on Turbulence model constant [-]

Dy Diffusion coefficient of water vapor in air [m? s ']

Eqquatiyy Activation energy of rate constant for kinetic quality model
[J mol™ 1]

f Pre-exponential respiration coefficient [-]

g Exponential respiration coefficient [-]

Zevap Water evaporation flux [kg m? s71]

G Source term for moisture transport [kg m3 s*l]

H Source term for the time of wetness [h]

ka Thermal conductivity of air [W m 'K 1]

ke Thermal conductivity of strawberry fruit [W m K]

kp,cardboara  Thermal conductivity of cardboard [W m K]

kp plastic  Thermal conductivity of plastic film [W m K]

ko,qualiy Reference kinetic rate constant for respiration-driven
quality loss [s™4

kquality ~ Kinetic rate constant for respiration-driven quality loss
s

Kskin Strawberry skin resistance to moisture transport [m s

kr Turbulent kinetic energy [J kg_l] or [m? s72]

K Evaporation rate factor [m s’l]

M, Molar mass of water vapor [kg mol 1]

n Normal vector [-]

n Order of reaction in the kinetic model

Q1o Temperature coefficient for reaction rates [-]

Qresp Volumetric heat of respiration [W m~3]

R Universal gas constant [J mol ' K]

t Time [s]

tr/8 Seven-eighths cooling time [s]

Ta Air temperature [K]

T Fruit temperature [K]

u Velocity field vector

Xp.cardboard Thickness of cardboard [mm]

Xpplastic  Thickness of plastic film [mm]

Greek symbols

Y Dimensionless temperature [-]

Sa Water vapor permeability of air [kg m~* s~! Pa™!]
Scardboard Water vapor permeability of cardboard [kg m s !Pal]
Bplastic Water vapor permeability of plastic film [kg m ™! s~! Pa™!]
AP Pressure loss across the package [Pa]

v Vector differential operator [Pa s]

£ Rate of dissipation of the turbulent kinetic energy [m?s—>]
u Fluid viscosity [Pa s]

Up Water vapor resistance factor [-]

Hr Turbulent component of viscosity [Pa s]

& Pressure loss coefficient [Pa s> m°]

Pa Density of air [kg m~>]

Ps Density of strawberry [kg m 3]

Pp Density of packaging material [kg m™>]

Pa Relative humidity of air [%]

Subscripts

a air

f strawberry fruit

p packaging

0 reference conditions

evap evaporation

resp respiration

in in

l liquid water

out out

quality  quality

sat saturated

skin skin of the strawberry

T turbulent

t time

v vapor

et al., 2021). These metabolic processes are temperature-driven, and
consequently, cooling and proper handling of fresh horticultural prod-
ucts help to minimize losses in the post-harvest supply chain (Shoji et al.,
2022). Also, strawberries are non-climacteric fruits, which means that
they need to be harvested at nearly optimal maturity and ripeness.
Moreover, temperature fluctuations at high relative humidity should be
avoided to minimize condensation on the fruit surface because that fa-
vors the growth of molds (Ktenioudaki et al., 2019). Drivers of spoilage
and the consequences of improper handling and condensation often stay
unseen until the mold spores germinate and grow at the retail stage.
Gray mold rot, induced by Botrytis cinerea, is the major cause of the
immense post-harvest losses of strawberries (Schudel et al., 2022). To
meet the high-quality marketability requirements for strawberries,
maintaining optimal hygrothermal conditions around the products
during the whole post-harvest supply chain is essential because it helps
to slow down respiration and transpiration and therefore prolongs their
shelf life (Mukama et al., 2020). Fortunately, the optimal hygrothermal
conditions for most fruits and vegetables are known: strawberries should
be ideally kept between 0 and 2 °C and 90-95% relative humidity
(Ktenioudaki et al., 2019). It is the responsibility of transporters and
retailers to keep the products within a narrow range of these conditions
until they are made available to the consumers at the retail store.
However, it is often the case that the temperature during the cold chain

fluctuates and deviates from the optimal conditions. This temperature
history information can be obtained by placing air temperature sensors
in the cargo. Hence, it can be identified where temperature changes
occur. In commercial supply chains of fruits and vegetables, the
collection of temperature data, however, often occurs only during the
transportation from the pack-house to the distribution center and no
insight into the full supply chain is available. (Shoji et al., 2022). In
order to preserve the ideal hygrothermal condition around the fruit, the
use of appropriate ventilated packaging plays a key role.

The packaging design of horticultural products should consider
multiple performance parameters to function efficiently along the whole
supply chain, from pre-cooling to the retail store (Berry et al., 2017).
Furthermore, packaging should protect the products from mechanical
damage, physiological disorders, and diseases and allow efficient and
uniform cooling of the products (Defraeye et al., 2015). Also, product
parameters such as the initial microbial load play a role (Linke et al.,
2021). Strawberry trays should ideally be designed with vent holes to
facilitate airflow through the package. Vent area (in the direction of the
flow), vent shape, number, and position are important elements that can
contribute to uniform airflow and consequently affect the efficiency of
the cooling (Pathare et al., 2012; Delele et al., 2013). The cooling rate
depends primarily on the heat transfer between the cooling air and the
product and is closely related to the airflow in the package (Zou et al.,
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2006). Hence, better ventilated packaging cools the product faster. So
far, studies on ventilated packaging have mainly focused on cooling
performance during pre-cooling or transport but did not take the other
unit operations of the supply chain into account. Several studies also
focused on mechanical strength of boxes, the energy efficiency of the fan
system, and condensation during the supply chain (Bovi et al., 2019).
Delele et al., 2013 observed in their study about packaging design of
oranges that there is only a minimal difference in the 7/8 cooling time
by increasing the vent area from 7% to 9% or to 11%, respectively.
Therefore, increasing the vent area to a certain value is not advanta-
geous anymore but rather compromises the strength of the packaging.
Similar results were obtained by De Castro et al., (2004): Increasing the
vent area over 8% did not lead to better cooling. Wang et al., (2019)
recommended in a more recent study a vent area of 8.5% of clamshells
for optimal cooling of strawberries and uniformity when they are placed
in a secondary package with a vent area of 9.4%.

Shrivastava et al., 2023 recently developed physics-based digital
twins of 21 different commercially available ventilated packages of
strawberries to mimic their post-harvest life from a farm in Spain to a
retail store in Switzerland. With this technique, measured sensor data
was translated into multiple actionable metrics, which help stakeholders
make decisions, and it is possible to explain where and why losses occur.
The above-mentioned study considered open trays, top-sealed trays,
ventilated clamshells, and flow-wrapped packages. So far, the design of
these existing packages was mainly based on a trial and error approach
and did not ensure enough protection and preservation of the products
inside (Cagnon et al., 2013). These packages could still be optimized
more with respect to their ventilation pattern (size, location, form) to
increase food preservation.

Evolved from the before mentioned research, the aim of this study
was to design and evaluate new packages to improve food preservation.
To achieve this goal, we translate the impact of packaging metrics, such
as the height of the transport boxes (secondary packaging), the total
opening area (TOA), and the placement of vents, into several final fruit
quality attributes and on the cooling performance. Based on the analysis
of the quality attributes, an optimized packaging design for strawberries
was proposed. Physics-based models of 12 different strawberry trays
were designed. A crucial input of these models was the temperature
sensor data along the whole supply chain, as these models employ me-
chanic simulations to mimic how the quality of the fruit evolves in-silico
along that simulated supply chain. Until now, physics-based modeling in
combination with supply chain sensor data has not been used for opti-
mizing packaging designs. However, there are various advantages: It
allows to customize and simulate multiple packaging designs in a much
shorter time period than with real experiments and gives unique insights
into the hygrothermal conditions inside a tray. Also, minimal differences
in their performance can be detected, and environmental conditions can
be implemented and adjusted.

2. Materials and methods
2.1. The strawberry supply chain and its hygrothermal conditions

In this section, the strawberry supply chain is introduced in detail.
Although every supply chain has its individual layout and hygrothermal
conditions, the key unit operations the berries go through are the same

for domestic or transnational chains (Fig. 1). This study simulates the
hygrothermal conditions of a strawberry supply chain from Spain to a
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distribution center in Switzerland as reported by (Shoji et al., 2022;
Shrivastava et al., 2023) as a use case, which is a distance of 2100 km.

Ideally, strawberries are harvested at the required maturity stage in
the early morning when the outside air temperature is still rather cool to
reduce the field heat stored in the fruit. Also, their surface should be dry
to avoid fungal problems later in the chain. The berries are manually
picked and directly sorted by the pickers on the fields. To minimize
handling, they are often already packed into the final trays. They should
be kept in the shadow on the field and be transported to a cooled pack
house as soon as possible (within one hour). In this study, it is assumed
that the temperature is 20 °C and the relative humidity is 55% on the
field during harvest, based on previous studies (Shoji et al., 2022). In the
packhouse, the first quality checks are done, the trays are labeled and
palletized before they are cooled by forced-air cooling prior to transport.
The overall appearance (color, size, shape, and damage) is controlled in
each batch as well as the flavor and the sugar content. This is done by a
sensory test and a Brix analysis. The individual trays are placed in carton
transport boxes (secondary packaging) which are stacked and stabilized
with straps and corner posts and precooled under forced air for up to 3 h
at approximately 2 °C (D. Wang et al., 2019). This means that a fan
forces cold air horizontally at a high velocity through the pallets (Mer-
cier et al., 2019). Ideally, the berries are picked and transported on the
same day. For transport, they should be loaded into a trailer, which is
precooled as well, without stopping the cold chain to avoid rewarming.
Temperature logging during transport is an essential part of quality
control. In general, a single logger is placed on the top of the last pallet
loaded on the passenger side of each trailer. Nevertheless, temperature
varies inside a trailer and is, amongst others, dependent on the power of
the fan, the loading pattern of the pallets, the airflow resistance of the
packages, the initial fruit temperatures, and the weather. Furthermore,
this logged temperature represents the air temperature and not the
actual fruit temperature which also depends on the respiration and heat
transfer processes of the fruit (Shoji et al., 2022). In Switzerland, nor-
mally, the refrigerated trailers arrive at the distribution center in the
morning. However, the transport duration can vary a lot and take up to
several days. In this study, we assume the duration of the transport to be
1.2 d. Immediately after arrival at the distribution center, the
before-mentioned quality tests are performed again with a random se-
lection of berries. If the quality assessment result is in alignment with the
respective requirements, the pallets are sorted and organized for
re-distribution to local retail stores, which is happening preferably
within the same day. If not, the respective pallets are stored in cold
rooms at 2 °C. From re-distribution onwards, the berries are transported
and stored with other fruits and vegetables together. The temperature
fluctuates around 10 °C during re-distribution. After arrival at the
retailer, the berries are stored in cold rooms (10 °C) overnight at the
retailer and displayed in uncooled shelves (20 °C) in the early morning.
Furthermore, the relative humidity at retail stores is 45%, which is far
below the optimum storage conditions for strawberries. Previous mea-
surements showed that the relative humidity during transport and
storage is quite constant at 80% (Shoji et al., 2022; Shrivastava et al.,
2023).

A simplified hygrothermal profile of the post-harvest supply chain of
strawberries from a farm in Spain to a retail store in Switzerland has
been rebuilt based on sensor data, literature, previous studies, and dis-
cussions with stakeholders (Fig. 2). This temperature profile will be used
as input in the simulations. The temperature profile of the refrigerated
transport between Spain and the distribution center in Switzerland was
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Transport to Quality check Labeling and
Harvest h
pack house and packing palletizing

Loading and .
Forced alr !ranspor! to Storage at DC dlsmbuuon to Cold storage Display at
cooling at retailer retail
retail store

Fig. 1. Key unit operations of a typical import strawberry supply chain from Spain to Switzerland.
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Fig. 2. Hygrothermal profile of the strawberry supply chain and air velocity mimicked in this study.

derived from the air temperature analysis of 68 actual berry road
transports between November 2021 and April 2022 on this route. The
data was retrieved from the sensors, which are generally put in every
cargo. TempTale® RF (TTRF) temperature loggers, which have a reso-
lution of 0.1 °C and an accuracy of 0.55 °C in the temperature range
between —18 °C to 50 °C, were used. The temperature was logged every
11.5 min. One sensor was placed on the top of the last pallet loaded on
the passenger side of each trailer. Time-temperature data could be
accessed via the software ColdStream (Sensitech). Large temperature
fluctuations can occur during transport. However, from the 68 analyzed
berry transports, the average of the temperature along the trip and the
average transport duration were considered as input for the digital twin
models. The temperature profiles of the other operation units, as well as
the values of the relative humidity and the airflow rates, were chosen
based on previous studies and data from literature (Schudel et al., 2022;
Shoji et al., 2022; Shrivastava et al., 2023). It was assumed that the
berries stay about 13 h at the distribution center at 6 + 1 °C before being
redistributed to local retail stores. Temperatures were ramped up until
the berries were displayed in the retail store shelves to minimize
condensation. They stayed on the shelves for 4 h before this simulated
supply chain ended. The relative humidity from after harvest until the
retail store was set at 80% and at the retail store shelf at 45%. The
mimicked supply chain had an overall length of 2.6 d. By subjecting all
designed trays to identical conditions, we can effectively evaluate
relative differences between the various packaging designs created.

2.2. Continuum multiphysics model

In this section, the computational domain, with its implemented
physics and conditions, and the simulated variants of the packaging

Headspace
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-60

8-10 ch

115 ck

Outlet

designs, are presented. An illustration of the geometrical model of a
standard open tray filled with strawberries is shown in Fig. 3. The
computational domain includes the berry tray with strawberries in it,
which is surrounded by an air tunnel without bypass on the sides and
below the package. Physical properties and parameters to quantify heat-
and moisture transport in the computational domain are shown in
Table 2, Section 2.2.7.

2.2.1. Computational domain and initial and boundary conditions

The models used in this study were based on the model of Shriv-
astava et al., 2023. Each modeled tray was filled with 16 strawberries in
the same symmetric form, size, and weight. One berry weighed 16.3 g,
had a surface area of 33.06x10™* m? and a volume of 16.9x107% m>.
They were stacked in the same way in each tray. The 16 berries were
intended to fill a tray of 250 g even if they weighed 260.8 g, which is a
typically used commercial weight in which strawberries are sold.
Sales-wise, a certain amount of mass loss along the supply chain is ex-
pected and therefore extra product is weighted to take this into account,
as this is normally required by the retailer. The tray was placed in a
virtual wind tunnel with a length of 90 cm and a width of 11.5 cm. The
height of the tunnel was representative for the height of the secondary
packaging box, in which typically 8-12 trays are placed in. In turn, this
represents how close the trays are stacked on top of each other. There-
fore, depending on the analysis that was conducted, this height was 8,
8.5, 9, or 10 cm. However, in industry the packages are packed rather
dense, and therefore, the height is kept minimal. To mimic the hygro-
thermal conditions along the supply chain, airflow was modeled hori-
zontally from one side of the tunnel, namely the inlet. The open-top
carton boxes (secondary packaging), in which the trays are stacked,
have few or no vent holes on the bottom of the package. As a result,

cm

o N & o

Vent hole

Fig. 3. Schematic overview of the computational domain of a standard open tray. It includes the berry tray, in which strawberries are directly placed. The tray was
placed in a virtual wind tunnel without bypass on the sides and below the package. To mimic the hygrothermal conditions along the supply chain, airflow was
modeled horizontally from one side of the tunnel, namely the inlet. The height of the tunnel is representative for the height of the secondary packaging.
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airflow is mainly horizontal in the package as this is the only possible
airflow direction. To avoid influences of the boundaries on the airflow
and heat transfer, the outlet was modeled far enough away on the
downstream section. The initial temperature and relative humidity of
the simulated air were set to 20 °C and 55%, respectively, which cor-
responds to the conditions at harvest. Also, the initial temperature of the
berries was set to 20 °C.

2.2.2. Simulated variants of packaging design

In this study, 6 new models of ventilated cardboard open trays and 6
new models of ventilated cardboard trays with a polypropylene sealing
layer on top were created (Table 1). Additionally, one tray for each
packaging type without additional vent holes on the side (basic trays)
was created, which represent the packages that can currently be found in
industry. These trays just have the characteristic vents on the bottom in
the middle, and in the corners. The total opening area (TOA) in flow
direction, as well as the placement and the number of vents, was varying
between the trays. The analyzed total opening areas ranged from 1.1%
to 7.2%, distributed between 3 and 19 single vents per side of a tray.
Two trays each have the same TOA but a different number, size, and
placement of the vents to assess the impact of these parameters. The top-
sealed trays were modeled with 5 additional vent holes in the sealing
layer, as this is common for such packages. Because flow is only simu-
lated horizontally, this might not have a big impact on the cooling
process, but it can influence the condensation inside the packaging along
the supply chain. Note that the top-sealed trays are 2 cm higher than the
open trays. If the berries were not packed, the cooling air would not be
disrupted by the packaging walls, and therefore, more air would directly
hit the berries. This seems to be the ideal case to cool berries as fast as
possible. Accordingly, this case was mimicked as well. Table 1 shows the
configuration of all packaging designs that were evaluated in this study.

2.2.3. Air flow

The airflow velocity at the inlet of the tunnel was set based on the
respective operation unit. 0.01 m s~ for refrigerated storage and retail,
0.1ms! for refrigerated transport, and 1.0 ms™! for pre-cooling
(Schudel, et al., 2022; Shrivastava et al., 2023). Air was assumed to be
incompressible. To model the nonisothermal flow, the Boussinesq
approximation was used. Therefore, it was assumed that variations in air
density do not affect the airflow field. Thus, the continuity equation of
the Navier-Stokes equation can be reduced to the form presented in Eq.
1, where u is the air velocity field vector [m s71.

Vau=0 (€))

The momentum equation of the Navier-Stokes equations is presented
in Eq. 2, where p, is the density of air [kg m~>], P is the atmospheric
pressure [Pal, and y + ur represents the effective viscosity [Pa s]. The
subscript T stands for turbulent. F is the momentum source term and is
equal to zero since buoyant forces were neglected. The transient term,
which would indicate changes in velocity over time, was also neglected
because a steady state airflow field was modeled for each operation unit.
Hence, temperature and moisture did not influence the flow field.

pu(it @ Vu) = —VP + V o [(if + pp)(Vu + (Vu)'] + F 2

A k-g turbulence model with wall functions was implemented to model
turbulent flow in the computational domain. The turbulent part of the
viscosity pr [Pa s] was computed as expressed in Eq. 3, where Cy is the
constant of the turbulence model, kr the turbulent kinetic energy, and ¢
the dissipation of the turbulent kinetic energy. The airflow at the inlet
was modeled with a turbulence intensity of 0.05%.
PuCuky
Hr=—"T— 3)

&€
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2.2.4. Heat transfer

2.2.4.1. Heat transfer in air. The equation of the heat transfer in the air
domain is presented in Eq. 4. It describes air temperature changes over
time due to convection and conduction. ¢, , represents the specific heat
capacity of air [J kg’1 K’l], T, is the temperature of the air [K], k, is the
thermal conductivity of the air [W m! K‘l], and t is the time [s].

dT,
PaCpap, + PuCra(@eVT,)+V o (—k,VT,) =0 4)

2.2.4.2. Heat transfer in the berries. The heat transfer in the berry
domain is described in Eq. 5, where Ty is the fruit temperature [K] at any
time ¢, ks is the thermal conductivity of the strawberries [W m! K‘l],
¢y the specific heat capacity of the berries [J kg~! K'1] and py their
density [kg m~°]. Qresp [W m~°], which indicates the heat generated by
the berries, was estimated by their CO5 production rate as function of
temperature. It was assumed that for every mg CO; produced, 10.7
joules of heat is generated. The according equation is presented in Eq. 6.
The coefficients f (3.668 ><10’4) and g (3.0330) are strawberry specific
respiration coefficients (Becker et al., 1996). Also, it was assumed that
the physical properties of the berries remain constant during the process.
Therefore, shriveling due to mass loss was neglected. Hence, the respi-
ratory heat of strawberries at 0 °C is approximately 40 mW kg~! and
394 mW kg~ ! at 20 °C.

JaT

/’fcpfa*; +V e (~kVIT) = Oy (5)
_10.7f (9T; &

Qrf:p - 23700 (?+ 32) p/ (6)

2.2.4.3. Heat transfer across the packaging. The packaging boundaries
were modeled as thin layers with thermal resistance. The thermal
resistance of the packages is, however low, and the heat capacity is
assumed to be negligible. It was assumed that the heat flux across the
package is proportional to the temperature difference between the in-
and outside of the packaging. The equation of this thermally thin
approximation is presented in Eq. 7.

e (— k) = 2 (T

p

T‘u‘in) =Ny, ® ( - kaTa,nm) (7)

The terms —ny, o ( —k, VTyn) and noue ( —k, VToou) describe the heat
flux into and out of the packaging, where k[W m~! K~!] is the thermal
conductivity of the cardboard, and the plastic layer, of which the trays
were made of, and x,, [m] is their thickness. T, [°C] is the air temperature
at the in- and outside of the packaging and n a normal vector.

2.2.5. Moisture transport

Water is present in a liquid phase, inside the berries or as condensed
water on the surfaces of the berries, and in a gas phase, as water vapor in
the air. Condensation and evaporation play crucial roles and these
processes are highly temperature dependent. The moisture transport in
the different domains of the model is described in the following section.

2.2.5.1. Moisture transport in air. The equation for moisture transport in
the air is presented in Eq. 8.
de,
MV? +MueVe,+Ve(-MD,Vec,)=G (8)
M, is the molar mass of the water vapor [kg mol ™1, ¢, is the con-
centration of the water vapor [mol m~3], and D,, the water vapor
diffusion coefficient in the air [m% s ']. G [kg m 2 s71] is the moisture
source term and accounts for the addition or removal of moisture into
the air (Becker et al., 1996; ASHRAE, 2010; Concha-Meyer et al., 2018).
At the surface of the fruit, there is a moisture flux into the air due to
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Table 1
Overview of all open and top-sealed trays analyzed in this study. The basic open-and top-sealed basic trays are frequently seen in Switzerland. The open-and top-sealed
trays 1-6 are new created designs.

Pack I ic I ic B view Side view Materials TOA in flow
name view view, direction [%]
transparent
Open trays
Open basic Paperboard 1.7
fray -
Open tray 1 . I I Paperboard 3.4
Open tray 2 . l l Paperboard 3.4
Open tray 3 . l l Paperboard 5.6
Open tray 4 . I I Paperboard 5.6
Open tray 5 . - Paperboard 7.2
Open tray 6 . l | Paperboard 7.3
Top-sealed trays
Top-sealed Paperboard, 1.1
basic tray - polypropylene
Top-sealed 1 Paperboard, 3.5
- polypropylene
Top-sealed 2 Paperboard, 3.5
- polypropylene
Top-sealed 3 Paperboard, 5.7
- polypropylene
Top-sealed 4 oA ® Paperboard, 5.7
NS |
& polypropylene
Top-sealed 5 Paperboard, 7.2
- polypropylene
Top-sealed 6 5 & Paperboard, 7.1
1y
N * - polypropylene
No packaging
No - 100
packaging * * ‘
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transpiration of the berries and due to evaporation of the condensate on
the surface of the berries. The background of the term G is further
explained in the following. The connection between the water vapor
concentration and the saturated water vapor concentration cy, [mol
m %] derives from the relative humidity ¢, and is presented in Eq. 9.

Cy = ¢aC:m ©)

2.2.5.2. Moisture transport across the packaging walls. The packaging
walls were modeled as vapor barriers to model discontinuous moisture
content across the packaging walls. Therefore, the moisture transfer
coefficient p [kg m~2 s~'] that accounts for vapor diffusion, was used.
The resistance is typically very large, so it will likely not influence the
moisture transport, which is mainly convective. p was defined as pre-
sented in Eq. 10. This factor is the ratio of the water vapor permeability
of air to the water vapor permeability of the material.

_ Psa
HXp

10$)
5 is the vapor permeability of the packaging material [kg m~* s~!
Pa~!], p,, is the saturation pressure of water vapor [Pa], p the water
vapor resistance factor (dimensionless), and x, [m] the thickness of the
packaging material. The temperature dependency of the material was
neglected.

2.2.5.3. Moisture transport at the strawberry surface due to transpiration
and condensation. During post-harvest storage and handling, straw-
berries lose moisture through their skin via transpiration. Also
condensation can take place when the temperature of the fruit or the
tray is below the dew point temperature of the air. The water flux at the
fruit surface g.,,, [kg m? s71] due to transpiration was computed using
Eq. 11.

neg.., = kxkinMv (awcsm - Cv) (11)

In the equation above, n is the normal vector at the fruit’s surface
pointing into the air domain, kg;, is the skin transfer coefficient ac-
counting for skin resistance to moisture transport and also the resistance
of the boundary layer to moisture transport, which is however, often,
very low [m s’l], a,, is the water activity on the surface of the berry [-],
which was assumed to be 1, and ¢, the saturation concentration of
water vapor which is assumed to be present below the skin surface [mol
m3]. If e > ¢y, the fruit transpires and release water into the air.
However, if ¢, < ¢,, condensation occurs. Therefore, the same equation
was used to calculate the water vapor condensation on the berry.
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2.2.6. Kinetic quality model

After harvest, strawberries undergo visible and physiological decay,
senescence, as a consequence of their respiration process, which is
significantly influenced by temperature. This overall quality decay,
which was here modeled as overall fruit quality index A [%], is a result
of biochemical and enzymatic reactions within the fruit (Nunes, 2009).
To predict the evolution of this temperature-driven overall quality of
strawberries, a first-order kinetic rate law model was implemented. The
kinetic rate law represents an exponential decay in fruit quality as
function of time as shown in Eq. 12, where kquiy is the temperature-
dependent rate constant [s_l], n is the order of the reaction, which is
1 here, and Ty is the volume average berry temperature [K] (Corradini,
2018).

A (1A a2

It was assumed that the supply chain started immediately after the
berries were harvested, such that the initial fruit quality index A was
equal to 100%. The respiration-driven fruit quality index for straw-
berries at different constant storage temperatures was used to calibrate
the model (Shrivastava et al., 2023). Based on previous studies and
literature (Jalali et al., 2020; Shrivastava, Schudel, et al., 2022) a
threshold of 20% was used as a minimum quality threshold. If the
quality drops below 20%, the fruits are assumed to be not marketable
anymore. This threshold can be chosen arbitrarily to some extent as the
model parameters are calibrated based on the shelf life. The choice of
another threshold will still induce the same shelf life when stored at
optimal temperature.

A Qjp value of 2.75 was considered for the berries (Tano et al., 2009;
Shrivastava et al., 2023). The Q¢ value is a measure that expresses the
temperature dependency of reactions (Tano et al., 2009). In this case, it
means that a temperature increase or decrease of 10 °C, increases or
decreases, respectively, the reaction speed with a factor of 2.75 (Eq. 13).
Also, the rate constant is not constant over time but temperature
dependent (Kquaity (Tf)). This temperature dependency is incorporated
into the model through the Arrhenius equation, which is presented in
Eq. 14. Here, ko qualiry iS a constant [s711, E, quaiity is the activation energy
[J mol’l], R the universal gas constant [J mol ' K1].

K quatiny (T + 10)

Qo =
10 kqualiry (T)

13)

~Eq quality

kqualir_v(Tf) = kO.qualiry e * (14)

2.2.7. Material properties

Table 2
Table 2
Physical properties and parameters to quantify heat- and moisture transport in the computational domain.
Parameter Symbol Value Unit Reference
Specific heat capacity of air Cpa 1006 Jkg 1K! (ASHRAE, 2010)
Thermal conductivity air ka 0.024 WmK!? (ASHRAE, 2010)
Vapor permeability of air (at 23 °C) S 1.95 x1071° Kg m s tpa! (ASHRAE, 2010)
Thermal conductivity strawberry ks 0.6 WmtK? (Becker et al., 1996; Shrivastava et al., 2023)
Density of strawberry s 961 Kgm™ (Concha-Meyer et al., 2018; Shrivastava et al., 2023)
Specific heat capacity of the strawberry Cof 4000 Jkg 1 Kk? (Becker et al., 1996; Shrivastava et al., 2023)
Skin moisture transfer coefficient Kskin 1.77 x1073 ms (Becker et al., 1996; Shrivastava et al., 2023)
Quality rate constant Ko quatiy 3.55x10° st (Shrivastava et al., 2023)
Thermal conductivity of cardboard Kp cardboard 0.066 Wm'K! (Shrivastava et al., 2023)
Thermal conductivity of plastic layer kp piastic 0.036 Wm'K? (Ngo et al., 2016; Shrivastava et al., 2023)
Thickness of cardboard Xp cardboard 0.51 mm (Shrivastava et al., 2023)
Thickness of plastic Xp plastic 0.03 mm (Shrivastava et al., 2023)
Vapor permeability of cardboard (at 25 °C) Scardboard 4.3 x10713 Kgm's!pa! (Shrivastava et al., 2023)

Vapor permeability of plastic layer (at 25 °C) Splastic 2.3 x107Y7
Vapor resistance factor of cardboard Heardboard 450 -
Vapor resistance factor of plastic film Hplastic 8.5 x10° -

Kgm 's!pPa?!

(Bastarrachea et al., 2011; Shrivastava et al., 2023; J. Wang et al., 2018)
(Shrivastava et al., 2023)
(Shrivastava et al., 2023)
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2.3. Quality related actionable metrics

The data obtained from the digital twin models was further pro-
cessed into selected actionable metrics, which are suitable for the
strawberry supply chain and can be used by stakeholders to make de-
cisions. These are quantifying the quality, are easy to handle, and help to
compare the different packages. For each of the 16 strawberries in a tray,
a probe of the average pulp temperature and the mass flux across the
surface was created. These probes are virtual and can be applied to
analyze and monitor the behavior of physical quantities within specific
domains of a model. Therefore, each berry could be monitored inde-
pendently from the others and heterogeneity within one tray and be-
tween different trays could be studied.

2.3.1. Seven-eighths cooling time

Seven-eighths cooling time (7/8 cooling time or ty,g), the time which
is required to reduce the temperature difference between the berries and
the cooling air by seven-eighths, is a useful parameter to assess the
cooling performance of fruits and vegetables. Rapid cooling of fruits and
vegetables has been shown to extend their shelf life (Elansari and
Mostafa, 2020; Liberty et al., 2013; Wu et al., 2019). It can be evaluated
based on the dimensionless cooling curve Y, which is presented in Eq.
15. In this equation, T, is the average fruit temperature, Tj ¢ is the initial
temperature of the product and Ty, is the set cooling air temperature.

T,(1) - T,
y=-2/ "¢ 15
Tpo—T, as)

Consequently, the 7/8 cooling time refers to the time when Y drops
below 0.125. The simulations of the cooling process were done inde-
pendently of the simulations in which hygrothermal data along the
whole supply chain was implemented. The temperature of the cooling
air was kept constant at 4 °C and the relative humidity at 80%. The
airspeed was set to 1 m s~ as it is usually the case during pre-cooling.
The initial temperature of the berries was set to 20 °C.

2.3.2. Mass loss

The cumulative mass loss over the entire supply chain [%] was
calculated numerically with the equation presented in Eq. 16, wherefore
the moisture loss due to transpiration was considered. In the equation,
| 8evap [kg m 2] refers to the integrated evaporation flux over time at
each point on the surface of the berries. The assumed surface area of one
berry was 0.003306 m? and the assumed surface area of one berry was
0.01628 kg (Shrivastava et al., 2023). Hence, it indicates the mass loss
[%] at every point on the surface of each berry, and therefore, this is a
suitable way to present the variability as well.

[ 8wy X 0.003306m x 100

Mass loss [%] = 0.01628kg 16)

2.3.3. Time of wetness due to condensation

In our study, the risk of condensation was evaluated as the time of
wetness (TOW [h]). It refers to the integrated time at which condensa-
tion takes place or the relative humidity at the surface of the berry is
higher than 97%. The TOW should be as low as possible since it is related
to the risk of mold growth (Linke and Geyer, 2013). TOW was expressed
in hours and calculated by the model at every point of the surface of the
berries separately. It was calculated by an ordinary differential equation
shown in Eq. 17, where H [h] represents the source term.

W) _ g g L8ow < 00r @, > 97 an
0, else

dt
2.3.4. Remaining shelf life
On the basis of the quality model described in 2.2.6, the remaining
shelf life was predicted. The remaining shelf life [d] was calculated with
the equation presented in Eq. 18, assuming a storage temperature on the
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shelf of 20 °C.

7ln(%)) "

Shelf life (l) - K quati (20°C)
-quality(20°

(24 x 3600) (18)

2.4. Packaging performance metrics

2.4.1. Total open area in the direction of the flow

The total opening area in the direction of the flow (TOA [%]) in-
dicates the open surface area of the package in flow direction. In other
words, the surface area of the vent holes. The influence of the TOA on
the cooling performance has already been investigated in many studies
(Berry et al., 2017; Shrivastava et al., 2023).

2.4.2. Pressure loss across the package

The lower the resistance to airflow, the more air is inclined to flow
through the package and not around of the package and also, less energy
is needed to cool down the berries. The static pressure loss across the
package AP [Pa] was assessed at the inlet of the channel and at the open
boundary at the end of the channel. This was done by placing virtual
probes on these boundaries to measure the pressure difference. The
pressure loss is a function of the superficial airspeed, which is defined as
the volumetric flow rate divided by the cross-sectional area at the inlet.
Therefore, local changes of the airspeed due to the berry packaging were
neglected. A parametric study with inlet airspeeds of 0.01, 0.05, 0.1, 0.2,
0.5, 1.0 and 1.5 m s was performed. Accordingly, a pressure loss co-
efficient (¢, Pa s> m®) was calculated with Eq. 19, which shows a
quadratic relation with the volumetric flow rate. Achannel is the cross-
sectional area of the channel [m?], Uper [m s is the superficial
airspeed at the inlet.

AP = é(AehunneIUin[el)z (19)

2.5. Numerical implementation and simulation

The model was based on the model of Shrivastava et al., 2023. The
physics-based digital twin models were developed in COMSOL Multi-
physics (version 6.0), a finite element simulation software. For the
airflow, the Turbulent Flow k-€ interface was used, and for the heat- and
moisture transport models, Heat Transfer in Moist Air and Moisture
Transport in Air were used. These models were combined by the Mul-
tiphysics Couplings feature. The kinetic quality model and the model for
computing transpiration were implemented by the Ordinary Differential
Equation interface. The computational mesh consisted of 0.5 x10° - 1.3
x10° tetrahedral elements depending on the configuration. The mesh
settings were defined based on a grid sensitivity analysis (Shrivastava
et al., 2023).

The airflow study was calculated in two steps: first, the wall distance
initialization, and second, the stationary flow field. The flow field was
assumed to be independent of temperature and moisture and was
computed for the different airspeeds occurring along the supply chain
(0.01, 0.1, and 1.0 m s-1) with a parametric sweep. The airflow was
calculated in advance and used as input for the transient simulations
along the simulated supply chain. For the wall distance initialization, a
fully-coupled generalized minimal residual method (GMRES) solver was
used, and for the stationary flow field, a segregated solver scheme,
namely the MdUIltifrontal Massively Parallel sparse direct Solver
(MUMPS) was employed. The relative solver tolerance was set to 0.001.

In the second part of the study, heat and moisture transports and the
quality models were computed over time in a transient simulation. Each
unit operation of the supply chain was implemented as a step, which is
linked to the according input parameters. Therefore, a segregated solver
scheme with a tolerance of 10~ % was implemented. Also, the MUMPS
solver scheme was used for heat transport, and a PARAllel DIrect sparse
SOlver (PARADISO) scheme was used for moisture transport. The in-
terval of the input data was set to 11.5 min, which corresponds to the
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interval of the sensors. A free time-stepping algorithm was implemented,
in which the time step was determined by the solver tolerance.

2.6. Data processing and statistical analysis

Simulation data was further processed and analyzed with Microsoft
Excel (Office 365, Version 2016). For each conducted simulation
experiment, statistical analysis of the simulated output parameters
among different packages was carried out by using the graphing and
analyzing software Origin 2022 (Version 9.9.0.225). An ANOVA (anal-
ysis of variance) was performed where the Tukey test was used to
compare mean values of respective physical quantities in each straw-
berry, and Levene’s test to test the homogeneity of variance. Results are
expressed as mean =+ standard deviation, and the significance level was
set to p < 0.05.

2.7. Validity of the model

In the study of Shrivastava et al. (2023), a validation study where
temperature and humidity values, predicted by the model, were
compared with values measured in climate chamber experiments, was
per-formed. Overall, a very good agreement between the predicted and
measured temperature was observed. Additionally, the averaged value
of the simulated relative humidity across the entire supply chain was
within 2% of the measured value. Similarly, the study of Schudel et al.,
(2022), combined experiments and mechanistic modeling to compare
selected ventilated packaging types for strawberries from farm to
retailer. The models employed in their study were based on those
developed by Shrivastava et al. (2023) as well. Hence, an extensive
evaluation of such model’s performance and respective experiments has
already been made.

3. Results and discussion

3.1. Impact of the height of the transport boxes on strawberries’ cooling
performance and quality metrics

We aim to investigate the impact of a particular parameter of the
computational study, namely the height of the transport box (secondary
packaging). In industry, the secondary packaging — the carton boxes in
which the trays are placed - varies, especially in height. In the compu-
tational domain, we therefore adjusted the height of the tunnel repre-
senting the height transport box. To analyze its impact, the seven-
eighths cooling time (SECT [h]), the time of wetness due to
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condensation (TOW [h]), and the mass loss of berries in open- and top-
sealed basic trays and selected ventilated trays were assessed for
different tunnel heights. The heights were 8, 8.5, 9, and 10 cm. The
selected ventilated trays had the designs of open-and top-sealed tray 6
(2.2.2 Simulated variants of packaging design).

3.1.1. Impact on the seven-eighths cooling time

Fig. 4 shows the impact of the tunnel height on the seven-eighths
cooling time in open-and top-sealed basic- and ventilated trays. A
higher height above the packaging leads to slower cooling. In trays with
a high TOA, which are indicated as open ventilated trays and top-sealed
ventilated trays, the impact is smaller than in the basic cases for open
trays and top-sealed trays where the TOA is much smaller. Conse-
quently, sufficient airflow that passes through the packaging, so a low
height of the secondary packaging, contributes a lot to the reduction of
the SECT and, moreover, reduces sensitivity to the height of the trans-
port box. Smaller differences between the height of the trays and the
secondary packaging lead not only to a shorter SECT in all tested trays
but also reduces the heterogeneity within the trays. The shortest SECT
was found in the top-sealed ventilated tray in a 8 cm tunnel. However,
there was no significant difference in the SECT between all ventilated
trays. The longest SECT was found in the top-sealed basic tray in a 10 cm
tunnel, which is significantly longer than in all the other testes trays
except the top-sealed basic tray in a 9 cm tunnel.

3.1.2. Impact on the time of wetness

Fig. 5 shows the impact of the tunnel height on the time of wetness
due to condensation (TOW, [h]) after the 2.6 d simulated supply chain
scenario. The TOW follows the same trend as the SECT: Ventilation
contributes to a reduction of the TOW. The TOW is significantly higher
in both basic tray scenarios simulated with a 10 cm tunnel compared to
the same scenario simulated with an 8 cm tunnel. The observed differ-
ences within the ventilated trays are not significant. Hence, the influ-
ence of the height of the secondary packaging is smaller in ventilated
trays and also smaller in open trays compared to top-sealed trays.

3.1.3. Impact on the mass loss

Fig. 6 shows the impact of the tunnel height on the mass loss after the
2.6 d simulated supply chain scenario. Interestingly, the trend of the
mass loss is exactly the opposite of the trend of the SECT and the TOW.
Hence, there is a trade-off between these quality metrics. A higher sec-
ondary packaging leads to a reduced mass loss of the berries along the
supply chain. Berries in top-sealed basic trays lose the least mass, while
berries in ventilated top-sealed trays lose the most mass, comparatively.
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Fig. 4. Impact of the tunnel height on the seven-eighths cooling time (SECT) of berries packed in open- and top-sealed basic- and ventilated trays. The ventilated
trays had a TOA of 7.1-7.2%. Each boxplot represents one tray with 16 strawberries. The numbers next to the box correspond to the mean value of the SECT. Values

with the same letter are not significantly different, p<0.05.



E. Tobler et al.

Postharvest Biology and Technology 214 (2024) 112949

ab a
50 be
bcd
= 40 4 ab
0
(%] abc
9 1.1
£ 30 cd .
g cd
b 25.2 od
oY cd
g 20 4 0.5 21.2 d . o cd
= 16.6 60
13.9
[12.9. 118
10 4 bo |27 N
0 T T T T T T T T T T T T
%é@@ %@\ o e . o ro\ g g g S et o
N N7 S8 N x? N o8 N7 A SR <R @ ol
N & © AS @ & @ X O N
o o 50 é\bas\ o £ \e<\°a$\o° ) \\?&,& 65\0\\ ‘&\@ \\\(A\ eé\ e,&\‘\%ed 2 é\&\\a\aé \a\eé« e«\\\ 2 \@t\
ST R o @ \?f\ 2R AN v PN
oR < «®° ’\OQ’ < Q,‘E»'\OQ & OQQ‘\ OQQQ o® O‘?e(\ a’b\e 6*1 o 2° efb\eé
P T <
25%~75% Open trays [l 25%~75% Top sealed trays | Min~Max — Median Line - Mean

Fig. 5. Impact of the tunnel height on the time of wetness due to condensation (TOW, [h]) after the 2.6 d simulated supply chain scenario. The ventilated trays had a
TOA of 7.1-7.2%. Each boxplot represents one tray with 16 strawberries. The numbers next to the box correspond to the mean value of the TOW. Values with the

same letter are not significantly different, p<0.05.
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Fig. 6. Impact of the tunnel height on the mass loss after the 2.6 d simulated supply chain scenario. The ventilated trays had a TOA of 7.1-7.2%. The mass loss [%] of
the strawberries in the different trays were evaluated after the 2.6 d simulated supply chain. Each boxplot represent the average mass loss per berry in the respective
tray. The numbers next to the box show the mean value of the tray. Values with the same letter are not significantly different, p<0.05. The dotted line indicates the

threshold of 7%.

There is a significant difference in mass loss of berries in ventilated top-
sealed trays with a tunnel height of 8 cm compared to 10 cm. Within the
other identical trays (open basic, open ventilated, top-sealed basic),
there are no significant differences. Moreover, in open trays, more
variability within one tray can be observed. In this study, we set a
threshold of 7% mass loss on average. Above this level, it was assumed
that consumers would reject the product (Shrivastava et al., 2023).
The smaller the tunnel height, which represents the height of the
secondary packaging, the more air is pushed through the vents, and less
is bypassing over the top. Therefore, this specific height and the pres-
ence of vent holes have a substantial influence on the airflow inside the
package and, consequently, on the quality of the berries. Ventilation
reduces sensitivity to the height of the secondary packaging. Therefore,
we would recommend using secondary packaging with a height of the

10

two short sides just 2-3 cm higher than the height of the primary tray,
while the height of the long sides is minimal, to ensure proper cooling.
Note, however, higher secondary packaging will induce a larger pres-
sure resistance. Air gaps between pallets are essential because the air
needs to flow through the pallets in a trailer. Also, air around the pallets
experiences less resistance when cargo is not packed too tight. In sum-
mary, a small height above the primary packaging, so low secondary
packaging is beneficial for cooling. However, this assumes that all air is
pushed through the pallets of fruit, which happens for example in a
precooler. In a trailer, airflow bypass can occur around the pallets, by
which the net airflow going through a pallet will be less for low sec-
ondary packaging, as the airflow resistance will be higher.

The condensation-based TOW is related to the risk of mold growth
and should consequently be as low as possible. The TOW follows the
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same trend as the SECT since ventilation also contributes to a reduction
of the TOW. The higher the tunnel height, the less air flows through the
package, and accordingly, more condensation can be observed along the
whole supply chain (Fig. 5). Also, the influence is bigger in the two base
case scenarios compared to the properly ventilated scenarios. Hence, the
influence of the secondary packaging is smaller in ventilated trays and
also smaller in open trays compared to top-sealed trays since the air
bypass inside the package is generally higher when the tray is open.
However, well-ventilated packaging can remove warm air faster and,
therefore, prevent condensation partly. Unfortunately, the trend of mass
loss follows the opposite direction. More mass loss, which is a disad-
vantage, can be observed when the tunnel height is smaller. The reason
for this trade-off will be discussed in chapter 3.3.

It is important to consider that the structure and adjustments on the
computational domain have a significant influence on the output of such
models. Here, it influences quality metrics as well. However, in this case,
the simulations act as a valuable tool to identify relative differences
between the individual packaging designs.

3.2. To what extent do packaging parameters influence cooling and the
evolution of different quality parameters from farm to retail?

3.2.1. Airflow and aerodynamic performance

We aim to investigate the aerodynamic performance of the designed
trays in this study. This was done by analyzing the pressure loss across
the trays, so inlet minus outlet pressure, as a function of the volumetric
flow rate. Also, this defines how much pressure the fans should deliver to
push cool air through the package at a certain flow rate. Furthermore,
we take a look into the airflow pattern inside different ventilated and
non-ventilated trays. The simulations for the analyses in the following
chapters were made with a channel height of 8 cm. This value was
chosen based on the study above and because this gap size can be found
in the industry.

Fig. 7 shows the airflow velocity profile during pre-cooling (inlet
velocity of 1 m s’ from a side view perspective of the two basic open-
and top-sealed trays, the open- and top-sealed ventilated tray 6, and of
the no packaging. In all scenarios, the airflow gets accelerated above the
package or the berries, respectively, because the airflow inside the
packaging is limited, especially in the not ventilated trays, and there, the
air experiences the most resistance to pass. However, vent holes in the
direction of the flow allow airflow between the berries inside the
packaging. The highest velocities inside the packaging can be observed
in the top-sealed ventilated tray. Air jets with higher velocities than at

No packaging
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the inlet arise due to the vents and the packaging. However, the airflow
velocity profile is most homogenous in the no packaging scenario.

Fig. 8 shows the pressure loss as a function of the volumetric airflow
rate across all designed open- and top-sealed trays with different vent
hole arrangements and a different TOA and the no packaging scenario.
The pressure was measured at the inlet and at the outlet of the air tunnel,
and the corresponding pressure loss coefficients were determined. It can
be seen that packaging evidently causes resistance to airflow, but it
depends on the package- and vent design. The resistance induced by the
berries is comparatively small. Clearly, lower airflow resistances were
observed in open trays (orange colors) than in top-sealed trays (blue
colors). Comparing the open trays and top-sealed trays individually, the
pressure drop coefficients generally decrease with an increase in the
TOA. The airflow resistance of all open trays is similar, whereas, in top-
sealed trays, the TOA and the placement of the vents have a notable
impact on the pressure loss. Top-sealed tray 6 has the same TOA as top-
sealed tray 5. However, top-sealed tray 6 shows a noticeably lower
resistance to airflow than top-sealed tray 5. Likewise, top-sealed tray 4
has a remarkably lower resistance to airflow than top-sealed tray 3,
despite of the similar TOA. Hence, more but smaller vent holes can have
a positive impact on the aerodynamic performance if the TOA is more
than 5.5%.

The airflow pattern inside the trays and the pressure loss across the
trays strongly depend on the presence of vent holes, including their size
and placement on the side of the packaging walls. Vent holes in the
direction of the flow allow airflow between the berries inside the
packaging. Air jets with high velocities arise due to the vents, which
improve the cooling of the berries. However, this is dependent on
various parameters, such as the stacking of the fruit or the size of the
vents. Ideally, the berries shall not block the vents, as it is simulated in
the cases described in this study. In reality, this cannot be controlled.

The pressure drop is much lower in all open trays because air can
flow over the package. Various studies have already observed this (De
Castro et al., 2004; Getahun et al., 2017; Lufu et al., 2020). Also, Delele
et al., 2013 reported that for a constant vent area, the pressure drop
decreased with a larger number of vents. This was also observed in this
study.

In packages with low resistance and thus a low pressure drop coef-
ficient, less mechanical energy is needed to push the air through the
package. Vent hole placement, TOA, package size, headspace inside the
package, alignment of the secondary package, fruit stacking, and
palletizing play an important role in commercial industry and should be
considered together when choosing the packaging.

ms?)
Direction of airflow 6

w

N

Fig. 7. Side view of the airflow velocity profile during pre-cooling of the two basic open- and top-sealed trays, the open-and top-sealed ventilated tray 6, and the no

packaging scenario.
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3.2.2. Cooling performance

Fig. 9 shows the SECT of the berries in all designed open- and top-
sealed trays. Each boxplot presents the mean value and the distribu-
tion of the temperatures of the 16 berries per tray. All but one ventilated
package, the open tray 2, cooled down the berries significantly faster
than the basic trays, which do not have additional vents on the side. This
applies to both open- and top-sealed trays. However, differences are
smaller in the open tray packages compared to top-sealed packages.
Berries in the open basic tray need 1.62 + 0.45 h to cool down to seven-
eighth of the temperature difference between the initial fruit tempera-
ture and the cooling air, whereas the open trays 5 and 6, which showed
to cool the fastest within the tested open trays, need 1.21 + 0.17 h and
1.21 + 0.15h, respectively. Interestingly, the berries do not cool
significantly faster without packaging compared to the berries in the
ventilated open trays. Nevertheless, they cool more homogeneously.
They need 0.94 + 0.09 h to cool down to seven-eighths of the total
temperature difference. The SECT of top-sealed trays 5 and 6, which had
the highest TOA of all top-sealed trays, were 1.01 + 0.11 h and 1.04 +

0.07 h. Nonetheless, the berries inside these trays do not cool down
significantly faster than the berries in the other ventilated top-sealed
trays.

Berries in open trays are generally more exposed to the cooling air.
Therefore, the differences between the basic tray and the ventilated
trays are smaller. However, additional vent holes on the side of open
trays can reduce the SECT by 25.3%. The SECT of berries in top-sealed
trays could be reduced by 47.4% by placing vent holes. These addi-
tional vents increased the TOA from 1.1% to 7.2%. The SECT of all open-
and top-sealed trays 3-6 have negligible differences. In a real-world
setting, these differences would offset since the stacking of the berries
or the placement in the cooling room and on the pallet have an addi-
tional impact. Hence, it can be concluded that not more than a TOA of
5.6% is needed to reduce the SECT and, therefore, cool the berries
effectively. From TOAs > 5.6%, the arrangement of the vents is less
important regarding the SECT. Already a TOA of 3.5%, as Open trays 1
and 2 and Top-sealed trays 1 and 2 reduce the SECT significantly. This
can be seen as well in Fig. 10a. The airflow velocity is an important
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Fig. 9. Seven-eighths cooling time [h] of strawberries in different trays. Each boxplot represents one tray with 16 berries in it. The numbers next to the box show the

mean value. Values with the same letter are not significantly different, p<0.05.
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factor regarding cooling. The higher the airflow velocity, the faster the
cooling (Defraeye et al., 2014). Since the air cannot flow through the
packaging walls, it needs to escape through the vent holes or bypass over
the top of the package. In top-sealed trays, more air flows through the
vents with higher airspeeds than in open trays because they have less
space above where it can pass too. Consequently, berries in top-sealed
trays cool faster.

3.2.3. Seven-eighths cooling time and pressure drop vs. uniformity and the
total opening area of the vents

As observed in the sections above, besides the TOA, the arrangement
of the vents can influence the SECT and the pressure drop across the
package. In open trays, however, the pressure drop is comparatively low
in any case compared to top-sealed trays. Fig. 10 shows the SECT (a) as
well pressure drop coefficient (b) as a function of the TOA.

A higher number of vents and a different arrangement of them — with
the same TOA - leads to a lower pressure drop coefficient in top-sealed
trays. The influence is bigger, the higher the TOA is. Because open trays
have a large opening in general above the fruit, no remarkable differ-
ences can be observed. There is a weak correlation between TOA with
the aerodynamic resistance of the package and the SECT, as this corre-
lation is strongly dependent on the packaging type. Also, this implies
that TOA is not necessarily a good design parameter to estimate the
pressure resistance and the SECT.

It is important that the vent holes of the trays align with the vent
holes in the secondary package to make sure that air can flow through.
Furthermore, the secondary packaging - carton boxes which usually
carry 8-10 trays — and the alignment of the pallets in cooling chambers,
trailers, or containers will also influence the cooling performance, the

=h

20

Temperature [°C]

pressure drop and the energy consumption. Additionally, it is unique for
every shipment since berries are filled without a pattern in the trays, and
also, there are always tiny gaps between packages. Nevertheless, open
trays will perform more energy efficiently than top-sealed trays because
a lot of air can pass over the tray.

3.2.4. How do the selected quality metrics of strawberries evolve along the
supply chain?

For the consumers, the quality at the retail store, so at the end of the
supply chain, is of interest. However, to sell the berries at their best
possible quality, we need to know where in the supply chain losses
occur. Therefore, Fig. 11 shows the evolution of the quality metrics of
strawberries along the supply chain in an open basic tray and a top-
sealed basic tray. The steeper the curve, the higher the rate of quality
loss. The green curves show, that the respiration-driven remaining shelf
life evolves similar in the open and top-sealed basic trays. Also, in both
trays, the highest rates of condensation are found at the distribution
center and at the retailer. However, the rates are higher for the top-
sealed tray. At these stages in the supply chain, the airflow rates are
low, and the temperature is higher than at the previous stage. During
refrigerated transport, the risk of condensation is comparatively low. As
observed before, this is, in turn, the unit operation where most mass loss
occurs. Also, during display at the retailer, the rate of moisture loss is
high. Hence, we conclude that high airspeeds are a major reason for
mass loss besides high temperatures. The curve of the respiration-driven
remaining shelf life confirms that high temperature is the main driver of
respiration. Note that the curves would look different for top-sealed
ventilated trays.
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Fig. 11. Evolution of the quality metrics of strawberries along the supply chain in an open basic tray and a top-sealed basic tray.
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3.2.5. Time of wetness due to condensation

We aim to identify in which tray the berries are most prone to
condensation and in which regions of the packaging condensation oc-
curs along the whole supply chain.

Fig. 12 shows the TOW of the strawberries in all the designed open-
and top-sealed tray after the 2.6 d simulated supply chain (a) as well as
the spatial distribution of the TOW inside well-ventilated trays and basic
trays (b). There is no significant difference between the berries in the
different open trays. However, the TOW could be reduced by 3.3h as a
result of the added vent holes. The spots at the downstream side, on the
bottom, and the areas between the berries are most prone to conden-
sation. In the top-sealed trays 5 and 6, with a TOA of 7.2%, the TOW
could significantly be reduced compared to the top-sealed basic case.
The obtained values were 8.83 + 06.16 h and 9.19 + 6.04 h, respec-
tively, which is close to 7 h less than the TOW of the berries in the basic
top-sealed tray. Even if there was no packaging around the berries, so if
berries were hypothetically placed free in the airflow, condensation
would take place in these areas due to the hygrothermal changes
occurring in the supply chain. The simulated TOW for that case was 8.14
+ 5.25 h.

30

Postharvest Biology and Technology 214 (2024) 112949

Condensation occurs in spots where cooling air cannot continuously
remove the humid air inside the package and, therefore, where relative
humidity becomes too high. The airflow is not only blocked by the
packaging but also by the berries. Hence, condensation would occur as
well without packaging, for example when berries are exposed to warm
humid air. Overall, the formation of the air jets due to the vents has a
beneficial impact on the TOW. As seen before, the air velocity becomes
higher in top-sealed trays than in open trays. Hence, the time of wetness
is highly dependent on the airflow rate and, therefore, on the ventilation
capacity of the packaging.

Condensation depends on temperature fluctuations and happens
when the berry surface is colder than the dew point temperature or when
the air is saturated and cannot hold any more water. The dew point
temperature is the temperature where condensation takes place. The air
heats up faster than the berries in warm surroundings, and conse-
quently, condensation on the surface of the berries happens. Therefore,
it is important to keep the temperature not only low but also constant
during refrigerated transport. Because the temperature at the retail store
is around 20 °C and the relative humidity around 45%, it is beneficial to
slowly ramp up the air temperature so that the temperature differences
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Fig. 12. Time of wetness [h] of strawberries in different trays after the 2.6 d simulated supply chain. (a) Each boxplot represents one tray with 16 berries in it. The
numbers next to the box show the mean value. Values with the same letter are not significantly different, p<0.05. (b) Spatial variability of TOW in selected packages.

The arrows indicate the direction of the airflow.
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between the warm air and the cold berries are not too high. This is also a
reason why the temperatures during refrigerated storage and re-
distribution are not that low anymore in the supply chain that was
monitored. However, a better approach to preserve the quality of the
berries and minimize the risk of mold growth would be to keep the same
cold temperature along the whole supply chain and display them in
refrigerators at retail stores. Another option is to let the berries warm up
prior to storage in retail stores in an environment that is at sufficiently
low relative humidity to avoid condensation.

3.2.6. Mass loss due to transpiration

The expression mass loss is used interchangeably as moisture loss or
weight loss, and the phenomenon is influenced by various pre- and post-
harvest factors and occurs due to transpiration of the fruit (Lufu et al.,
2020; Sousa-Gallagher et al., 2013). We aim to investigate how much
mass the berries lost along their post-harvest journey. Preferably, as
little as possible because the fruits and vegetables start to shrivel from a
mass loss of 5-10% and are, therefore, not marketable anymore. Since
fruits are sold by weight, mass loss also represents economic losses (Lufu
et al., 2020; Robinson et al., 1975).

Fig. 13 shows the mass loss of the strawberries in all the designed
open- and top-sealed trays after the 2.6 d simulated supply chain (a) as
well as the spatial distribution of the mass loss inside selected trays (b).
The least mass loss, which was 4.26 + 1.29%, was observed in the basic
top-sealed tray, and the highest mass loss, which was 7.11 + 1.39%, was
observed in top-sealed tray 5. There is no significant difference in mass
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loss of the berries in the different ventilated open- and top-sealed trays.
However, a larger variability within the trays, but also within one single
berry, was observed in the open trays compared to the top-sealed trays.
Most berries in ventilated top-sealed trays lose up to 2.85% more
moisture along the supply chain than in unventilated top-sealed trays,
which is a significant difference. Only the berries in top-sealed tray 5
and without packaging exceed the threshold of 7%.

Besides the duration from farm to retail, other key drivers of mass
loss along the supply chain are high temperatures, low relative humid-
ity, and high airspeeds, which are, in turn, dependent on the packaging
design. Therefore, the highest moisture loss rates are expected directly
after harvest and also during pre-cooling as well as during display when
the temperatures are rising and the relative humidity drops. Hence,
berries in open tray packages are more susceptible to moisture loss at
display than berries in top-sealed trays, but this depends on the venti-
lation openings of the latter. Generally, the ventilated trays are more
susceptible to mass loss than the non-ventilated trays since air flows at a
higher velocity through these trays. At higher airspeeds, moisture that
possibly is on the surface of the berries can be transported away better.
However, this leads to increased transpiration (Poos & Varju, 2020;
Shrivastava et al., 2023). Berries on top of the open trays and close to a
vent hole facing the direction of the flow were more affected than the
berries in the middle. Although ventilated packaging design contributes
to making cooling more efficient, it also leads to higher mass loss rates
along the supply chain.
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Fig. 13. Mass loss [%] of strawberries in different trays after the 2.6 d simulated supply chain. (a) Each boxplot represent the average mass loss per berry in the
respective tray. The numbers next to the box show the mean value of the mass loss per tray. Values with the same letter are not significantly different, p<0.05. The
dotted line indicates the threshold of 7%. (b) Spatial variability of the mass loss in selected packages. The arrows indicate the direction of the airflow.
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3.2.7. Respiration-driven remaining shelf life

Fig. 14 shows the remaining respiration-driven shelf life of the
strawberries in all the analyzed trays and of the no packaging scenario
after the 2.6 d simulated supply chain. The strawberries in all open trays
have a significantly longer remaining shelf life than all the berries in the
ventilated top-sealed trays. Variations within the trays are bigger in all
open trays and the biggest in the no-packaging scenario. However, the
remaining shelf life of the berries in top-sealed trays is generally shorter.
On average, berries can still be stored for 0.91 d (22 h) at 20 °C in open
trays until the average consumer would reject them. In top-sealed trays,
berries can be stored between 0.67 (16 h) and 0.81 d (19.5 h) at 20 °C on
average until most of the consumer would reject them.

Berries have a small Biot number and, therefore, cool rather uni-
formly and adapt relatively fast to their surrounding temperature.
Berries that cool down fast in a certain package also rewarm fast.
However, because respiration is much higher in a hot environment, it is
important to keep the berries cool. Directly after harvest — before pre-
cooling — and during display at the retail store, the berries respire the
most since temperatures are highest. Hence, proper pre-cooling is
essential to preserve strawberries along the supply chain. If the berries
were stored at 10 °C instead of 20 °C at the retail store, the respiration-
driven shelf life would be extended to almost two days and up to 2.5 d at
5 °C. We can conclude that the packaging design has an impact on the
thermal decay of strawberries along the supply chain and afterward in
the retail phase. However, condensation and mass loss need to be
considered as well in defining an overall shelf life.

3.3. What are the trade-offs in choosing the optimal packaging?

3.3.1. Condensation vs. mass loss vs. quality decay
Fig. 15 shows the trade-off between condensation and mass loss in all
analyzed trays and the no-packaging scenario. Additionally, the data
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Fig. 15. Time of wetness [h] as a function of the mass loss [%]. Each dot
represents one package. The values correspond to the values measured after the
2.6 d simulated supply chain. The data points are colored regarding their
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points are colored regarding their respiration-driven remaining shelf
life. The results showed that the lower the TOW, the higher the mass
loss. This is probably the most important quality-related trade-off in the
packaging design of fresh fruits. It should be noted that the impact of the
secondary packaging, as seen in chapter 3.1, has a major influence.
Hence, with higher transport boxes, the relationship would be steeper:
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Longer TOW but less mass loss. We suggest that the optimal package
would be in the middle of this trade-off. Nevertheless, in this study, no
significant differences in TOW were found in the ventilated trays.
Furthermore, the respiration-driven remaining shelf life needs to be
considered to seek out the best package. The packages with the longest
remaining shelf life on average are colored in blue, which are all the
open-trays as well as the no packaging scenario. As expected, they are
located in the middle of the diagram and, therefore, in the middle of the
trade-off between condensation and mass loss.

The observations in sections 3.24-3.26 showed that the airflow in-
side the trays affects not only condensation but also mass loss and is,
therefore, a key parameter influencing this trade-off. High flow rates
minimize condensation but promote mass loss.

3.4. Which packaging design performs best along the supply chain, and
what is the optimal TOA?

Because various trade-offs arise in designing the optimal package
and many extrinsic aspects play an important role, there is not only one
single package that is the best for every strawberry supply chain.
However, choosing the packaging that balances out the three main
analyzed quality metrics — condensation, mass loss, and respiration-
driven shelf life — the best is a promising strategy to preserve the
berries along their post-harvest journey. Every supply chain is individual
in terms of hygrothermal conditions, length, number of stakeholders,
etc. Therefore, we suggest selecting the packaging according to the
specific supply chain.

In this specific case, where we assumed a 2.6 d long trip of the berries
from Spain to Switzerland via several stakeholders, the best-performing
packaging, by balancing out the trade-offs, are open trays 4 and 6, as
shown in Fig. 15. Interestingly, open tray 4, which has a TOA of 5.6%,
performs better than open tray 5, which has a TOA of 7.2%. We conclude
that the arrangement of the vents has a substantial positive influence on
the quality of the strawberries. Therefore, there is a limited additional
value of a TOA > 5.6%.

Another advantage of open trays is that no plastic is used since the
trays can be made out of cardboard. Nevertheless, large retail stores
often prefer not to use open trays. The reason for that is that people pick
berries out of the trays, particularly if they are sold as units. Further-
more, it is less hygienic. For import supply chains, open trays are also
less frequently used due to the risk of additional mass loss. In a longer
supply chain, top-sealed trays might be the better choice as well because
of the additional protection and the lower risk of condensation, which is
actually the biggest hurdle in the market.

There are many more factors, such as variety of the berries, weather
during harvest, ripeness of the berries, or season, that influence the
quality as well. However, effective cooling and proper transportation are
important in any case.

4. Conclusion and outlook

In this study, several ventilated packaging designs for fresh straw-
berries were investigated with the aim of finding an optimized pack-
aging strategy in order to minimize the quality losses of strawberries
along the whole supply chain. Therefore, models of twelve newly
designed open- and top-sealed strawberry trays were created individu-
ally. With hygrothermal data from actual supply chains as input, these
models mimicked how the berries physiologically and hygrothermally
evolve inside the packaging along the supply chain. To compare the
different packaging designs, actionable metrics like 7/8 cooling time,
mass loss, time of wetness due to condensation, and respiration-driven
remaining quality and shelf life were defined. Furthermore, the influ-
ence of the space between the top of the trays and the secondary
packaging, as well as the aerodynamic performance, were studied. The
designed new strawberry trays were compared to models of standard
trays, which are being used in commercial supply chains and are much
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less ventilated. The key conclusions derived from this study are sum-
marized below:

e Homogenous airflow inside the packaging is crucial for efficient
cooling of the berries. Therefore, the vents should be placed in a way
that the air can flow around the berries best possible during pre-
cooling but also during transport, in case the cargo was not fully
precooled. Strawberries cool significantly faster in our newly-
designed ventilated trays than in existing trays, and condensation-
based time of wetness could be reduced by 45% due to ventilation
in a top-sealed tray. Also, ventilation reduces the packaging’s aero-
dynamic resistance. In addition, the height of the secondary pack-
aging is an important measure, which does not only influence the
aerodynamic performance, but also, the quality along the supply
chain. More space above a single strawberry tray leads to a lower
pressure loss but, in turn, to more condensation.

Not only the total opening area [%] is an important packaging
parameter, but also the size and the placement have a substantial
influence on the performance of the packaging. We recommend a
Total Open Area (TOA) between 5.5% and 7%. In this study, the
diameter of the vents ranged between 5 and 12 mm. The vents
should be evenly distributed, and ideally, berries should not block
them. We designed an optimal packaging where vent hole blockage
was minimized to promote ventilation.

The variability in cooling performance and quality metrics within
one tray is generally larger in open trays than in top-sealed trays. The
largest differences are found in open trays between the berries on top
and the berries in the middle on the bottom. The heterogeneity in
ventilated top-sealed trays is smaller as a consequence of higher
airspeeds that are reached inside the trays. Less air is bypassing the
tray, and more is entering the packaging via the vent holes. Hence,
the impact of additional ventilation is bigger in top-sealed trays than
in open trays.

There is always a trade-off in packaging design: A reduced risk of
condensation comes along with a higher mass loss of the straw-
berries. Therefore, there is not one optimal packaging for all supply
chains. Packaging should be chosen based on the specific needs of the
intended supply chain.In this study, the best-performing trays, by
balancing out the trade-offs, were two open trays with a TOA of 5.6%
and 7.2%, respectively. Hence, if the vents are placed appropriately,
a TOA of 5.6% is sufficient to preserve the strawberries better along
the supply chain.

The models of the strawberry packaging enabled a unique insight
into the quality evolution of the fruits along the supply chain and
visualized the spatial distribution of condensation and mass loss. How-
ever, in reality, strawberries are transported on pallets in trailers, which
have a large influence on the airflow and the hygrothermal conditions
around the berries. In this study, only a single strawberry tray was
analyzed. Therefore, future studies could assess the evolution of the
strawberries along the supply chain, taking into account several trays,
pallets and even the whole trailers. There are plenty of possibilities to
further extend the model to better understand where and why quality
losses occur and to minimize them. Also, mechanical stability of trays or
energy consumption could be implemented. However, the single tray
model is a valuable basis and helps to understand and build larger
models.

In addition to that, with real-time wireless data retrieved from sen-
sors, such models would be a promising tool for decision-making to all
stakeholders along the supply chain of horticultural products. This
means that the product quality of a current shipment can be monitored
in real-time and even be predicted (Defraeye et al., 2021). Hence, the
cargo can be handled accordingly, logistics could be improved, and food
loss prevented and minimized.

Besides selecting the most suitable package, various actions along
the supply chain could be taken to better preserve these delicate fruits.
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The hygrothermal conditions at the retail stores, for example, are far
from optimal and negatively affect the shelf life. Keeping the tempera-
tures low and the relative humidity higher would prolong the shelf life of
the berries. This could be done by displaying them in refrigerated dis-
plays or using dry misting to cool the air around the berries and increase
the relative humidity. However, the efficiency of these techniques is
again dependent on the packaging design (Shrivastava et al., 2023).
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