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Abstract: In this paper, the application of solid-state cooling based on the barocaloric effect in the
cold food supply chain is investigated. Barocaloric solid-state technology is applied to the final links
of the cold food supply chain regarding the steps of retail and domestic conservation. In this context,
effective barocaloric cooling entails the refrigeration of food at 5 °C (273 K) and as such is a promising
cooling technology due to its energy efficiency and environmental friendliness. The categories of
food involved in this investigation are meat and fresh food products like soft cheese, yogurt, and
milk. The energy performance of the barocaloric system is analyzed and compared with a commercial
vapor compression refrigerator of a similar size, both operating using R600a under the same working
conditions. Based on the results of this comparison, it is concluded that barocaloric cooling is a
favorable technology for application in the final links of the cold food supply chain if the system
operates in an ABR cycle at frequencies between 1.25 and 1.50 Hz with a regenerator comprising
acetoxy silicone rubber as the solid-state refrigerant and a 50%EG-50% water mixture as the heat
transfer fluid flowing at an optimal velocity of 0.15 m s~ 1. Thus, an appropriate tradeoff between
the temperature span, cooling power, and coefficient of performance is guaranteed. Under these
conditions, the barocaloric system outperforms the domestic vapor compression cooler operating
using R600a.
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1. Introduction

In the last decade, the global community has fully grasped the risk of climate change
and has started implementing countermeasures to slow its effects. Environmental sustain-
ability has become essential for any new technological innovation; the objective is to fully
realize sustainable development goals as soon as possible. One of the most significant
contributors to environmental pollution is greenhouse gas emissions from air conditioning
systems [1,2] in buildings and industrial warehouses, as well as coupled systems for refrig-
eration [3,4]. Therefore, the design and management of these systems must increasingly
consider strict emission guidelines [5].

Over the years, and considering the increasing health consciousness among consumers,
the food industry has evolved significantly to meet high market demand and maintain
high-quality standards.

The aspect that links the refrigeration and air-conditioning sector and the food industry
is the cold food chain [6]. The expression “cold chain” indicates the maintenance of
fresh and frozen products at a constant temperature throughout their life cycle, from the
production plant to the point of sale, through all transport and storage stages. Maintaining
food storage temperature helps to ensure that the product obtained by the consumer
is intact, without having undergone thermal shocks that could alter the organoleptic
properties of the food. The goal is to prevent the cold chain from being interrupted in one
of the supply chain stages, compromising the product’s nutritional properties and posing a
threat to its integrity, hygiene standards, and food safety [7].
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Since a temperature that is too high or too low might negatively impact the food’s
quality and/or safety, each food product has a defined ideal storage temperature. Refriger-
ation is used at every stage of the food supply chain, from food processing to distribution,
retail sales, and final consumption. Various cooling methods and strict temperature control
during different processes are crucial to ensure the target production levels are reached,
and the product’s organoleptic qualities are kept consistent at every production stage. Reli-
able, efficient, sustainable, and high-quality production processes are needed to meet the
requirements for reduced energy use and effective energy management. According to the
findings from the High-Level Panel of Experts on Food Security and Nutrition, the concept
of food systems encompasses various elements like food production, supply networks,
environments, dietary habits, and consumer selection [8]. It also considers the resulting
impacts on nutrition, the environment, and socioeconomic aspects. The processes and
phases associated with the production, processing, distribution, marketing, consumption,
and disposal of food all fall under the scope of food supply chains, which are becoming
progressively intricate. The proportion of global greenhouse gas emissions attributed
to the overall food system, encompassing activities beyond the retail stage like cooking
and waste disposal, is projected to rise significantly if the food and agriculture sector
continues to account for roughly a quarter (26%) of worldwide greenhouse gas emissions
(amounting to 34% of total greenhouse gases) [9,10]. While the primary production phase
undoubtedly makes the largest contribution, subsequent activities within the supply chain
such as processing, transportation, packaging, and retail collectively contribute to 18% of
greenhouse gas emissions related to food. Notably, emissions resulting from food waste
are substantial, accounting for approximately one-quarter of emissions (equivalent to 3.3
billion tons of CO2eq) generated during food production. These emissions occur due to
inefficiencies in the supply chain (contributing to 15% of food-related greenhouse gases) as
well as consumer losses [11].

To ensure competitiveness in the global market while simultaneously reducing envi-
ronmental impacts, the food sector must minimize its energy consumption and increase
the use of ecofriendly facilities [12]. In terms of achieving all these goals, optimizing refrig-
eration/freezing systems represents a significant challenge [13]. European food hygiene
and safety regulations provide detailed guidelines concerning the temperatures required
for food preservation. Regulation EC No. 852/04 [14] states that food businesses handling
perishable products must have all the necessary facilities to maintain the “cold chain” for
these products. Suitable structures such as refrigerated rooms, freezers, and (or) display
counters must be available for the storage and display of perishable goods. However, all
these measures alone are insufficient, as different food products must be kept at specific
temperatures that must be continuously monitored. Therefore, the equipment must be
designed to allow for temperature control and recording.

In general, however, the legal provisions on this matter are quite elaborate and also
refer to different storage periods: transportation, warehousing, and display [15,16]. Tra-
ditional food preservation devices exhibit evident limitations in terms of environmental
sustainability. Specifically, most refrigeration systems currently rely on the vapor compres-
sion cycle [17,18]. Over the years, the development of this technology has faced significant
challenges in terms of the environmental impact associated with the use of refrigerants,
many of which have proven to be highly detrimental to the environment, both in terms of
damaging the planet’s stratospheric ozone layer and contributing to global warming.

In this context, research increasingly considers alternatives to traditional vapor com-
pression systems: On the one end of the spectrum, there are renewable-energy-based
technologies such as solar [19-22] or geothermal [23-26] technologies, while on the other,
there are solid-state technologies based on the caloric effect [27-30]. These alternatives
do not use refrigerant gases, thus ensuring a negligible contribution to the greenhouse
effect [31]. They also have potentially higher performance coefficients than vapor compres-
sion systems, leading to energy savings of 50-60%, no noise during operation, and easy
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maintenance [32-35]. These technologies fully align with the global political context aiming
to reduce greenhouse gas emissions and transition towards a low-carbon economy.

The operating principle of solid-state systems is the caloric effect: It occurs when
a caloric material is subjected to an external field that induces a temperature change by
varying its intensity under adiabatic conditions (AT,y). If the field varies under isothermal
conditions, an entropy change (AS;s,) can be observed in the material [36-38]. Depending
on the nature of the applied external field and the thermophysical properties of the caloric
material, specific caloric effects can be achieved: magnetocaloric (magnetic field) [39],
electrocaloric (electric field) [40,41], and mechanocaloric (mechanical stress) [42—46]. The
caloric effect is divided into two types depending on the applied external field. If the
external field is generated due to mechanical stress, such as compression [47], tension [48],
or torsion [49], it is called the elastocaloric effect [50,51]. This effect occurs in specific
materials known as shape memory alloys [52-54]. On the other hand, if the applied field is
the result of hydrostatic pressure, it is referred to as the barocaloric effect [55,56].

Recently, there has been a growing interest in the solid-state cooling effect known as
barocaloric [57]. As a result, there are relatively fewer scientific publications with respect to
other techniques related to caloric effects [58]. The interest in barocaloric effects emerged
when studies suggested that magnetocaloric materials undergoing first-order phase transi-
tions might experience a temperature change under adiabatic pressure variation [59].

Various investigations were conducted, and some years later, it was experimentally
confirmed that many materials exhibiting magnetocaloric properties also show the pos-
sibility of detecting the barocaloric effect. Moreover, it was found that the barocaloric
effect could be coupled with other caloric effects, leading to multicaloric effects in the
same material. Another promising class of barocaloric materials includes elastomer natural
rubbers.

Researchers like Moya et al. have provided comprehensive reviews [58,59] on barocaloric
materials. However, the number of barocaloric materials that have been developed and in-
vestigated for cooling applications continuously increases. Besides materials, the research on
the development of devices for cooling applications also lacks experimental results derived
from the operation of barocaloric prototype devices. To the best of our knowledge, in 2014,
Czernuszewicz et al. proposed the concept of a magnetobarocaloric test stand for cooling
applications [60], which, similar to their previously developed magnetocaloric test stand [61],
allows for assessing the application potential of materials that exhibit temperature changes
under the influence of magnetization and applied pressure.

In 2018, Aprea et al. conducted a comprehensive study on caloric materials used
in an active caloric cooler, including some of the most promising barocaloric refriger-
ants [62]. This investigation provided an up-to-date overview of their energy performance,
establishing a general framework for these materials.

One significant outcome of the study above is the confirmation that barocaloric cooling
holds great promise and is comparable to vapor compression (VC) cooling. Selecting
promising barocaloric materials for cooling applications is crucial to developing efficient
active barocaloric coolers. Additionally, the use of more efficient auxiliary fluids is necessary
to ensure that this technique is environmentally friendly. Typically, water or a water—glycol
mixture is used as the auxiliary fluid, depending on whether the caloric system operates
above or below zero degrees Celsius.

Thus, the aim of this investigation is to study the application of barocaloric solid-state
technology to the final links of the cold food supply chain, for retail and domestic food
storage. In this context, we tested a barocaloric cooler for keeping food at 5 °C (273 K), to
evaluate the potential of this method as a promising, energy-efficient, and environmentally
friendly cooling technology. The food categories of interest were meat and fresh food
products (soft cheese, yogurt, and milk).

In summary, the main objectives of this research are as follows:

e  We aim to examine the energy efficiency of a solid-state barocaloric cooling system
designed to function as a refrigeration machine for selling cold products, which need
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to be kept at 278 K. The scenario is assumed to be a hot indoor environment to
examine the potentialities of this technology in extreme summer conditions (313 K).
Our purpose is to compare its performance with the performance of an existing vapor
compression refrigerator commonly used in industrial settings. The solid-state system
involves active barocaloric regeneration, using a heat-transfer fluid consisting of a
50% ethylene glycol (EG) and 50% water mixture, while the solid-state refrigerant is
acetoxy silicone rubber (ASR) [63-66].

e  Weaim to assess and compare the energy efficiency of the active barocaloric cycle with
that of a commercial vapor compression refrigerator of a similar size, both operating
under the same working conditions.

2. The Project “PNRR on Foods” and the Cold Chain

The research investigation presented in this paper is part of the maxi-project PNRR
“ONFOODS” research activities. The concept of sustainability has only recently entered
everyday use. Sustainability refers to patterns of production and consumption that respect
natural resources and their usual rhythms, focusing on long-term resilience and avoiding
the depletion of resources and environmental degradation.

The 2030 Agenda for Sustainable Development, adopted by all United Nations Mem-
ber States in 2015, describes 17 Sustainable Development Goals (SDGs), ranging from
ending poverty to improving health and education, reducing inequality, spurring economic
growth, tackling climate change, and working to preserve our oceans and forests.

The project ONFOODS (Research and Innovation Network on Food and Nutrition
Sustainability, Safety, and Security—Working on Foods) is financed by the European Com-
munity and is among the activities of the Italian PNRR, i.e., the National Recovery and
Resilience Plan (PNRR). This plan is part of the Next Generation EU (NGEU) program, a
EUR 750 billion package, accounting for about half of the grants agreed upon by the Euro-
pean Union in response to the pandemic crisis of 2020. Within this framework, ONFOODS
is an action plan with a comprehensive approach, joining together and synergizing the
strengths and competencies of several different disciplines, ranging from social and juridi-
cal sciences to agricultural economics, food chemistry, food technology and engineering,
logistics, microbiology, marketing, human nutrition, and many disciplines of medicine.
Only through a holistic approach can we preserve the environment, develop strategies
for the effective implementation of our food systems, and, at the same time, improve the
well-being of individuals and extend their healthy life span by reducing avoidable and
premature mortality and inequity and putting people at the center of a more effective, safe,
sustainable, and fair social security system.

ONFOODS faces this challenge through a coordinated action involving seven spokes,
each one focusing on a very specific, although broad, aspect of food production, trans-
formation, and effect. All these spokes will be deeply intertwined in a complex and
well-developed network of connections and complementation, where ideas that originate
in one spoke will become innovation only after being validated in the work of researchers
collaborating in other relevant spokes within the program.

The identified objectives of ONFOODS are as follows:

- To promote the sustainability of food production;

- Toincrease the adherence to more sustainable dietary patterns;

- To promote the sustainability of food distribution;

- Toincrease the quality of foods and diets;

- To develop smart innovative technologies for sustainable food production and con-
sumption;

- To guarantee food safety and food security at the whole population level and in
specific vulnerable targets of the population.

The research group of the University of Naples Federico II, to which the authors belong,
is focused on the ONFOODS activities to “promote the sustainability of food distribution”,
i.e., to potentiate the sustainability of the cold chain in all its steps.
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The cold chain begins with production; it continues through the storage phase in

refrigerated platforms, followed by the transport phase up to the sales warehouses and
refrigerated counters of the points of sale, and ends with the final consumers’ coolers.
Every step is essential for the success of the cold chain process. More details are provided
in Figure 1, which illustrates the phases of the food cold supply chain.

Production

Transport

Cold Warehouse

Products Cold Warehouse r ‘J(i
< Storage

Processing Storage
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Figure 1. The phases of the food cold supply chain.
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Production and Product Processing: Upon leaving the packaging lines, measuring
the core temperature of the product is necessary to determine the time required
to reach the temperature indicated on the packages. After physical-chemical and
bacteriological assessments, thermosensitive food products—fresh or frozen—are
managed under refrigeration and stored in temperature-controlled warehouses.
Cold Warehouse Storage: The storage of food products in cold rooms guarantees an
overall reduction in their core temperature, and the picking and order preparation
activities can also be carried out in the same environment. Based on the type of
product, it must also be ensured that the ideal temperatures and hygienic conditions
of containers and packaging are maintained; loading areas must also be under a
controlled temperature and possibly adjacent to the logistics cell.

Transport: This phase is of crucial importance for the cold chain. In fact, vehicles
must be equipped with refrigerators already at the required temperature, which
should be maintained during transport to another facility for cold storage or the
points of sale of large-scale retail trade. This occurs through the use of tools that
allow operators to keep the air temperature in the compartment under control.
Retail: Products are displayed in retail outlets on special refrigerated shelves and
are available for purchase by the consumer.

Conservation and Consumption: After purchasing food products, the consumer keeps

them in their refrigerators until they are used for consumption.

During all these steps of the cold chain, in order to avoid any contamination, operators

are required to meticulously implement and monitor the following features:

The cleanliness and hygienic conditions of warehouses, equipment, and transport;
The pre-established critical limits in various stages of the cold chain;
The temperatures of the different actors of the cold chain.

In this context, Spoke 3 of ONFOODS (Research and Innovation Network on Food

and Nutrition Sustainability, Safety, and Security—Working on Foods) has the following
objectives:

To report on best storage and operational solutions for food waste control and reduc-
tion in energy consumption;

To focus on the use of phase change materials (PCMs) for the steps of the cold chain
process related to (II) cold warehouse storage and (III) transport;

To apply ecofriendly technologies as an alternative to vapor compression for refrig-
eration systems used in the steps related to (IV) retail and (V) conservation and
consumption.



Energies 2023, 16, 6436

60of 17

Temperature-sensitive products must therefore follow precise hygienic measures and
comply with the temperatures required by law. As suggested by Italian Legislative Decree
27 January 1992, n.110 [67], frozen foods must maintain a constant temperature of —18°
Celsius; however, during transport, brief upward swings not exceeding 3 °C are allowed.
As far as fresh food is concerned, however, each one has its own reference temperature:

Meats: +5 °C to +7 °C;

Fish: +2 °C;

Fresh products: +5 °C;

Ice creams: —22 °C;
Chocolate: +18 °C to +20 °C.

Following the description of Spoke 3 of PNRR ONFOODS, this investigation aims to
introduce barocaloric solid-state technology as an alternative to vapor compression for the
links of the cold food supply chain related to retail and domestic conservation. The food
categories of interest in this investigation are meat and fresh food products (soft cheese, yo-
gurt, and milk), kept at 5 °C (273 K) using an energy-efficient and environmentally friendly
barocaloric cooler. The system is tested while operating in a hot indoor environment to
examine the potentialities of the technology in extreme summer conditions (313 K). The
method is also compared with the vapor compression technology.

3. The Thermodynamic Cycle Based on the Barocaloric Effect

Active barocaloric refrigeration involves an active barocaloric regenerative cycle in
which a barocaloric material serves as the refrigerant. The system consists of a barocaloric
regenerator housed in a pressure cell to enable variations in the working pressure. This
regenerator interacts with cold and hot heat exchangers, and a heat transfer fluid is used to
facilitate the heat exchange while passing through the barocaloric material. The regenerator
can be designed in various ways, such as using porous media, parallel plates, or wires of
the barocaloric material, creating channels through which the auxiliary fluid flows, among
other possibilities.

Figure 2 illustrates an example of the active barocaloric regenerative refrigeration
cycle using a parallel plate design. It is essential to clarify that the purpose of Figure 2 is to
conceptually depict the four processes of the active barocaloric regenerative refrigeration
cycle from a thermodynamic standpoint rather than presenting a detailed engineering
design. The ABR cycle comprises two isobaric and two adiabatic processes, as evident in
Figure 2a.

With reference to Figure 2b, during the first process (Step I), the barocaloric regenerator
undergoes adiabatic loading, increasing hydrostatic pressure from pg to p;. This results in a
temperature rise in the barocaloric material due to the BCE (transformation 1-2 of Figure 2a).
Once the pressure reaches pj, the loading process ends, and the system exchanges heat
with the hot heat exchanger through the heat transfer fluid (HTF) flow (Step II of Figure 2b).
Consequently, as depicted in the transformation 2-3 of Figure 2a, the ABR starts to decrease
in temperature. Subsequently, Step III (Figure 2b) involves adiabatic unloading, with the
pressure decreasing from p; to pp, which causes the further cooling of the ABR, as shown in
transformation 3—4 in Figure 2a.

Lastly, as seen in Step IV (Figure 2b), the HTF flowing in the ABR results in heat
being subtracted from the cold heat exchanger, thus achieving the desired cooling effect.
Consequently, the regenerator undergoes an increase in temperature (transformation 4-1 of
Figure 2a).



Energies 2023, 16, 6436

7 of 17

T
TH
3
Te
4
()
I STEP ®)

CHEX

Pressure Cell

\-ABR Regenerator

Il STEP

CHEX

Pressure Cell
ABR Regenerator

CHEX

CHEX

v

STEP

Pressure Cell
ABR Regenerator

STEP

Piston

Pressure Cell
ABR Regenerator

Figure 2. The Brayton-based ABR cycle: (a) on T-s diagram; (b) applied to the cooling system.

3.1. The Barocaloric Material

The selection of an appropriate barocaloric substance for cooling applications is in-
fluenced by the range of the desired operating temperature and the specific intended use.
To be considered a promising refrigerant for caloric cooling, a material must meet several
essential criteria, such as affordability, ease of synthesis, and non-toxicity [68]. Moreover,
the material must exhibit significant adiabatic temperature changes (AT,;) within the des-
ignated temperature range. With these objectives in mind, we opted to utilize acetoxy
silicone rubber (ASR) [63] in our investigation, as it is a widely available, cost-effective,
and environmentally friendly elastomer. ASR is a type of elastomer that belongs to the
vulcanizing rubber category, and its thermophysical properties are reported in Table 1.

Table 1. Thermophysical properties of acetoxy silicone rubber.

Material Thermal Conductivity Density Adiabatic Temperature
Wm-1K1 (kg m—3) Change (K) at Ap = 0.390 GPa
ASR 1.48 960
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One of the key characteristics of this group of materials is their remarkable elas-
ticity: These vulcanizing rubber materials can be repeatedly stretched to their original
length when subjected to relatively low pressures. This ability makes them noteworthy
as potential mechanocaloric materials, as they combine their elastomeric properties with
promising structural transitions. Acetoxy silicone rubber, composed of polydimethylsilox-
ane, additives, and illers, demonstrates an extraordinary barocaloric effect, displaying a
significant AT,; peak during crystalline (41.1 K) to amorphous transitions, which leads to
rearrangements of the polymer chains. As shown in Figure 3, Imamura et al. [63] generated
a diagram for the change in the adiabatic temperature of acetoxy silicone rubber during
the decompression process at a pressure of Ap = 0.390 GPa, plotted against the working
temperature of the material at the start of the transformation. The complete details of the
measurements and the methodology utilized can be found in a previous study [63]. The
peak barocaloric effect occurs at approximately 41.1 K, near 298 K. Considering a suitable
working temperature range for domestic refrigeration purposes (278 = 313 K), the observed
values of AT,; remain above 30 K, affirming the applicability of ASR for this type of cooling
application. ASR is classified as a vulcanizing rubber material, and there is a significant
concern regarding its fatigue behavior. Researchers such as Sebald et al. [68] investigated
the impact of fatigue behavior on the degradation of barocaloric properties, while Woo
et al. [69] developed a tool for predicting fatigue life. The findings by Sebald et al. [68]
indicate that the barocaloric effect (BCE) temperature degradation is much lower than the
magnitude of stress degradation. On the other hand, Woo et al. [69] observed that the
fatigue failure of such materials typically occurs after approximately 6 x 10° cycles (in the
order of magnitude).

CHANNELS NN NN NN NN NN N NN N NN PLATES

Figure 3. An image of the regenerator’s triangular mesh is utilized to solve the model.

3.2. Mathematical Modeling

This analysis was conducted utilizing a 2D model of an ABR refrigerator. The re-
generator (measuring 20 mm X 45 mm) was constructed with 54 parallel plates made of
barocaloric substances, enabling HTF (heat transfer fluid) flow for exchanging heat with
the hot and cold heat exchangers. The thickness of every plate was 0.25 mm, whereas the
distance stacked between two consecutive plates, i.e., the height of the channel where the
auxiliary fluid flows, was 0.125 mm.

Before introducing the model, the following assumptions should be noted:

Laminar is the regime of motion of the auxiliary fluid.

The auxiliary fluid is considered incompressible.

The viscous dissipation is neglected since the mass flow is small.

The fluid direction is modeled through a velocity that has a positive sign if the fluid
flows from the cold to the hot heat exchanger and a negative sign for fluid flowing
from the hot to the cold heat exchanger.
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e The presence of the cold and hot heat exchangers is ensured by the Dirichlet boundary
conditions driving the model during the fluid flow steps (temperature of the cold heat
exchanger if the fluid flows from cold to hot; temperature of the hot heat exchanger if
the fluid flows from hot to cold side).

The mathematical framework governing the four processes of the ABR cycle is outlined
as follows (Navier—Stokes equations and the equation of the energy for the fluid and the
solid [70]):

Ju v __

PrE=0
Ju Ju u __ 19p 0~ u
ﬁ‘i‘ua"‘v@— pf8x+v(872+W)
Jdv Jdv v __ 1 9p -0 9%
g—i-ua—i-v@——aw—i-v(—z#—? (1)
aT BT aoT k 0°T, 0°T

f f f f f
o tugy to ay—pfcf<ax27L y)
oTs 2T | 9°T.
psCTt‘ = ks( axzs S) + Q

where u and v are the components of the fluid velocity vector along the x and y axes; p is
the fluid pressure; and Trand T; are the fluid and solid temperatures, respectively. k, p, and
C are the thermal conductivity, density, and heat capacity of the fluid (if they are coupled
with the f subscript) or of the solid (if they are followed by the s subscript).

In Steps I and III of the ABR cycle, the fluid is not moving, and the elastocaloric effect
occurs through +Q and —Q, respectively; thus, Equation (1) becomes

Ty | Ty
psC%:ks(%jﬂ“MQ
with C(field, T)ATq(field , T.
. ield, . (field ,
Q = Q(field, T) = L U8 L) A aalield ) ©

T

The Q functions were derived using specialized software that identifies the closest
mathematical representation to the input table function. These functions were generated
based on experimental data previously published in the literature. Table 2 contains the
mathematical expressions corresponding to the various investigated pressure loads. To
solve the equations of the model, the finite element method was employed, and the re-
generator underwent meshing using the free triangular meshing approach (depicted in
Figure 3).

Table 2. Q *T functions, related to the field increasing process, obtained starting from the experimental
data.

Material Ap (GPa)

Mathematical Expression

ASR 0.390

Qload *T = 106 *

[(1.33 % T +0.000211 * (T2 x sin(4.33 + sin(—0.0636 * T) x sin(4.12 + sin(0.0726 * T) — 165 — 0.00216 * T)]

The concept was previously presented in one of our earlier investigations and ex-
perimentally validated through accurate comparison with experimental data obtained
using a rotary permanent magnet magnetocaloric cooler prototype, a collaborative project
developed by the University of Naples Federico II and the University of Salerno [39,62].
In fact, one of the key characteristics of our model is its ability to accurately simulate the
behavior of an active regenerator with the use of any solid-state refrigerant, regardless of
the particular caloric impact displayed.
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The finite element method (FEM) is employed to solve the model, while the ABR cycle
is an iterative process, repeating multiple times until reaching a steady-state condition that
fulfills the cutoff criterion at every point of the ABR regenerator:

8 =max{T(x,y,0+nb) — T(x,y,4t+nb)} <€ 4)

4. Thermal Performance Analysis

The ABR regenerator utilizes acetoxy silicone rubber as the barocaloric refrigerant,
with Ap = 0.390 GPa during the adiabatic compression—-decompression process. This
study was conducted with specific parameters set at a temperature range of 278 = 313 K,
where the lower and upper limits represent the cold and hot heat exchanger temperatures,
respectively. Each ABR cycle had a total duration of 0.8 s, with each step lasting 0.2 s. The
Heat transfer fluid employed in the system was a mixture of 50% ethylene glycol (EG) and
50% water, with a whole freezing point of 236 K.

Table 3 summarizes the parameters and ranges used in this investigation.

Table 3. Operating conditions of the numerical investigation.

Parameter Unit Value
Teet point K 278
f Hz 1.25
Ap GPa 0.390
v ms ! 0.04-0.2

The most significant parameters characterizing the energy performances were deter-

mined as follows:
47490

1
MTpan =T =~ / Ty(0,, £)dt )
3t+q0

where ATSW is the temperature span measured across the regenerator during the last
process of the ABR cycle in steady-state conditions.

47t+q0

.1
Qus = 5 / it Cr (Te = Ty(0,,1) ) dt (©)
3t+q6

where Q,, 7 is the proper refrigeration power of the ABR refrigerator.

_ Qref _ Qref

cor -
Wror  Wieta + Wpump

@)

where the COP (coefficient of performance) measures the cooling power of the refrigerator
relative to the combined expenses involved in its operation. Wror represents the contribu-
tion of changes in the external field (Wg,s) and the mechanical power needed to move the
heat transfer fluid (Wpymp).

To evaluate the energy efficiency of the barocaloric refrigerator, its energy performance
was compared with the experimental results obtained from a standard food cooler oper-
ating under identical conditions. This allowed for a reference point to gauge the level of
performance attained by the solid-state system.

5. Results

In this section, the energy performance of the elastocaloric device is evaluated when
functioning in the cooling mode. The graph in Figure 4 illustrates that the variation in the
temperature span, represented as ATs,;, consistently exceeds 35 K. This is an essential
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parameter for evaluating the performance of a thermal device, such as the elastocaloric
device introduced in the previous section. A wide temperature span indicates a higher
capacity to transfer heat and provide cooling or heating effects. At a speed of 0.10 m s~*
and a frequency of 1.5 Hz, the maximum ATy, value reaches 39.2 K. It is interesting to
note that there are two distinct regions in the graph. In the low-speed zone, the temperature
increases, while in the high-speed zone, the temperature decreases. This effect is mainly
due to the exchange time between fluid and barocaloric material; as the speed increases,
the exchange time between fluid and material decreases, not allowing the thermal flow to
fully undergo the exchange process. Therefore, there is an optimum air velocity for each
frequency beyond which the temperature span values decrease.

295 ,

39

385

38

K]

IpAL
(%]
=
o
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36.5
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355

0 0.05 0.10 0.15 0.20 0.25
v [m 5'1]
Figure 4. Temperature span as a function of the fluid velocity for different frequencies of the ABR

cycle.

The specific cooling capacity of the barocaloric system is shown in Figure 5 as a
function of fluid flow velocity. We compared the proposed system with a vapor compression
cooler, which is a Samsung RB38T705CB1 VC system using 62.5 g of R600a.

45 i
= N
P!
40 :
£ —8—1.0Hz
®— 125Hz
15 & -4— 15Hz
b
i
s 25
= f
20 /
15 ‘/
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Figure 5. Specific cooling power as a function of the fluid velocity for different frequencies of the
ABR cycle.
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The VC system has a 1 kW cooling capacity and is intended for household use. The sys-
tem’s cooling capacity per kilogram is 16 kW kg ~!. Figure 5 shows that the barocaloric sys-
tem outperforms the vapor compression system for fluid velocities greater than 0.06 m s~ .
The specific cooling power of the barocaloric system is always greater than the conventional
system for HTF velocities greater than 0.05 m s~!. At a frequency of 1.5 Hz and a speed of
0.20 m s~ !, it reaches its maximum value of 44 kW kg 1.

The fluctuations in the coefficient of performance (COP) with HTF velocity at different
frequencies are shown in Figure 6. The most favorable COP readings are observed at
a frequency of 1.25 Hz and an HTF velocity of 0.20 m s !, reaching a peak value of
approximately 4.5. Even the standard vapor-compression-based system achieves highly
satisfactory COP values.

5
——1.00Hz
- 125Hz
-+— 150Hz
45 »
4
7
4 ;
ki
//
: [
B 35 -
e PO i
-7 e

25

0 0.05 0.10 0.15 0.20 025
v [m s’l]
Figure 6. Coefficient of performance as a function of the fluid velocity for different frequencies of the
ABR cycle.

Figure 7 demonstrates the results of the COP comparison between a residential refrig-
erator based on vapor compression and a barocaloric cooler. The following equation was
used to obtain the comparison data:

ACOP  COPspr — COPyc

cop COPye ®

As shown in Figure 7, the velocity values of the HTF equal to or greater than 0.15m s~

always ensure energy savings if the domestic cooler is based on the ABR cycle. If the velocity
is 0.10 m s~!, the frequencies of 1.25 and 1.50 ensure a positive gain in terms of COP. The
results demonstrate that the ABR cycle consistently outperforms the traditional vapor
compression refrigerator, with up to 40% improvement. For low-velocity values and all
frequencies, the barocaloric system does not achieve the same COP values as the traditional
system. However, for velocities higher than 0.06 m s}, the barocaloric device manages to
achieve improvements of over 40% for all frequencies.
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Figure 7. Coefficient of performance of the barocaloric cooler compared with that of a domestic vapor
compression cooler.

6. Conclusions

In this research, the energy efficiency analysis of an active barocaloric refrigerator
intended to serve cold food storage is presented. Using a 2D tool based on the finite element
approach, we assessed its energy performance, considering factors like temperature span,
cooling power, mechanical power, and coefficient of performance. The system was tested
while operating in a hot indoor environment to examine the potentialities of the technology
in extreme summer conditions (313 K). The food categories of interest in this investigation
were meat and fresh food products (soft cheese, yogurt, and milk), kept at 5 °C (278 K)
using a barocaloric cooler, which is considered an energy-efficient and environmentally
friendly system. The features of Spoke 3 of PNRR ONFOODS were also used to compare
the proposed method with vapor compression technology. In this investigation, vapor
compression was replaced with barocaloric solid-state technology for the steps of the cold
food supply chain associated with retail and household food preservation. The barocaloric
system runs on an active barocaloric regenerative refrigeration cycle, with acetoxy silicone
rubber serving as the solid-state refrigerant and ethylene glycol serving as HTE. From this
investigation, the following conclusions can be drawn:

e  The temperature span always exceeds 35 K, and it reaches a peak of 39.2 at a speed of
0.10 m s~ ! and a frequency of 1.5 Hz.

e For fluid velocity greater than 0.06 m s~!, the barocaloric system outperforms the
vapor compression system in terms of cooling power. The peak of 44 kW kg~ ! is
reached at a speed of 0.20 m s~! and a frequency of 1.5 Hz.

e  The most favorable COP readings are observed at a frequency of 1.25 Hz and an HTF
velocity of 0.20 m s}, reaching a peak value of approximately 4.5.

e Velocity values of the HTF equal to or greater than 0.15 m s~ ! always ensure energy
savings if the domestic cooler is based on the ABR cycle.

Based on the following considerations, it is concluded that barocaloric cooling is a
favorable technology to employ in the final links of the cold food supply chain if the system
operates with the ABR cycle at frequencies between 1.25 and 1.50 Hz with a regenerator
comprising acetoxy silicone rubber as the solid-state refrigerant and 50%EG-50%water
mixture as the heat transfer fluid flowing at the optimal velocity of 0.15 m s~ 1. This solution
guarantees an appropriate tradeoff between the temperature span, the cooling power, and
the coefficient of performance. Under these conditions, the barocaloric system outperforms
the domestic vapor compression cooler operating with R600a.
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Nomenclature

Roman symbols

c Specific heat capacity, ] kg ! K1
cor Coefficient of performance, -

f Frequency, Hz

k Thermal conductivity, W m~1 K1

L The whole length of the system, mm
n Number of times

p Pressure, Pa

Q Power density due to caloric effect, W m3
q Thermal power density, W m 2

S Entropy, ] kg K

T Temperature, K

t Time, s

u Longitudinal velocity coordinate, m s~!
A\ Volume, m3

v Orthogonal velocity coordinate, m s !
X Longitudinal spatial coordinate, m

X Conjugate field

y Orthogonal spatial coordinate, m

Y Driving field

Greek symbols

A Finite difference

) Infinitesimal difference

p Density, kg m—3

Subscripts

ad Adiabatic

C Cold heat exchanger

cycle CyCle

f Fluid

H Hot heat exchanger
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p Constant pressure
ref Refrigeration
s Solid
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