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ARTICLE INFO ABSTRACT

Keywords: The transportation of perishable products is a crucial activity that must be carefully managed along the cold
Phase change material chain. The refrigerated transport aims at ensuring the suitable transportation conditions by maintaining the
Cold chain

desired temperature level in the refrigerated compartment. Moreover, the carriage of perishable fresh foodstuffs
calls for additional precautions due to the intrinsic metabolic activity of fresh foods which causes them to be
highly temperature sensitive. About 30% of fresh products perishes on the route due to the loss of suitable
temperature values. Recently, scientists have been focusing their efforts on the development of innovative so-
lutions, which ensure a proper refrigerated products distribution and transportation in a more environmental-
friendly and cost-effective way. Hence, in this work, a novel concept of a Latent Thermal Energy Storage
(LTES) system consisting of an insulation layer of poly-urethane foam wrapping a second one of Phase Change
Material (PCM) is proposed. In particular, the thermal performance is investigated by running numerical CFD
analyses in Ansys Fluent. The effect of different product loads (25%-50%-75%) is studied. Besides, the contri-
butions of the heat respiration and diverse food pre-cooling temperatures on the system performance are also

Energy management
Food Transportation

analysed. For the long-distance route no door openings nor additional heat infiltrations are considered.

1. Introduction

The cold chain consists of different main stages which can be listed in
food harvesting, preconditioning, transport, bulk storage, retail, do-
mestic and food service [1]. Due to the lack of the optimal temperature
conditions, food wastages and losses occur. It has been estimated that
more than 1 billion ton of produced food is lost or wasted every year [2]
having, not only social and environmental, but also financial conse-
quences. In fact, the food wastages and losses result in a $940 billion
financial loss [3]. The great amount of perished food is in contrast with
the “Zero Hunger” program, which is one the seventeen 2030 Sustain-
able Development Goals (SDGs) established by the United Nations [4] to
fight and reduce the huge number of 820 million people malnourished
worldwide [5]. In addition to the social and financial aspects, the
environmental one cannot be neglected. It has been evaluated in 4.4
Gton COyeq per year the amount of the emissions due to food wastages
and losses. Moreover, it must be taken into consideration that along the
cold chain, refrigeration systems based on high-GWP (Global Warming
Potential) are usually employed, which account for 2.5% global green-
house gas (GHG) emissions for both direct and indirect effects [6]. In the
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European Union (EU), the European Commission strongly encourages
the different countries to cut down the GHG emissions due to refriger-
ation at least of 40% by the end of this decade [7]. A complete review of
innovative technologies for applications in the food refrigeration field
was assessed by Tassou et al. [8]. They may be resumed in sorption
refrigeration-adsorption systems, ejector refrigeration systems, air cycle
refrigeration, tri-generation, Stirling cycle refrigeration, thermoacoustic
refrigeration, magnetic refrigeration, and thermoelectric refrigeration
[8]. This latter exploits the Peltier effect. Two different conducting
materials are joint together by the Peltier effect when a direct electric
current flows through the junction and, based on the current direction,
the materials are either cooled down or heated up. The thermoelectric
modules are produced and sold in different sizes, going from maximum
cooling capacity of less than 1 W to 310 W. Their thicknesses never
overcome 5 mm. Different applications in the refrigerated sector,
covering different stages of the cold chain, can be found [9]. Caglar et al.
[10] investigated a portable mini thermoelectric refrigerator for drinks,
fresh and cool foods, and drugs, based on a Peltier element combined
with fans on both sides. It was found that the maximum COP value
achieved was 0.351 after 3 min from the start of the experiment when
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the air temperature inside the refrigerator was 293 K. It was also ob-
tained that the COP dropped to 0.011 when the temperature reached
255 K. Soylemez et al. [11] analyzed the cooling performance of a do-
mestic refrigerator with thermoelectric cooling system. In particular, by
means of CFD numerical analyses, the authors investigated the cooling
time of the apparatus. A cooling time of 2.44 h was obtained. This value
was lower than the results for the traditional commercial solutions. It
was also verified that the temperature of the products closer to the
thermoelectric cooler dropped below 10 °C in 2 h, suggesting that the
high temperature sensitive foodstuffs should be stored at the uppermost
shelf. Focusing on the refrigerated transport sector, Yuan et al. [12]
studied a small insulated van based on thermoelectric cooling. The
considered van presented two different zones at different target tem-
peratures: a cold and a hot zone, with cold or hot cargo. In the wall
separating the two zones, the thermoelectric cooling system was
mounted. It was found that the presence of the thermoelectric cooling
system could help in reducing the temperature fluctuations. In partic-
ular, in the cold zone the temperature variation dropped by 74% (from
5.8 K to 1.5 K) while in the hot zone a reduction of 13% was calculated
(from 2.3 K to 2 K). Therefore, the authors [12] stated that this solution
can be suitable for high temperature sensitive cargoes. Moreover, they
verified that this system was indicated for short distance distribution,
when a difference of 50 K between cold and hot zones can be obtained
with a cold temperature ranging between 280 K and 300 K.

From what briefly reviewed, it is clear that the food refrigeration
appliances based on thermoelectric cooling are still less efficient than
their correspondent vapor compression technology, since their very low
COP. On the contrary, the thermoelectric cooling modules do not use
any moving parts, suggesting high reliability and maintenance free [8].
However, their limitations still overcome their potential advantages. In
particular, as declared by Tassou et al. [13], focusing on the refrigerated
transport sector, even if being more environmental friendly, the ther-
moelectric systems cannot compete with the traditional solutions in
terms of cooling performance due to high temperature differences
needed between cold and hot sides of the module, and very low COPs,
where COP is obtained as the ratio between the net heat absorbed at the
cold end and the electrical power applied.

In the recent years, Latent Thermal Energy Storage (LTES) systems
have started to be deeply investigated as a new solution for refrigerating
appliances. LTES have already found applications in different fields as
solar domestic hot water systems [14] or building sector [15,16] or
thermal management for electronic appliances [17]. In particular, for
what concerns the cold chain, LTESs have found implementation in
different applications such as refrigerating appliances [18], display
cabinets [19], cold chambers [20], and refrigerated transport [21]. The
main aim of a LTES is to reduce the energy consumption, ensuring
contemporary an adequate temperature condition for the foodstuffs,
preserving the quality and freshness and, consequently, avoiding food
wastages and losses. The LTES, being a storage energy technology, let to
reach the goals proposed in the EU’s “20-20-20" program and in the
EC’s “Energy Roadmap 2050”, as declared by Jouhara et al. [22]. This
innovative solution takes advantage of the high energy density stored
during the phase change process from liquid to solid (or, reversely) at an
almost constant temperature by means of a Phase Change Material
(PCM) [23,24]. In this way, focusing on cooling, the cold energy can be
stored and used later. An ideal PCM should present an appropriate phase
change temperature (depending on the application it is destined to),
high thermal conductivity, and latent heat. It should experiment low
volume expansion, in order to avoid PCM leakage, and it should have
high density aiming at limiting the system size [25]. When dealing with
food, the PCM must be no toxic and compatible with the construction
materials. Promising results coming from the adoption of LTES in
refrigerating appliances along the cold chain have been obtained as
reviewed by Selvnes et al. [26]. Considering the cold chain, a critical
stage is represented by the refrigerated transport: in fact, it plays a role
from the very first phases up to the final ones. An exhaustive review
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covering the spread of PCM based LTESs in the refrigerated transport
sector along the cold chain has been proposed by Calati et al. [27],
recently. From a financial perspective, the transportation of goods has a
retail value of $1200 billion [28], and it has been forecast a road cargo
transport growth of 2.5% by the future ten years. Moreover, nowadays,
there are 4 million refrigerated vehicles of different sizes and 1.2 million
of reefers [4]. Additionally, they usually adopt low efficiency mechan-
ical vapor compression equipment [28] having COP ranging from 0.5 to
1.5 [13]. Considering that 40% of the entire energy consumed during
the transportation is needed only for the food refrigeration, it is clear
that refrigerated food transportation has to find novel solutions which
ensure the quality and safety of the cargo and, contemporary, reduce the
polluting emissions. For these reasons, researchers have started to make
efforts in implementing LTES in the refrigerated transport field. Ahmed
et al. [29] introduced copper tubes filled with paraffin-PCM (RT5 [30])
inside the insulation walls of truck trailers. They obtained an average
reduction of 29% in the peak heat flux transferring into the inner room.
Liu et al. [28] developed an on-vehicle LTES unit charged by a stationary
refrigeration unit in depot during the night, which led to 86.4% cost
savings through lower energy consumption, with remarkable reduction
in greenhouse gas emissions and noise. Calati et al. [21] investigated the
addition of a PCM layer (with thicknesses ranging from 0.5 to 2 cm) to
the traditional 5 cm insulated PU wall and analyzed its ability in
maintaining a proper air temperature inside the cell (empty of freight)
by using three commercial paraffin waxes: RT2HC, RT4, RT5HC. The
authors [21] considered the external solar irradiation by adopting the
temperature sol-air model. They found that even the smallest thickness
can potentially ensure the suitable condition for the entire 10 h simu-
lated journey (from 6 AM to 4 PM), making the proposed solution to be a
promising one. Ahn et al. [31] developed an innovative mobile cooling
system which takes advantage of an ice thermal energy storage to cool
down, with direct contact, the air during the discharging phase in a
refrigerated truck. Liu et al. [32] developed a Phase Change Cold Stor-
age Unit (PCCSU) to cool down the cold space at different refrigerated
temperatures. The hot air circulates through the PCCSU being cooled
down before being released in the refrigerated space. An energy cost
reduction up to 91% compared with the solution without LTES system
was calculated by the authors [32]

In this paper, aiming at extending the 2D numerical analyses con-
ducted in Calati et al. [21] for the smallest thickness value (0.5 cm) and
the lowest PCM melting temperature (2 °C), the presence of fresh
foodstuffs is taken into consideration by adding 25%—50%—75% of
cargo load in the refrigerated cell with respect to the total refrigerated
vehicle. Different cargo typologies are investigated. The effect of the
heat respiration of the freight is discussed aiming at evaluating the
validity of the proposed passive system to ensure the safety of the
foodstuff. Moreover, since the cooling performance can be altered by the
pre-cooling level of the foodstuffs, three different cargo pre-cooling
temperatures are studied (2 °C, 5 °C, 10 °C). The results are compared
in terms of temperature evolution over time and temperature distribu-
tion inside the refrigerated cell.

2. Numerical analyses
2.1. The model

As reported in Calati et al. [21], a 2D section of a typical European
refrigerated vehicle was modelled. Its external width (“top” and “bot-
tom” in Fig. 1(a)) was set equal to 1.3 m (half of 2.6 m) aiming at
exploiting the symmetry of the system, while its height was supposed to
be 2.4 m (“side” in Fig. 1(a)). The problem is, in fact, axisymmetric with
respect to an axis dividing the section in two identical zones (denoted as
“symmetry” in Fig. 1(a)). Aiming at counteracting the heat load entering
from the external environment, an innovative insulation layer was
developed, having a 5 cm thick poly-urethane layer which wraps a
second one of 0.5 cm filled of the commercial paraffin-based PCM
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Fig. 1. 2D section of the refrigerated truck cell: empty (a), with food loads (b).

RT2HC supplied by Rubitherm [30], whose main properties are resumed
in Table 1.

A thin aluminum layer of 0.5 cm acting as the PCM encapsulation to
separate the PCM and the air domains is also added. For the sake of
brevity, the entire description of the geometrical model will not be re-
ported in the followings; the reader may refer to Calati et al. [21] for
additional details.

In Fig. 1(b) the presence of the cold cargo that was considered in the
present work can be appreciated. Different food loads were investigated,
25%—50%—75%. The smallest food load percentage represents the
volume occupied by the foodstuffs during the final daily operation, 50%
stands for an average value of the transported cargo, while 75% repre-
sents the almost full-loaded scenario, i.e., at the start of the truck daily
operation. These different scenarios were compared among each other
and with the empty scenario. The food cargo was modelled as a solid
domain and consisted of, alternatively, three different materials (apple,
broccoli, and tunafish) in order to investigate the effect of different food
characteristics (see Table 2) on the thermal performance. Moreover, it is
known that fresh foodstuffs (fruits and vegetables) are temperature-
sensitive goods, and, having metabolic activity [33], they usually
release the heat of respiration to the environment in which they are
located [21]. The food was located 50 mm far from the walls and 20 mm
from the axis of symmetry; two consecutive boxes are at a distance of 40
mm. Each box was supposed to have the x-dimension of 1170 mm and
located on a 140 mm high europallet. The boxes were supposed to be
positioned in this way so the generated buoyancy-driven airflow could
flow under the pallets, in the space between the encapsulation and the
cargo, and between the two cargoes. All the thermo-physical properties
of the solid domains are shown in Table 2.

Table 1

Phase Change Material thermo-physical properties.
Melting range 1-3 °C
Solidification range 2-1 °C
Latent Heat, L 200 kJ kg!
Heat Capacity, c, 2000 J kg'K?
Density (solid), psor 880 kg m>
Density (liquid), pi;q 770 kg m
Heat Conductivity, k 0.2 (liquid and solid phases) wm'!K!
Volume Expansion 12.5 %
Flash Point >100 °C
Max. Operation Temperature 40 °C
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Table 2
Solid materials thermo-physical properties.

Material k(W m'K") p (kg m™) ¢ U kg 'K
Poly-Urethane foam 0.03 35 1380
Aluminum 202.4 2719 871

Apple 0.418 450 3840
Broccoli 0.385 560 4010
Tunafish 0.531 1070 3430

The presence of the external hourly solar irradiance was used to
calculate the heat load entrance. By adopting the sol-air model [34] the
fictitious free stream temperature Tsa was obtained as the sum of the
external temperature and the ratio between the product of the solar
irradiance for a tilted surface and the surface absorptance divided by the
heat transfer coefficient HTC. For details, please refer to [21]. The HTC
was set equal to 10 W m 2 K'! for the side and top of the cell, whilst 0.7 W
m2K! at the bottom which takes into consideration the non-modelled 5
cm poly-urethane foam layer. The appropriate Tsa was set for the side
and top, which exchanged the heat by means of convection and radia-
tion, whilst the external temperature was set as free stream temperature
for the bottom, which, being in shadow, was not affected by solar ra-
diation. The truck was supposed to be stationary aiming at investigating
the worst-case scenario because the convective heat transfer due to the
motion tends to decrease the wall temperature reducing the heat
transferred to the cold chamber. This was demonstrated by Calati et al.
[21] where the effects of the different truck speeds on the heat transfer
were studied. Using the heat transfer coefficients calculated with the
equation for flat plates [35], three different scenarios were investigated:
stationary-scenario (0 km h! truck speed), urban-route-scenario (40 km
h'l) and interurban-route-scenario (80 km h'l). The results showed that
the stationary-scenario exhibited the highest sol-air temperatures for
each truck surfaces. Therefore, this scenario was considered for the
subsequent analyses. The boundary condition of the side of the truck
involved the setting of the maximum hourly value of Ty, among the
western and eastern ones for each simulated hour from 6 AM to 4 PM.
The climate data refer to the city of Vicenza, Northern Italy. For all the
scenarios (with or without food load) the temperature of the air in the
refrigerated cell was initialized at 2 °C. The PCM, instead, was initialized
at 0.5 °C in order to ensure its complete solid state before running the
simulations. The food load was initialized at 2 °C, but, when investi-
gating the pre-cooling temperature effect, it was set at an initial tem-
perature of 5 °C or 10 °C.

2.2. Models

To estimate the global solar radiation for each truck surfaces, the
same equations reported in [21] were adopted. For the sake of brevity,
they are not explained here.

To study the thermal performance of the innovative proposed LTES
system, the “Solidification and Melting Model” was adopted to run the
CFD numerical simulation in the “Ansys Fluent 18.2" environment [36].
The potentiality of this model consists of an enthalpy-porosity approx-
imation of the zone where the phase change process takes place, denoted
as mushy zone [36]. In this model, in fact, the melting front is not
tracked directly, but it can be deduced by calculating volume-averaged
variables. The liquid-solid mushy zone is supposed to be representative
of a porous material whose porosity is set as the liquid fraction. This
latter is a parameter which stands for the fraction of the cell volume in
liquid state, calculated for all cells in the domain. Consequently, in the
mushy zone, the liquid fraction can assume a value ranging between 0, i.
e., when the PCM is completely solid, and 1, i.e., when the PCM is fully
melted.

The model prescribes to solve the energy equation (Eq. (5)), written
in terms of enthalpy (Eq. (1)), considered as the sum of sensible enthalpy
(Eq. (2)) and latent heat of fusion (Eg. (3)), as demonstrated in the
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The momentum conservation equation (Eq. (6)) for the mushy region
is solved by adding a momentum sink S (Eq. (7)) in the Navier-Stokes
equation, as:

0

E (pv) + V(pww) = =Vp + uV?v + pge(T — Trr) + S (6)
(1-9)

S = WAmmh (7)

The buoyancy force with Boussinesq approximation and the above-
mentioned momentum sink can be appreciated in the last right two
terms of Eq. (6), respectively. In Eq. (7), ¢ is a constant equal to 1073,
which avoids dividing by zero when liquid fraction ¢ is zero (PCM
completely solid).

In order to analyze the food heat respiration effect on the thermal
fluid dynamics, an energy source in the energy equation was added by
treating the food domain as a heat source. A user-define-function (UDF)
was developed to calculate the heat respiration as a function of the food
temperature and implemented accordingly. The equation (Eq. (8)) of the
heat of respiration of the food, HR (Wmm™ 3, adapted from [37],
considered in the present analyses is:

1077 (9 :
HR= po (%) 4 3 8
3600 (5’+ > ®)

Where, t (°C) is the food temperature, p (kg m™ 3) is the food density,
fand g constant respiration coefficients which are specific for each fresh
foodstuff (apples or broccoli) [37]. In particular, f values are 1.26-10°
and 4.86:107°, and g values are 2.5977 and 2.5728 for apples and
broccoli, respectively.

Additionally, the conservation of mass is solved:

V-(pr) =0 ©)]

The convective terms with first order derivatives were linearized by
adopting a second order upwind scheme, while a second order differ-
encing scheme was preferred to linearize the diffusive terms with second
order derivatives. The SIMPLE scheme was used to solve the pressure-
velocity coupling while the PRESTO! one was chosen for pressure
correction, as proposed by Zhao et al. [38]. All of the other equations
were linearized using the algebraic multigrid (AMG) iterative strategy.

2.3. Model validation and sensitivity analyses

The present authors aimed at validating the proposed model of the
novel LTES system by considering the experiments reported in [39]. The
model proposed by [39] was developed and validated against experi-
mental results, so, it was supposed to be a reliable case on which vali-
dating the model of this work. In particular, Glouannec et al. [39]
considered two non-food-loaded scenarios. The first scenario (denoted
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by the present authors as “sensible-case”) involved the construction of
an airtight and insulated box, with one of the walls consisting of an 86
cm tall composite layer made of a thin metal sheet, a 10 cm air gap, a 5.8
cm thick polyurethane layer wrapped on the left and right faces by 0.1
cm of fiberglass and 0.2 cm of polyester and fiberglass, respectively. The
internal temperature of the adiabatic box was fixed and maintained at
0 °C by a refrigeration system, while the temperature of the external
environment was set at 10 °C for the first half of the test (4 h) and 30 °C
for the second half (4 h). The second scenario (here denoted as
“latent-case”) regarded the insertion of a panel filled with Energain ®,
which is a commercial phase change material [40], just before the fiber
glass layer. In this last case, the external temperature was maintained at
10 °C for the first 8 h and 30 °C for the last 8 h The temperatures over
time at different locations were monitored and collected. As already
shown in [21], the numerical results coming from the here presented
model are very close to the experimental results, with average per-
centage deviations less than 5% for both the sensible and latent cases,
confirming the validity of the model.

As shown in Fig. 2, the mesh sensitivity analysis was run. The 25%
food loaded refrigerated cell was selected as reference case, on which
tuning the best grid constructive parameters. To compare the different
results, the liquid fraction evolution curves over the 10 simulated hours
were chosen. From Fig. 2 the independence of the solution from the grid
can be appreciated. It is clear that the three different investigated
meshes (26k, 50k, 99k elements) didn’t take to different solutions, even
if having different computational times to complete the simulation.
Therefore, aiming at limiting as much as possible the computational
errors, the 50k elements mesh was considered to be the best compromise
and, the parameters chosen to generate the 50k elements mesh were
selected and then adopted for the simulations of the other scenarios.

For what concerns the time step size, the value of 0.1 s was consid-
ered the best trade off between solution accuracy and computational
efforts, thus selected and adopted even for the subsequent analyses. For
additional details, the reader may refer to [21].

3. Results

In Fig. 3, the volume-averaged air temperature (Fig. 3(a)), PCM
temperature (Fig. 3(b)), liquid fraction (Fig. 3(c)) and apple temperature
(Fig. 3(d)) as function of the simulated hours for the empty and apple
cargo loaded scenarios are shown. The capability of the LTES system in
ensuring the air temperature inside the cell as close as possible to the
reference phase change PCM temperature without involving the

0.9
0.8

C

00.6
i3]
©0.5
[N
©
50.4
(on
503
0.2
0.1

Time [h]

Fig. 2. Mesh sensitivity analysis for the 25% food loaded scenario.
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Fig. 3. Air temperature (a), PCM temperature (b), liquid fraction (c), apple temperature (d) curve evolutions, with different food loads.

adoption of the refrigerated system is investigated. By focusing on the
empty scenario (white triangles) it can be noticed that the air temper-
ature of the refrigerated cell is maintained below 3 °C for the first 4 h
This threshold (3 °C) is the liquidus temperature of the PCM: therefore,
when the temperature exceeds 3 °C the PCM is locally melted. For the
subsequent 4 h, the air temperature is kept between 3 °C and 4 °C while,
just after the eighth investigated hour, a sharp temperature increase can
be seen. Indeed, from the ninth hour till the end of the simulated vehicle
route, a noticeable change of slope for the air temperature can be
observed. This behavior can be ascribable to the progress of the PCM
melting process causing the ability of the paraffin in counteracting the
external heat load penetration to be weakened, resulting in an air tem-
perature increase. Additionally, in the period from the seventh and the
eighth hour, a sudden average PCM temperature rise can be appreciated
(Fig. 3(b)). The comparison between the PCM temperature curve with
the liquid fraction one lets to point out that for the most part of the
melting process (about 8 h, i. e. 85% liquid, Fig. 3(c)) the PCM tem-
perature is maintained between the solidus and liquidus temperatures.

As a result, the capacity of the paraffin-based PCM layer in limiting
the external heat to be transmitted inside the refrigerated cell is
compromised since the PCM is almost completely melted. The sharp rise
in the PCM temperature causes the air temperature to be increased, up to
9.5 °C; this is essentially caused by the sensible heat transfer due to the
almost complete liquid PCM. It is well known that this value can
potentially be detrimental for perishable goods which must be trans-
ported at temperatures around 2-3 °C.

Nevertheless, different air temperature evolutions can be detected

when the cold freight is inserted inside the refrigerated cell. Focusing on
Fig. 3(a) it can be immediately observed, that, despite the similar trends,
significantly different final air temperature values are reached. As
already stated, in the empty scenario the final air temperature reaches
9.5 °C. When the cold cargo is inside the refrigerated truck cell a final
temperature of about 6 °C is calculated, which lets to maintain the
perishable transported goods in an appropriate environment for the
preservation of their quality and safety. By comparing the four air
temperature curves in Fig. 3(a), it can be stated that all of them present a
sharp temperature increase at the eighth hour, since the air temperature
is strictly related to the PCM temperature evolution. Despite the diverse
food loads, the PCM temperature curves (Fig. 3(b)) and liquid fraction
curves (Fig. 3(c)) mostly overlap. This is due to the fact that the PCM
temperature and the melting process, consequently, depend mostly on
the external applied environmental conditions which are exactly the
same for all the investigated scenarios. The presence of the different cold
freight has a more evident impact on the air temperature inside the
refrigerated cell (Fig. 3(a)) and, obviously, on the food temperature
(Fig. 3(d)). By focusing on Fig. 3(a), the effect of the three apple load
percentages on the air temperature evolutions can be detected. It is
interested to notice that the lowermost temperature curve for each
simulated instant is ensured by the 50% food loaded case, the 75% is set
at an intermediate level while 25% leads to the highest temperatures. It
is clear that all the food loaded investigated cases lead to an air tem-
perature lower than the empty scenario throughout the journey. This
phenomenon can be explained by comparing the air temperature dis-
tributions among the three food load scenarios and with the temperature
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distribution inside the refrigerated cell for the empty case, as shown in
Fig. 4.

Three instants are chosen to compare the different scenarios: the
start of the route (6:00), the middle of the route (11:00) and the end of
the route (16:00). By focusing on the empty cabin firstly, it can be
observed that a main convective cell is formed in the middle of the
refrigerated compartment. The convective movement is due to the air
heated from the bottom which causes the air to be moved upwards.
When reaching the top of the cabin, the air is cooled down by the PCM
which is a at a lower temperature, as it can be noticed by comparing
Fig. 3(a) and (b). The air circulation exists until a temperature gradient
between the air and PCM remains sufficient. As a result, at the end of the
simulation, when the temperature differences become negligeable, the
air tends to stratify horizontally, reaching an average value around
9.5 °C. A similar behavior can be detected when a 25% apple load is put
inside the cold cabin. A main convective cell is, in fact, generated during
the journey while a horizontal temperature stratification is visualized at
the final stage of the daily operation. Unlike the empty scenario, the
final average air temperature is significantly lower, since the addition of
the food load acts as a cold thermal mass which reduces the air tem-
perature increase, even if the PCM is completely melted. Therefore, a
final average temperature of 6 °C can be reached. A different tempera-
ture distribution can be identified for the 50% food loaded scenario.
When considering the temperature contours at 11:00 (Fig. 4), the main
convective cell cannot be observed anymore. There are only some local
generated vortices since the presence of half of the volume occupied by
the food cargo does not let the air to easily recirculate. When 75% of
foodstuff is analyzed, local vortices cannot be clearly identified, since
the low space available for the air movement. However, from what just
stated and from what shown in Fig. 3(a), the 50% food loaded cabin
always presents the lowest temperature at each instant since it can take
advantage of the double concurrent effects of the air heat exchanged by
convection and the presence of a significant additional thermal cold
mass during the simulated route. The scenario involving the insertion of
50% food cargo can be therefore considered the best trade off. It can also
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be concluded that the cold food cargo load inside the proposed LTES
system has a positive contribution in preserving and maintaining the
optimal temperature distribution condition.

The same conclusions can be also found for the other two investi-
gated food cargo materials: broccoli and tunafish.

As, in fact, reported in Fig. 5, broccoli (Fig. 5(a)) and tunafish (Fig. 5
(b)) present an air temperature curve evolution over time which is
comparable with what obtained by adopting apples (Fig. 3). This sug-
gests that our LTES system is a valid solution, independently from the
transported cargo typology.

When dealing with temperature sensitive perishable foodstuffs, it is
necessary to take into consideration the effect of their intrinsic meta-
bolic activities since they can potentially negatively affect the mainte-
nance of the suitable temperature condition. In the worst case,
uncontrolled metabolic activities can take to food losses and wastages.

Therefore, the present authors investigated the effect of the heat of
respiration, as reported in Eq. (8), by monitoring the air cabin temper-
ature and the food temperature during the daily simulated route.

As shown in Fig. 6, the effect of the heat of respiration (denoted as
“HR” in the legends) can be appreciated. By following the air tempera-
ture curves for the three food loaded studied scenarios, it can be
observed that the heat of respiration does not have an evident impact on
the air temperature. Consequently, for each food load the air tempera-
ture curves with or without the considered relative heat of respiration
almost overlap. In fact, under the simplified assumptions set for the
proposed LTES system (no heat infiltrations due to door openings and
only 10 h daily route supposed) the heat of respiration seems to be
negligeable since the temperature increase occurs at the final stages
only. However, by focusing on Fig. 6(b) and by choosing, for example,
the 50% food load case, it is evident the effect of the heat of respiration
on the food temperature. At the tenth simulated hour, when the heat of
respiration is not added to the numerical model, the temperature of the
food reaches 2.17 °C, while it reaches about 2.38 °C under the effect of
the heat of respiration. Moreover, the growing rate of the curve that
considers the effect of the heat of respiration is sensibly higher than the

06:00 - start 11:00 16:00 - end
l,v"r'(};‘r';"\,l 7 r\%,: DY
(75%) 175% |
N A
| — |
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2111098765432 [C]

Fig. 4. Air temperature distribution inside the refrigerated cell, for the empty scenario and 25% —50% - 75% food load scenarios, at three different instants.
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Fig. 5. Air temperature curve evolutions for different food loaded scenarios and materials: (a) broccoli, (b) tunafish.

7
—e—Apple25%
6 - —o—Apple50%
—o—Apple75%
—_ —a—Apple25%-HR
©5 T| -o-Apple50%-HR
o —a—Apple75%-HR
= 4 |
=]
o
a
£3 1
it
229
1 |
07\\\li\l\li\ll\i\ll\}\ll\
0 2 4 6 8 10
Time [h]
(a)

2.4
—e—Apple25%
235 —o—Apple50%
2.3 —o—Apple75%
! —=—Apple25%-HR
§2.25 —o—Apple50%-HR
—a—Apple75%-HR

Temperature [
N N
PO S S
A L 0 N

N

1.95

Fig. 6. Air (a) and food (b) temperature curve evolutions for different food loaded scenarios, with and without considering the effect of the heat of respiration.

one without it. Thus, it can be speculated, that, at the end of simulation,
since the PCM is almost fully liquid, the role of the heat of respiration
would be more important if an extension of the truck route is simulated.
Moreover, the fresh foodstuffs usually receive a pre-cooling process
before entering the refrigerated truck [37]. It is not always necessary for
the cargo to be cooled down to the temperature of the cold air (2 °C in
the proposed solution). Therefore, by fixing a food load of 25%, the
authors investigate the effect of the food precooling temperature. Three
different values are chosen: 2 °C, 5 °C, and 10 °C. Additionally, for each
pre-cooling level, the effect of the heat of respiration is also studied.
From what demonstrated in Fig. 7, it can be noticed that the pre-
cooling food temperature has an impact on the thermal performance
of the system. When the food enters at a temperature of 5 °C, the air,
starting at 2 °C, needs about 8 h to reach that temperature, since the
ability of the LTES in reducing the temperature increase. However, when
the food is pre-cooled at 10 °C, the air jumps quickly to 5.5 °C and then
reaches 8 °C in 7 h; the temperature of 8 °C can be considered the critical
threshold at which the fresh product can be maintained in order to not
lose the quality. Thus, the suitable conditions are ensured for 7 h only.
Moreover, the higher the pre-cooling temperature, the higher the heat of
respiration effect. In fact, the heat of respiration let the final temperature
to be 0.3 °C, 0.65 °C, 1.08 °C higher than the one without the heat of
respiration, for 2 °C, 5 °C, and 10 °C, respectively. Besides, from the
simulations, when the heat of respiration is not considered, it is found
that the food temperature remains almost constant during the route,
facing a very low temperature decrease: when the food is inserted at
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Fig. 7. Air temperature evolution for the 25% food load and different pre-
cooling temperature (2 °C, 5 °C, 10 °C) with or without heat of respiration.

10 °C it reaches 9.6 °C at the end of simulation, while when entering at
5 °C, it reaches 4.9 °C. This suggests that for the proposed LTES system,
the determination of the appropriate pre-cooling temperature is
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essential. In fact, the system is not able to cool down the food, but, only
able to mitigate its temperature sudden rise. Moreover, it is interesting
to compare the food and air temperature increase at different food loads
and different pre-cooling levels.

In Fig. 8 the temperature increase ATy, defined as the difference
between the final temperature Ty and the initial temperature T,, for the
air and food cargo, against the pre-cooling temperature Tj, is plotted. It
is clear that, when the cargo is put inside the truck at a temperature level
equal to the air cell (2 °C) the food experiences a very low temperature
increase (almost 0.3 °C) for each food load values, even if the effect of
the heat of respiration is taken into consideration. In fact, the cold mass
mitigates the temperature increase. Even the air temperature increase
for the three food loads is very similar, being limited at about 4.2 °C. A
different behavior happens when Tj, is equal to 5 °C. In this scenario, the
food temperature increases of some of 1 °C for the 25%, 50% and 75%
food load cases. Being the heat of respiration function of the food tem-
perature, as stated above, the higher the food temperature, the higher
the HR effect. It is evident that the higher the food load, the higher the
air temperature increase. The 75% food load scenario presents a AT of
about 8 °C, meaning that the final temperature has approached 10 °C,
which can be a dangerous level for fresh foodstuffs. A more remarkable
temperature increase rate can be observed when the cargo is pre-cooled
at 10 °C. In this case, in fact, even if relative low temperature increases
are reported for the food (an average increase of 1.5 °C), the final food
temperature is over 11 °C. Besides, the air temperatures suffer of
considerable temperature increasing (with a maximum of 14 °C for the
75% food load scenario) since the higher contribution of the heat of
respiration due to the food higher temperatures. This suggests that our
proposed system, being fully passive, is not able to cool down the cargo.
As a consequence, the food, remains at a dangerous level for the entire
route.

Therefore, for a further development of the LTES system for refrig-
erated truck, it may be necessary to consider the insertion of a small
active refrigeration unit needed for the immediate cooling of the food-
stuff only. Then, after having reached the desired temperature, the
active system may be switched off and the temperature of the system
would be maintained at an appropriate level due to the action of the
LTES.

4. Conclusion

In this work, the thermal performance of an innovative LTES system
for a refrigerated truck is studied. The system consists of a novel insu-
lation layer made by a 5 cm traditional PU-foam layer wrapping a 0.5 cm
PCM layer. The ability of the system in counteracting the external heat
load gain with a cabin temperature starting at 2 °C is investigated. Four
different scenarios are analyzed: an empty one, and three food loaded
cases (25%, 50%, 75% food loaded) representing three different mo-
ments of a traditional daily route. It is obtained that, the 50% cargo
loaded scenario lets to reach the lowest air temperature inside the
refrigerated compartment during the 10 h, since it exploits the double
concurrent effect of the air heat exchanged by natural convection and
the presence of a significant additional thermal cold mass. Moreover,
being this system proposed for temperature-sensitive cargoes, the role of
the heat of respiration due to metabolic activities is analyzed. It is found
that it has a more impactful role during the final instants of the route
when the PCM is almost completely liquid and, so, not able to counteract
the heat entrance. Additionaly, the pre-cooling temperature level is
demonstrated to have a significant impact on ensuring the suitable
temperature conditions of the LTES system. In fact, when the cargo is
inserted at 5 °C, only the 25% food load scenario ensures the final
temperature to be contained into a safe level. 75% of food entering at
5 °C lets the air cell to reach a final temperature of about 10 °C. The
proposed system cannot control or cool down the food because it is only
meant to maintain the safe conditions for the entire route. In order to
handle different pre-cooling cargoes, a different active solution needs to
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Fig. 8. Air and food temperature increase for different food loads (25%- 50%-
75%) and different pre-cooling levels (2 °C, 5 °C and 10 °C).

be considered and adopted, but this does not limit the promising capa-
bilities of the proposed technology in reducing the GHG emissions and
the energy costs.
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