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Abstract: At present, one of the main challenges that industry faces is its impact on global warming,
linked to the greenhouse effect and ozone hole problems. These two environmental issues have not
yet been solved completely and, concerning the industrial cold sector, countries are making various
decisions on refrigerants. Magnetic refrigeration potentially represents a less impactful refrigeration
technology. In this review, the physical basis of magnetic refrigeration is analysed, in order to propose
this technology for industrial use.

Keywords: refrigeration system; refrigerating cycle; performance; COP; entropy generation;
magnetocaloric effect

1. Introduction

At present, one of the main challenges faced by industry is the reduction in its envi-
ronmental impacts [1]. In this context, refrigeration is an industry branch that must be
considered. Indeed, refrigeration has a great variety of applications, from household to
industrial refrigerators and freezers, as well as in cryogenics, pharmaceutics, and air condi-
tioning. Its impact on industry, lifestyle, agriculture, and settlement patterns is continuously
increasing due to the related growth in technology and human well-being requirements.
Worldwide, about 20% of overall energy consumption originates from refrigeration [2],
and 8% of global greenhouse gas emissions are attributed to refrigeration [2], up to 10% in
very recent studies [3]. It has been estimated that the environmental impact of refrigeration
in the food industry—to mention just one of the multitude of applications of refrigeration
and its relative impact—in terms of CO,,, in the United Kingdom, amounted to 12.9 Mtco,,
(2019 data), equal to approximately 3.2% of the total emissions of the same country [4].

1.1. Refrigeration

Following the IIR and ASHRAE definitions, refrigeration is the “cooling of a space,
substance, or system to lower and/or maintain its temperature below the ambient one” [5],
and cooling is the “removal of heat, usually resulting in a lower temperature and/or
phase change” [5]. Heat outflow cannot spontaneously occur due to the second law of
thermodynamics; consequently, this process requires work from the outside. In this pro-
cess, the refrigerant (the working substance that undergoes the transformations along the
cycle) plays a crucial role due to its thermophysical and chemical properties concerning the
thermodynamic inverse cycle. In order to determine whether a substance is suitable as a
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refrigerant, some fundamental characteristics of the thermal fluid, its toxicity, its flammabil-
ity, and its impacts on ozone depletion and climate change must be considered. The main
categories of refrigerants that have been commonly used in vapour compression cycles and
absorption cycles are as follows: (i) Chlorofluorocarbons (CFCs), (ii) hydrochlorofluorocar-
bons (HCFCs), (iii) hydrofluorocarbons (HFCs), (iv) natural refrigerants, and (v) refrigerant
blends, which can be zeotropic or azeotropic [6].

The main criteria that determine suitable refrigerant substances for vapour-compression
cycles are the following [7]:

e  From a chemical viewpoint, they should be stable and inert.

. From a safety and environmental viewpoint, they should be non-toxic, non-flammable,
and not degrade the atmosphere.

*  From a thermodynamic viewpoint, they should have a critical point and boiling point
temperature suitable for the desired application, a low vapour heat capacity, low
viscosity, a low freezing point, and high thermal conductivity.

e They should have sufficient oil solubility and a high dielectric constant of vapour.

Regulation agencies have made many efforts to rule out harmful refrigerants for the
environment, which has led to the search for new refrigerants.

Thus, concerning the regulation of refrigerants, in 1987, with the Montreal Protocol,
the phase-out of ozone-depleting substances was set and improved during the following
decades, beginning with CFCs and passing to HCFCs. In 2019, with the Kigali Amendment,
the reduction in the use of HFCs (e.g., R-134a, R-245fa, R-125, and R-32) was established
because of their high impact on the global warming potential (GWP), mainly due to their
fluorine content [8]. In particular, the ratified commitment of industrialised countries
consists of a reduction in the use of HFCs by 85% by 2036, compared with their use
during the period of 2011-2013 (with the intermediate target of a 45% reduction by 2024).
Other countries, such as China and Brazil, have set an 80% HFC reduction by 2045, while
the remaining countries—including those in the Middle East—should arrive at the same
reduction target by 2047.

Furthermore, in 2006, the European Union (EU) adopted a regulation on fluorinated
greenhouse gases (GHGs) to induce the use of natural refrigerants, phasing out the refrig-
erants with the highest GWP since 2011 [9]; this regulation was updated to the European
Climate Law, which requires stronger climate action. The F-gas Regulation (EU) 2024/573
was adopted on 7 February 2024 and first applied on 11 March 2024. In order to address
a technical answer to the EU requirements, the following natural refrigerants are being
adopted [10]:

*  Ammonia (R-717): It was introduced in the refrigeration industry in the 1930s due to
its high performance in refrigeration cycles. It has a very low boiling point and high
energy efficiency due to its very high latent heat of evaporation. However, ammonia
is also toxic (at concentrations higher than 300 ppm) and has lower flammability;
moreover, it damages copper circuits. Therefore, ammonia cooling systems can be
designed by involving a secondary fluid.

e  Carbon dioxide (R-744): It is extremely environmentally friendly. Concerning global
warming, it has no impact on the ozone layer and is non-flammable. It can also be
used as a secondary refrigerant.

¢ Water (R-718): It is non-toxic and non-flammable, with no negative consequences for
ozone depletion and global warming. Moreover, it presents a moderate cost.

¢  Hydrocarbons (HCs): These are a broad family of refrigerants, including alkanes,
alcohols, ketones, and ethers, for example, isobutane (R-600a) and propane (R-290).
Their main advantages are related to their thermophysical properties and the avoid-
ance of the issue of containing fluorine or chlorine, which implies no acid formation.
However, they are highly flammable.

e Air
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However, some technical difficulties exist concerning the use of natural fluids, and,
consequently, alternative technological systems should also be considered. Nevertheless,
cooling and refrigeration are indispensable in our everyday lives, including manufacturing,
conservation, health, food, commercial, and residential use. At the same time, achieving
the goal of reducing negative impact emissions implies radical changes in the commonly
adopted refrigeration technologies. In order to do so, researchers and companies are
involved in both improving the performance of the actual technologies and in developing
new technologies (also re-exploring the oldest or abandoned ones) with a lower potential
environmental impact. In this context, we can mention absorption refrigeration—an older,
yet promising technology that has received attention during the last decades, and for which
many industrial applications are already available with a consequent high technology
readiness level. This technology adopts mainly low-grade heating as a source of energy
to provide the energy needed to drive the cycle and two coolants: the first cools via
evaporation and is then absorbed into the second one. A heat source is needed to bring the
two coolants to their initial state.

Other possible alternatives in development for vapour compression refrigeration
technologies are provided in the following list, with a brief description for each:

*  Adsorption refrigeration: This has the characteristic of having a discontinuous cool-
ing effect. However, the working principle is similar to that of absorption refrigeration,
even if the refrigerant vapour molecules (adsorbate) adsorb onto solid surfaces instead
of dissolving into a liquid. Adsorption cooling systems also present a generation pro-
cess where refrigerant vapour molecules desorb from the solid [11,12]. This technique
strongly depends on the characteristics of the coupled adsorbent/refrigerant, and the
advantages are usually due to having no moving parts, the recovery of waste thermal
flows, the use of natural fluids, noise reduction, and non-corrosive systems. The main
drawbacks of this technology are the same as those of absorption refrigeration and can
be summarised as follows: their high initial cost, their size and weight, their COP,
and the possible need for backup cooling systems [13]. But they can be powered by
low-grade heating sources [14].

* Air cycle: This is based on the inverse Brayton cycle [15] and is rarely used, but
has some niche applications, mainly related to aeroplane and high-speed train air
conditioning. The main advantages of this cycle are the refrigerant used (air, which
is abundant and freely available) and the possibility of having circuits that are not
sealed [16]. However, enhancing the performance of the system still remains an open
problem [17].

*  Stirling-based refrigeration technologies: The result of this mode is very interesting
due to its thermodynamic cycle (Stirling cycle), which is an irreversible cycle with
the highest theoretical efficiency [18]. The Stirling engine is used to run the inverse
cycle; it presents two different volumes at different temperatures, separated by the
regenerator. The gas contained within the volumes is alternatively compressed and
expanded by the piston and supported by the displacer, absorbing and rejecting heat.
The COP is affected by whether the non-isothermal heat exchanges are performed.
The main common features of a Stirling engine are (i) a closed system with a certain
content of gas; (ii) compression and expansion phases that occur by controlling a
piston—cylinder system, with the fluid flowing and alternating its direction among
the volumes; (iii) a displacement arrangement; (iv) the presence of the regenerator
(usually porous or made of fine wires); and (v) a heat exchanger and chiller, used to
transfer heat to and from the cycle, as well as serving as heat reservoirs [19,20];

e  Thermoelectric refrigeration: This is based on the Peltier effect, which allows for
the transfer of heat from one side to the other of the device. The devices dispose
of thermoelectric couples (N-type and P-type semiconductors due to their different
electron densities) and, when a variation of potential is given to the free ends of the
semiconductors, a flow of direct current across the junction of the semiconductors
occurs, causing a temperature difference [21,22]. The side with the cooling plate
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absorbs heat, which is then transported by the semiconductor to the other side of
the device. The main advantages of this technology are that it has no moving parts,
no refrigerant liquid is used, and it has a small size and flexibility [23,24]. On the
other hand, it presents low efficiency and is not easy to scale, thus presenting low
development potential.

e Electrocaloric refrigeration: This is based on the electrocaloric effect, which consists
of the temperature variation of a crystal when an adiabatic electric field is applied
to it [25]. This phenomenon occurs depending on the dielectric properties of the
electrocaloric materials (mainly classified into ferroelectrics, relaxor ferroelectrics,
and anti-ferroelectric). In particular, when an electric field is applied to these materials,
they change their temperature due to the rearrangement of their dipolar state which,
in turn, is related to an entropy variation that causes a heat release; this effect ends
when the electric field is switched off, and the dipolar moment orientation is set back
to the unarranged orientation, absorbing heat [26,27]. The electrocaloric refrigeration
prototypes developed are of a small size, with niche applications such as wearable
coolers and the cooling/heating of vehicle seats. One of the open issues related to
this technology is the stress generated along the cycles within the material by the
electric field.

*  Magnetocaloric refrigeration: This is based on the magneto-thermodynamic phe-
nomenon (magnetocaloric effect) that occurs in paramagnetic (and ferromagnetic)
materials when an external magnetic field acts on them in adiabatic conditions [28].
This phenomenon occurs depending on the magnetic properties of the magnetocaloric
materials. In particular, when a magnetic field is applied to these materials, they
change their temperature due to the rearrangement of their magnetic momentum
which, in turn, is related to an entropy variation that causes heat release. In paramag-
netic materials, when the external field is switched off, their condition returns to the
original state with the opposite effect.

Hence, thermal physicists and engineers are exploring new cooling technologies, among
which magnetic refrigeration can provide very interesting results as one of the new emerg-
ing technologies. For this reason alone, in this study, magnetocaloric refrigeration is
analysed, with a particular focus on the thermodynamic principles that drive this kind of
technology. Moreover, when compared to conventional refrigeration and cooling systems,
magnetic refrigeration is an environmentally friendly and efficient technology [29,30];
indeed, it has been highlighted as an environmentally friendly technology that has no
direct ODP (ozone depletion potential) and zero direct GWP [31].

As previously pointed out, magnetic cooling technology uses the magnetocaloric
effect (MCE) that occurs on some metallic alloys called magnetocaloric materials (MCMs).
The technical basis is the reversible temperature change in paramagnetic salts for low-
temperature changes due to adiabatic demagnetisation [1]. This technology is environmen-
tally safe [32] for the following reasons [1,32]:

e It does not involve refrigerants, such as CFCs, HCFCs, or ammonia, decreasing the
related gas emissions.

¢ It benefits from the intrinsic better performance of magnetocaloric materials.

e Itavoids ozone-depleting and greenhouse effects from direct emissions.

1.2. The Aim of This Study

This study aims to summarise the thermodynamic basis of the magnetic cycles for
magnetocaloric refrigeration. This aspect is developed in Section 2, where the relations
related to the thermodynamic approach are introduced, together with the main magne-
tocaloric thermodynamic cycles. Moreover, in order to provide an overview concerning the
main challenges of magnetocaloric refrigeration, the main features and characteristics of
the materials affected by magnetocaloric effects are presented in Section 3. In Section 4,
an overview of the technological basis for magnetocaloric refrigerators is summarised.
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Finally, in Section 5, a brief discussion is provided, presenting some of the main challenges
of these technologies (Section 6).

2. Fundamentals of Magnetic Cooling
2.1. Brief Historical Contextualisation

The first intuitions and observations on the magnetocaloric effect date back to 1843,
when James Joule observed that iron samples subjected to repeated magnetisation/
demagnetisation cycles (induced with an electromagnetic field) led to a temperature varia-
tion due to the heat dissipated by induction currents [33]. Then, knowledge of some of the
magnetic properties of ferromagnetic materials was uncovered (e.g., the loss of magnetic
properties subsequent to heating above a certain temperature; this is now known as the
Curie temperature). Thus, in 1860, starting from a thermodynamic approach, William
Thomson (also known as Lord Kelvin) deduced the existence of a relation between the
temperature dependence of the magnetisation of a body and its temperature response to an
external magnetic field, revealing that these materials outflow heat when magnetised and
absorb heat when demagnetised, and that the effect is amplified when closer to the loss of
magnetisation temperature [33].

In 1881, Warburg showed the thermal effect of metal iron under interactions with
varying magnetic fields and explained magnetic hysteresis. Then, with the works of Paul
Langevin [34], Pierre Weiss, and Auguste Piccard [35], the discovery of the magnetocaloric
effect was made, favouring the study of magnetic refrigeration. In particular, Weiss and
Piccard found reversible heating in a nickel sample subjected to a 1.5 T magnetic field
near its Curie temperature, with a 0.7 K temperature increase, also highlighting the
reversibility of the effect and that the higher order of magnitude of the effect can allow it to
be distinguished from the hysteresis effect. Then, the idea of exploiting this phenomenon to
generate power or use it for refrigeration and heat pumping arose with Josef Stefan, Thomas
Edison, and Nikola Tesla [33]. Afterwards, Debye and Giauque provided an explanation
for the magnetocaloric effect, also obtaining the achievement of ultra-low temperatures
under adiabatic demagnetisation cooling; its application for cryogenic refrigeration began
in 1930, and in 1976, Brown achieved magnetic cooling at room temperature [36].

2.2. Thermodynamic Approach to Magnetic Refrigeration and Its Working Principle

In classical thermodynamics, the entropy concept is very useful, as it is a state function
and, so, its variation results are independent of the pathway followed by the system during
the transformation or the process [37]. The second law brings us to the Clausius inequality:

§2 <o (1)

Entropy generation is introduced to avoid the difficulties concerning the inequali-
ties [38] in designing and evaluations, even if nothing is really produced [37-40], obtaining
the following relation [41]:

_ [ (99 _
AS—/<T> = AS,+S,, @)

rev

where S¢ (which is called AS;,, elsewhere) is the entropy variation due to irreversibility [40],
named entropy production (or generation), which represents a fundamental concept in
modern thermal physics and engineering, as it is the quantity concerned with dissipative
processes. In the last few decades, entropy generation has been shown to play a funda-
mental role in the analysis of real systems [37,40]. The quantity AS, is better defined as the
entropy variation due to the reversible exchange of the same fluxes throughout the system
boundaries. Thus, entropy results in a parameter characterising the thermodynamic state,
while entropy generation measures how far the system is from the state that will be attained
in a reversible manner [37,40,42]. In this context, the concept of random motion can be
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translated into the concept of order and disorder [40,42]; indeed, any energy exchange or
conversion determines a change in the thermodynamic state of the system.

The magnetocaloric effect, which is intrinsically present in all magnetic materials,
consists of the heat outflow from paramagnetic or soft ferromagnetic materials, with a
related decrease in their magnetic entropy during the isothermal application of a magnetic
field. On the contrary, if their magnetic entropy increases, a heat inflow occurs during
an isothermal decrease of the magnetic field [32]. Thus, the results of the magnetocaloric
effect are suitable for being exploited in a refrigeration cycle. A simplified scheme is
reported in Figure 1, where it is possible to highlight that, once the magnetic field is applied
(H > 0), magnetic momentum alignment occurs with a related increase in the material’s
temperature; then, heat outflow takes place (Q", AT,y), followed by the material being
demagnetised (H = 0), causing the magnetic moment disarrangement which, in turn, leads
to a temperature drop (ATj,).

AT;

i

0-

SR

= \I/X>
o H>0 o

H=
v HETTTIE A

RERRRNAR AS =0

Figure 1. A simplified scheme of a magnetic refrigeration cycle, considering adiabatic conditions.

— —
— —
— —

It is evident that, in a thermodynamic approach to magnetic materials, their total
entropy S and the entropy of its magnetic subsystem Sj; (magnetic entropy) play fun-
damental roles. Indeed, as previously highlighted, any change in the applied magnetic
field determines a variation in their entropy, with the consequence of causing tempera-
ture changes.

The entropy of a magnet, S(T, H), can be evaluated as [43]

S(T,H) = Sm(T, H) + Se(T) + S.(T), ®)

where Sy (T, H) is the magnetic entropy, which is magnetic field- and temperature-dependent;
S1(T) is the lattice entropy, which is only temperature-dependent; and Sg(T) is the elec-
tronic entropy, which is only temperature-dependent. Consequently, the entropy of a
magnet is magnetic field- and temperature-dependent.

Now, we consider that the second law of thermodynamics can be written as

dszédumdv—@dm @)

where H is the intensity of the magnetic field, p is the pressure, V is the volume, y is the
magnetic permeability of the vacuum, and M is the magnetic momentum. Considering
that the volume remains constant during the magnetic interaction, the second law results in
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o 1 Ho H
as = T au T aM. )
Considering that the heat capacity at a constant pressure and magnetic field is
ou 6Q 0S
=), = (50), =) . ®
JaT ) JaT ) T/ 1
it follows that c H
_ SH gp_ Mo
as = T ar T dM. (7)
Now, introducing an isoentropic transformation (dS = 0), the temperature variation
results are [44]
Hp Ho oM
AT = — | == | dH; 8

whereas, for an isothermal transformation, considering the Maxwell relation [45], we have

aS oM
<8H> = Ho <8T> , )
T H

which can be input into the constitutive equation in the thermodynamic space (H,T)

as as
s = <6T> HdT + <8H> TdH. (10)

H (oM
AS = —/ oMY 4l 11
" Ho ( 5T ) ; (11)

From Equations (8) and (11), we can highlight the fundamental role of magnetisation
variation in the magnetocaloric effect, and that this effect is large under the following
conditions:

It follows that [45]

* A large magnetic field variation;
* Rapid changes in magnetisation with temperature;
¢ Alow specific heat.

2.3. Thermodynamic Cycles of Magnetocaloric Refrigeration

Magnetic refrigerators use magnetic materials to complete the cooling—refrigeration
cycle. A magnetic refrigeration cycle involves magnetisation and demagnetisation pro-
cesses, with heat outflow and inflow from the magnetic material, respectively, but there are
also two more benign intermediate processes.

In cooling applications, the coefficient of performance (COP) plays a fundamental role,
as it expresses the efficiency of the cycle considered [43]; for magnetocaloric refrigeration,
it is defined as usual:

Qo

COP = T (12)
where Q) is the heat removed due to the magnetocaloric effect and L is the work carried
out to sustain the reverse cycle. It can be highlighted that only magnetic entropy can be
controlled by varying the magnitude of the magnetic field.

In the following sections, we discuss the thermodynamic approach being used and
analyse the Ericsson and Brayton refrigeration cycles. The two cycles are represented in
Figure 2.
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a) Ericsson magnetocaloric cycle b) Brayton magnetocaloric cycle
Ty A
u u H,
g £ 1
& &
&7 & B
’ __/)
7, !
Entropy Entropy

Figure 2. Temperature vs entropy, Ericsson (a) and Brayton (b) magnetic cycles.

(2a) Ericsson magnetic cooling cycle
The magnetic Ericsson cycle (Figure 2a) consists of two isothermal and two isofield
processes:

1.  Isothermal magnetisation process A — B. The magnetic field increases from Hj to
Hj, and heat is exchanged from a magnetic refrigerant to a regenerator fluid:

Qap=T1(Sp—Sa), (13)

and the fluid increases in temperature.
2. Isofield cooling process B — C. Heat is transferred from a magnetic refrigerant to a
regenerator fluid:

Sp
%c=é Tds. (14)

3. Isothermal demagnetisation process C — D. The magnetic field decreases from H; to Hy,
and the lower temperature regenerator fluid exchanges heat into the magnetic refrigerant:

Qcp = To (Sp — Sc¢)- (15)

Afterwards, the temperature’s fluid decreases.
4.  Field heating process C — D. In the field of Hy, the regenerator fluid absorbs heat:

-Sp
QMp:A Tds. (16)

Now, to evaluate the COP, it is necessary to evaluate the previous entropy variations.
In order to do so, we consider magnetisation M defined as

M = X(H+H3xt)/ (17)

where x = C/(T — CA) is the magnetic susceptibility, with C being the Curie constant; T is
the temperature; and A = Tc/C = 3kTc|S| (|S| + 1)u?/(Ng?) is a constant independent of
temperature, with T as the Curie temperature, k as the Boltzmann constant, S as the total
spin, and g as the Landé factor defined as g =1+ [J(J+1) + |S|(|S| + 1) — |L|(|L| + 1)]/
[2]J|([J] +1)], with J as the total angular momentum, L as the orbital momentum, N as the
number of atoms or molecules, i as the Bohr magneton, and H and H,,; as the internal and
external magnetic fields, respectively. Therefore, the magnetisation results as:

M = C(H+ Hext)/ (T — CA). (18)
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Now, considering the Maxwell relations
ISu oM C(H + Hext)
SM) - (S2) =-= ot (19)
oH /1 oT )y (T —CA)
and that [43]
0 H+H
<M> = _M, (20)
oT ) (T —CA)
it follows that [43]
dS _
(?HQA)T = —C(H + Hext)[T - T] 2, (21)
with
_ 12CkT S| IIA(IS| + (I +1)? )
5
NI +1) +[S[ (IS +1) — [L] (JL] +1)]
As a result, we can obtain the heat exchanged during the following:
¢  Isothermal magnetisation process A — B:
Qup = —Con b (Hy — Hy) (23)
AB — (T1 — r)z 1 0)-
¢  Field heating process C — D:
Q —CL(H — Hp) (24)
From the previous considerations, we can evaluate the work as:
T To
L= - =—-C(H,—H 25
Qap — Qcp (Hy — Hy) |:(T1 et —1")2]’ (25)
and the related coefficient of performance:
cop = cp _ ! — (26)
To\T; — T

(2b) Brayton magnetic cooling cycle

In Figure 2b, the magnetic Brayton cycle is represented. It consists of two adiabatic
and two isofield processes (Hy and Hj) that occur with high- and low-temperature heat
sources Ty and T, respectively. It is composed as follows:

¢ Isofield cooling process A — B at a constant magnetic field of Hi: A magnetic
refrigerant outflows heat Qcp (or Q7), which is obtained by evaluating the area of the
phase space between the isofield H; (AB pathway) and the entropy axis

D
Qcp = /C Tds. 27)

*  Adiabatic demagnetisation B — C process: No heat flow occurs.

*  Isofield heating process C — D at a constant magnetic field Hy: The magnetic refriger-
ant absorbs heat Q 45 (or QT), which is obtained by evaluating the area of the phase
space between the isofield Hy (CD pathway) and the entropy axis

A
Qup = — /B Tds. (28)
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*  Adiabatic demagnetisation D — A process: No heat flow occurs.

The magnetic refrigeration ideal, COP, results are

cop = o (29)
L

where Q 4p is the heat outflow due to the magnetocaloric effect and L is the work carried out.
During the isofield cooling process A — B, at constant magnetic field Hy, the magnetic
refrigerant outflows heat Q45 equal to the area of the phase space between the isofield
curve and the entropy axis; for the other isofield heating process C — D at a constant
magnetic field Hp, a magnetic refrigerant absorbs heat Qcp equal to the area of phase
space between the isoentropic Hy and the entropy axis. No heat flow occurs during the
adiabatic magnetisation process D — A and the adiabatic demagnetisation B — C process.

Consequently, it follows that

QaB = T (Sa — Sp), (30)

where Ty, = (T4 + Tp)/2 is the mean value of the temperature between T4 and Tp.
Moreover, it follows that

Qcp = Tim (54 — SB), (31)

where Ty, = (Tc + Tp)/2 is the mean value of the temperature between T¢ and Tp.
Considering that (S4 — Sg) = (Sp — S¢), then it follows that

L=0Q1— Qo= (Tim — Tom) (Sa — Sp), (32)
and the coefficient of performance results in

Qcp Tom
COP = = . 33
L~ T Tom (33)

3. Magnetocaloric Materials

In order to develop cooling magnetocaloric devices, the main key elements are the
magnetocaloric material itself, the coolants, and the regeneration materials. In this section,
an overview of magnetocaloric materials for both solids and fluids is given. In general,
to be suitable for refrigeration, the MCM should have the following properties:

*  Asuitable Curie temperature for the considered application: The magnetocaloric effect
has a larger magnitude at temperatures closer to its Curie temperature (the tempera-
ture at which the transition between ferromagnetic and paramagnetic phases occurs).

* A suitable magnetocaloric effect intensity: This is mainly related to the adiabatic
temperature variation and isothermal entropy variation. These, in turn, are related
by means of the heat capacity of the material itself. For active magnetic refrigeration
(AMR), the results are more relevant to a wide adiabatic temperature variation range
and a smaller magnetic entropy variation due to the heat power transfer between the
MCM and the heat-transfer medium. This is because the losses due to irreversibility
can negatively affect a device’s performance when the adiabatic variation temperature
is small.

* A large magnetocaloric effect over a large temperature range.

* A small hysteresis for first-order phase transition materials, as it implies energy losses.

* A high thermal conductivity and thermal diffusivity to obtain a fast temperature
response in material, favouring heat transfer to the refrigerant fluid.

*  Alarge material’s electrical resistivity minimises the generation of Foucault dissipative
currents, which, in turn, causes a temperature increase in the material when the
external magnetic field induction varies. This is particularly true when the operating
frequencies are higher than 10 Hz [46].

e Low corrosiveness, especially in relation to the heat transfer fluid: This effect can be
inhibited by adding adequate substances to the fluid.
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e Easy to treat and manufacture: Suitable mechanical and processing properties are
required within an optimal configuration for running the magnetocaloric device.

3.1. Solid Magnetic Materials

Considering the previous results of the thermodynamic analysis, we can highlight that
only magnetic entropy Sy;(T, H) can be changed by changing the value of the magnetic
field [32].

Concerning solid materials, the lattice entropy S (T) presents a significant value at
ambient temperature, with the consequence that the lattice itself requires a significant
amount of cooling power to decrease its temperature in the adiabatic demagnetisation
process [32]. Consequently, the choice of the magnetocaloric material is crucial when
designing a magnetocaloric cooling system; indeed, the magnetocaloric effect requires
materials with large total angular momentum numbers | and Landé factors g but with
modest Debye and Curie temperatures in the range of working temperatures. Moreover,
to reduce cooling power loss, their magnetic hysteresis must be quite null, and their electric
resistance must be large. Concerning heat transfer, they must present low specific heat and
high thermal conductivity.

The first material used at ambient temperature was 4f-lanthanide metal gadolinium
(Gd), with a Curie temperature of 294 K [36]. It presents a second-order paramagnetic-
to-ferromagnetic phase transition at the Curie temperature. Its adiabatic temperature
changes are around 3 K for an applied magnetic field of 1 T, with a magnetocaloric effect
of 2.6 K T~!. However, gadolinium can be easily corroded and oxidised. Some of the
properties of gadolinium and other magnetocaloric materials are summarised in Table 1.
Moreover, it should be highlighted that other works have also been developed to study
the properties and fundamental quantities related to the magnetocaloric effect, for exam-
ple, Gd5(Si1_gG€2.2) in Ref. [47] ’ Gd5(SixGel_x)4 in Ref. [48], Gd5(Sil_5Gezi5) in Ref. [49],
R5(SixGey_y) in Ref. [50], and perovskite manganite compounds reviewed in Ref. [51].
Furthermore, perovskite manganese oxides and rare-earth transition metal compounds
have recently been studied and shown to have large magnetic entropy variation [32], with a
possible reduction in costs for cooling systems.

Table 1. Some of the properties of gadolinium and other magnetocaloric materials and compounds.

Curie Magnetic Field  Specific Magnetic
Material Temperature Variation Entropy Variation Refs.
K] [T] Dkg 1K1

1.0 3.1 [52]

1.5 3.8 [53]

2.0 5 [54]
Gd 294 3.0 7.1 [53]

5.0 10.2 [53]

6.0 114 [53]
Gd5Siy 346 5.0 8.2 [55]
Gd5SizGe 323 5.0 8.7 [56]
Gd5Sip 5Ge 5 313 5.0 9.4 [56]
Gd5Ga0'7Ge3 175 2.0 6.0 [57]

5.0 13.6 [57]
Gdo5Dyg 5 230 5.0 10.2 [58]
Gdg.74Tb 26 280 5.0 11.5 [59]
GdyPd; 323 5.0 8.5 [60]
Gd5(Sio_43G60.57)4 247 5.0 39.0 [61]
Gd5(Sig5Geg 5)4 276 2.0 27.0 [62,63]
Gd5(Sig5Gep 5)4 5.0 18.4 [61,64]
Gd5(Sio‘505Ge495)4 280 5.0 11.7 [65]
Gd5(Si1,985Ge1,985Ga0,03)2 290 5.0 15.0 [66]
DY5513.5G60.5 130 5.0 9.5 [67]
Dys5SizGe 65 5.0 34.0 [67]
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Table 1. Cont.

Curie Magnetic Field  Specific Magnetic
Material Temperature Variation Entropy Variation Refs.
K] [T] Jkg ' K]
Ni52,6Mn23.1Ga24.3 300 5.0 18.0 [68]
MnAs 318 5.0 30.0 [69]
MnAs(9Sbg 1 286 5.0 30.0 [70]
MnASO_95Sb()_O5 309 2.0 27.0 [69]
5.0 31.0 [69]
MnAs g5Sbg 15 260 5.0 26.0 [71]
MnAs255bg s 233 2.0 18.0 [71]
5.0 24.0 [71]
MnFeP 45As0 55 300 5.0 18.0 [72]
AlFe;B, 282 5.0 7.3 [73]
LaFe11444Sil_56 195 2.0 20.0 [74]
5.0 23.0 [74]
LaFe11 57511 43 188 2.0 24.0 [74]
5.0 26.0 [74]
LaFeq1,Cop 7Si1 1 274 2.0 12.0 [75]
5.0 20.0 [75]

3.2. Ferrofluids

Ferrofluids are colloidal magnetic fluids (i.e., suspensions of magnetic nanoparticles in
a liquid medium) that differ from other magnetic fluids for their size (3—15 nm) [76]. Their
fundamental characteristic is that the magnetic particles maintain suspension without the
following [77]:

*  Settling upon the gravitational field;
*  Segregating under a magnetic field gradient;
*  Agglomerating due to inter-particle interactions.

Indeed, to avoid any intermolecular interaction, ferrofluid particles are covered by a
monolayer of surfactant [76].

In the absence of an external magnetic field, the magnetic moment associated with each
particle is randomly oriented, with a related null magnetisation in ferrofluids. When an
external constant magnetic field is applied, the magnetic moment associated with each parti-
cle aligns with a related magnetisation of the ferrofluid [76]. When a low-intensity magnetic
field is applied, the magnetisation is proportional to a coupling coefficient, whereas in the
presence of a high-intensity magnetic field, magnetisation saturates at a value proportional
to the fraction of magnetic particles present in the ferrofluid itself [76].

3.3. Fundamentals of Ferro-Hydrodynamics

The fundamental approach to ferro-hydrodynamics is based on the following three
balance equations:
*  The conservation of mass:
9
L+V-(ov) =0, (34)

where p is the density of the ferrofluid, v is its velocity of the ferrofluid flow, and ¢ is
the time, with a “V-” divergence operator;
¢  The balance of linear momentum:

dpv)
ot

+V-(ovw)=V -T+pf, (35)

in which T = —pl + Ty 4 T; + T}, is the stress tensor, where —pl is the hydrostatic
pressure, T, is the symmetric viscous stress tensors, T, is the antisymmetric viscous



Energies 2024, 17, 3585

13 of 25

stress tensors, which is null if there is no exchange in angular momentum r x v, and
T, is the magnetism of the fluid, and f is a body force per unit mass.
¢  The balance of internal angular momentum:

d(ps)
ot

+V.-(pvs) =V -T+rxv+pf, (36)

where s is the angular momentum (i.e., the rotation of a magnetic particle within a

liquid medium).

When the ferrofluid interacts with an external magnetic field, B, magnetisation (M)
occurs, which can be analytically described as the result of the action of the force f and the
torque r x v. Considering a unit volume, the force results are (M - V) B and the torque is
M x B.

In the case of magnetic saturation, ferrofluids are able to preserve their colloidal nature,
but the external magnetic field is able to change their viscosity to the physical condition in
which nanoparticles do not follow the fluid’s deformation; that is, r x v % 0.

4. Technological Basis for Magnetocaloric Refrigerators

Magnetic refrigeration at room temperature [43] has recently attracted great inter-
est, as it represents an environmentally safe cooling technology due to the use of new
magnetocaloric alloys operating at ambient temperature (from —50 °C to 465 °C) [1].

A fundamental aspect to be considered is that the magnetic cooling system is usually
compact, as magnetic materials have a larger entropy density than the refrigerant gas
versions [32]. Many prototypes using solid magnetic materials have been developed in
the last 50 years. In this context, there are two broader families of prototypes: those that
work under a reciprocating linear motion and those that work under a rotative motion.
As previously pointed out, the magnetocaloric effect of a wide range of MCMs subjected
to a constant magnetic field with magnetic induction values lower than 1.5 T usually
corresponds to low adiabatic temperature variations (up to AT = 5 K) [56], which are too
small to support the implementation of a cooling device, where approximately AT = 30 K
is required. In order to overcome this technical issue, one of the most commonly adopted
solutions is to dispose of the heat regenerator within the device itself. This element allows
the system to indirectly exchange heat periodically through storing and transferring it in
both senses using a regenerative (porous) material and an operative heat transfer fluid.
A simplified representation of the working principle of this type of device is given in
Figure 3. This kind of solution has already been presented by Brown [36] in the first
prototype, which dates back to 1976.

In 1996, Zimm developed a magnetic refrigerator using around 3 kg of Gd as the
working material and generated up to 500-600 W of cooling power in a 5 T magnetic
field [78]. Moreover, since 2002, many prototypes have implemented magnetocaloric
materials as permanent magnets that are able to generate high magnetic fields.

Furthermore, in the past few decades, many prototypes have been designed and
realised using different structures, geometries, and movement systems. Their competitive-
ness with conventional refrigeration technologies can be compared based on their potential
development, innovative systems, and economic and technological aspects, among which
the most important influencing factors are represented by the design of a stable magnetic
source and resistance, the development of new materials that can allow for an improve-
ment in machine performance, and the optimisation of the arrangement and movement of
system units.
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Figure 3. Working principle scheme of a linear AMR evolving with a Brayton-like thermodynamic
cycle, where the magnet is displaced linearly (movement indicated with arrows). In phase (a) the
magnetisation occurs. In (b) the heat is rejected to the hot sink, while the (c) phase represents
demagnetisation, which is followed by (d), where the useful effect occurs.

A technical classification of AMR magnetocaloric refrigerator prototypes can be devel-
oped based on three main considerations:

¢  The source type of the working MCM;

*  The arrangement of regenerators, with particular attention paid to both the magne-
tocaloric material (MCM) and the heat exchange carrier fluid;

*  Therelative motion of the AMR concerning the magnetic field and the carrier fluid flow.

The first (single-effect) cooling machine using the magnetocaloric effect (Figure 4)
includes three main components: the magnet, the magnetocaloric material, and the heat
carrier fluid circuit. The four stages of the refrigeration cycle are obtained through the
movement of the magnet, which can surround the magnetocaloric material and form the
appropriate synchronisation of the passage of the fluid with the variation of the magnetic
field. The alternating magnetisation phenomenon can be obtained using different methods
(e.g., using permanent magnets or electromagnets), and the moving parts can be the magnet
or the regenerator, or the system can have no moving parts at all, with a synchronised
on/ off switch for the magnetic field, depending on the fluid flow.

Magnet

D

3 Pump
(bidirectional)

Cold exchanger I Hot exchanger

L

-

AN At ala

C
C
C
(¢
C

L S Y

Figure 4. Simplified scheme of a single-effect device with linear motion for the permanent magnet in
relation to the active magnetocaloric material (MCM) as described in Ref. [79].

In order to obtain double the refrigeration capacity, it is possible to duplicate the single-
effect device twice and join their hydraulic circuits, obtaining a double-effect device while
maintaining the structure and the weight of the active magnetocaloric material as shown in
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Figure 5, where two equivalent systems (a) and (b) are shown. However, this can result
in different systems, depending on the relative movement between the active magnetic
material and the magnetic field, which can be performed through moving the magnet or
the active material. These systems require adequate synchronisation, ensuring that when
the largest magnetic field is applied to the active magnetocaloric material, its temperature
distribution increases within the regenerator towards the hottest heat exchanger and, at
the same time, the working fluid moves within the active magnetocaloric material towards
the same hottest side of the circuit. When no magnetic field is applied to the active
magnetocaloric material, its temperature distribution decreases within the regenerator
towards the coldest heat exchanger and, at the same time, the working fluid moves within
the active magnetocaloric material towards the coldest side of the circuit. Thus, when the
magnet is moved from one active magnetocaloric material to the other, the flow is inverted.
In particular, the (a) configuration has a parallel temperature distribution within the system,
with an opposite direction to the working fluid flow; in the (b) configuration, only the
fluid flow is parallel, which is in contrast to the temperature distributions on the active
magnetocaloric materials.

(@) ()

Figure 5. Simplified scheme of a double-effect device (described in [79]) with a moving magnet.
The bidirectional pumps are able to provide the alternate carrier fluid flow; in order to work properly,
the bidirectional flow has to be synchronised.

Solution (a) of Figure 5 has been improved to obtain the evolutions represented in
Figure 6. In particular, in configuration (1) (Figure 6), the bidirectional pump moves the
working fluid into the heat exchangers with an alternating fluid flow. However, this kind
of pump decreases the overall performance of the system due to the formation of dead
volumes. In order to overcome this issue, it is possible to use three-way microvalves near
the active magnetocaloric materials as shown in configuration (2) (Figure 6), which results
in improved performance, even if it presents higher complexity in the hydraulic circuit.

However, oscillating the regenerators (Figure 6(1)) within the field linearly is not the
only solution that can be implemented. Indeed, the rotational movement of the slider can
also be performed as shown in Figure 7, where two different possible axes of rotation are
highlighted. In Figure 7a, the bidirectional pump is substituted with a monodirectional
pump, and a continuous rotating motion (counter-clockwise) occurs in relation to the
direction of fluid flow. The cylinder can completely contain the magnetocaloric material (as
described in Ref. [80]) or a ferrofluid suspension as highlighted in Ref. [81]. The system
represented in Figure 7b can be used for both continuous or pulsed movement due to
the fact that the rotation does not provide an inversion when turning the regenerators
within the magnetocaloric material. If the pulsed mode is considered, when a half-turn is
performed, the rotation may move backwards or forwards concerning its original position.
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Figure 6. Simplified scheme for moving the active magnetocaloric material device as described in [79].
Configuration (1) presents a bidirectional pump and the linear motion of the active magnetocaloric
material (two beds within a moving slider), where the magnet has a fixed position. Configuration (2)
presents a unidirectional pump with three-way microvalves with the aim of improving the efficiency
of the system. The external grey pipes contain dead fluid.

Figure 7. According to the configuration of a moving active material (Figure 6), it is possible to evolve

towards two different rotating systems, with the first being a continuous motion (a) and the other
being a continuous or discontinuous rotation along the axis parallel to the fluid flow circuit (b).

It should be highlighted that the technical development of magnetic refrigeration
began with physical applications at low temperatures. The first generation of prototypes
had the peculiarity of operating with superconducting magnets (therefore, they were
constantly refrigerated with He for superfluid conditions) and low-frequency cycles; this
hugely limited the achievement of significant efficiencies (the magnetic refrigeration sys-
tems range from 30% to 60%, compared to conventional compression refrigeration cycling,
which ranges from 5% to 10%). Some of the milestones achieved in the magnetocaloric
refrigeration prototypes are summarised in the following paragraphs.

The first device, which was designed in 1976 by Brown [36], was a heat pump operating
at room temperature using a superconducting magnet; it was refrigerated with liquid
helium, with a magnetic field of 7 T. The temperature difference was of the order of 47 K
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with a 273 K thermal source and a 320 K heat exchanger; these operating conditions were
achieved after 50 cycles of magnetisation/demagnetisation. The working fluid used for the
heat exchange was water and 20% ethyl alcohol. The low value of the device’s refrigeration
power and efficiency was due to irreversible thermal losses.

In 1978, Steyert [80] introduced a system with active magnetocaloric material re-
generators, where the magnetocaloric material had the double effect of exploiting the
magnetocaloric effect and acting as a regenerator. In the subsequent years, some variants
of this device were proposed by Barclay in 1982, Hakuraku and Hisanao in 1986, Kirol and
Dacus in 1987, Hakuraku and Hideaki in 1988, and Peschka and Schneider in 1988 [82].
In 1997, the collaboration between AMES Laboratory and Astronautics Corporation of
America led to a prototype based on a 0.15-0.30 mm diameter spherical Gd magnetocaloric
material with superconducting magnet technology that worked for around 18 months,
with a magnetic field of 5 T. The maximum cooling power obtained was 600 W, and the
maximum coefficient of performance achieved was 60%, with a temperature difference of
approximately 38 K.

Since the early 2000s, a second generation of magnetocaloric effect refrigerators has
been developed based on the presence of permanent magnets, rotary systems, and higher
working frequencies; for example, Zimm et al. [78] built a prototype with a rotation disk in
the MCM containing Nd;Fe14B spheres (average diameter of 0.25-0.50 mm), assembled
using steel through a static magnetic field of 1.5 T. This device was made of a series
of rotary valves, with the aim of injecting and distributing the carrier fluid (water with
additional inhibitor) inside the hydraulic circuit to reduce the dead volumes. The operating
frequencies ranged from 0.5 Hz to 4.0 Hz (noiseless device), achieving 50 W of cooling
power with a temperature difference of 25 K. In 2002, a research group from Nanjing
University in China [83] built a magnetocaloric system based on reciprocating motion,
containing two permanent magnets placed in the Halbach arrangement, which allows for a
1.4 T magnetic field to be adapted to the construction needs. The magnetocaloric material
was 0.2 mm diameter Gd spheres, powdered in GdsSi; 985Geq.985Gago3. The refrigerant
fluid used was water, and the temperature difference achieved was 23 K. In 2005, in France,
Cooltech Applications designed a system based on the rotary motor, which consists of eight
supporting components made of a Gd-based synthetic material that is mechanically stable
and thermally insulated. The rotary axes are made of stainless steel, where four NdFeB
permanent magnets are rotated and generate a magnetic field in the range of 1.0-2.4 T.
The optimisation of this device was obtained by using microchannel heat exchangers made
up of 15 Gd plates with square geometry (45 x 45 mm) and a 0.2 mm gap for the carrier
fluid. The flow rate of the refrigerant fluid was controlled to obtain a variable power
between 100 W and 360 W.

In 2005, Xi’an Jiaotong University (China) created an experimental system that is able
to operate at room temperature through the use of Gd and alloy GdsSi>Ge; in an active
magnetic regenerator mode [32,84]. The device was composed of a water-cooled electro-
magnet generating a maximum range of 2.18 T, a heat transfer system, and a mechanical
subsystem for handling and controlling the data acquisition system operations. This device
was tested under different operative conditions, varying the temperature range and fluid
flow carrier, obtaining a maximum refrigeration power of 18.7 W using Gd particulates
with 0.3 mm diameter. In the subsequent year, at the Chinese Academy of Sciences, an
experimental device was designed [85] using He gas as the carrier fluid and two perma-
nent magnets with cylindrical holes 40 mm in diameter, with a magnetic field of 1.5 T.
The magnetocaloric material-regenerating medium was a porous medium made of Gd
particles (with an average diameter of 1.4 mm) with a total mass equal to around 1.17 kg.
The working frequency variation was between 0.4 Hz and 1 Hz, with a cooling power of
51.3 W and a temperature difference of 18.2 K.

At the University of Victoria (Canada), a permanent magnet refrigerator was designed
to test various types and configurations of magnetocaloric refrigerants [52]. This system
used a Halbach permanent magnet in NbFeB, obtaining a magnetic field span range of
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0.10-1.47 T. It used a water carrier fluid with an outlet temperature from the hot side equal
to 253-311 K and a variable frequency up to 4 Hz, obtaining a pressure difference of 0.15 bar
at 0.5 Hz and 1 bar at 3 Hz. A comparable result was obtained at the University of Ljubljana
in Slovenia [86] through designing a machine with a rotating cylinder (drum), achieving a
magnetic field of 0.98 T, which was obtained by using four permanent magnets in NdFeB
and low-C steel.

In Table 2, a summary of the main features of the prototypes realised in recent decades
is provided. In particular, the information related to the year of announcement/publication,
the type (Ro: rotating, Re: reciprocating), the maximum cooling power (Qyuqx) or the
maximum specific cooling power (§qx) of the prototype, the magnetic field intensity (AB),
the temperature variation obtained (ATspa), the MCM used, and some notes on the mass
of the MCM/geometry and the frequency are given.

Table 2. Information related to some of the prototypes available in the literature from recent decades.

Qmax [W] AB ATspun
Year Ref Type (Gmax [Tl [K] AMR Notes
[WikgD
1976 [36] Re - 7 47 Gd Gd plates (1 mm)
1987  [87] Ro - 0.9 — Gd Gd plates (0.076 mm), 270 g
2005 [78] Ro 44 1.5 0.5 Gd Gd particles (~0.5 mm), 4 Hz
2005  [88] Re 10 2 50 Gd-R* Gd-R layered alloys, 270 g, 1 Hz
2005  [89] Re 18.7 2.2 3 Gd, GdsSirGe, particles (~0.3 mm)
2006  [90] Ro (10) 077 1 Gd-Y, Gd-Dy Layered Gd-Y, Gd-Dy spheres (0.6 mm), 1000 g, 3.33 Hz
2006  [91] Ro 50 1.5 25 Gd, GdEr spheres (0.25-0.50 mm), 4 Hz
2006  [85] Re 51 15 42 Gd* particles, 1 Hz
2006 [92] Re 50 15 18 Gd, Gd 750 g LaFe10_97C00<7gSi1_05B0A2 200 g
LaFe10.97C00.785i1.05Bo.2
2007  [93] Ro (76.4) 1.5 8 Gd Gd plates, 916 g, 2 Hz
2007  [32] Ro 40 1.5 115 Gd Gd particles (~0.5 mm), 1 kg
2009  [94] Ro 50 1.4 29 Gd Gd spheres (~300m), 4 Hz, 110 g
2011  [95] Ro 1400 1.5 21 Gd, Gd-Y, Gd-Dy flat plates (0.50-0.85 mm)
(HP)
2012 [96] Ro 100 1.2 254 Gd spheres (0.25-0.80 mm)
2012 [97] Ro 100 50 La(Feo.s855i0.115)13Hy multistage beds
2013 [98] Re 155 5 Gd plates 0.8 mm, 360 g
2014  [99] Ro (1375) 1.5 12 La-Fe-Si-H Layered particles (0.177-0.246 mm), 1.52 kg, 4 Hz
2014  [100] Ro (77) 1.5 15 Gd spheres (0.5 mm), 650 g
2014  [31] Ro 200 1.25 135 Gd spheres (400-500 pm)
2014  [101] Ro (148.8) 1.2 13.8 Gd
2014  [102] Re 6 14 19.3 Gd spheres (0.2-0.4 mm)
2015  [103] Ro 150 1.0 12 Gd spheres (425-600 pm)
2016  [104] Ro 53.7 1.7 30 Gd spheres (0.55 mm)
2018  [105] Ro 40 — 9.1 Gd spheres (0.4-0.8 mm)
2018  [106] Re 75 — 12 Gd spheres (0.5 mm)
2018  [107] Ro 300 1.2 38 Gd; Gd-Er/La-Fe-Si parallel plates
2021  [108] Ro 900 1.3 18.4 Gd, Gd-Er plates (0.4 mm), 1.12 Hz,
2021  [109] Ro 28 224 142 Gd, GdY spheres 0.4 mm
2023  [110] Ro 490 1.15 16.8 Gd, packed beds Gd, La(Fe-Mn-5i);3H,

La(Fe-Mn-Si) 3H;

(400-650 um) in layers

* means that the fluid in the circuit is He instead of water with inhibitors; HP: heat pump.

5. Discussion

Refrigeration has always been a very important and strategic sector for modern society.
Indeed, in the early 1900s, the production of the first refrigeration compression devices was
introduced for home use. Then, new refrigerants that were revolutionary for the time were
introduced (e.g., CFCs—chlorofluorocarbons), improving the efficiency of refrigerators.

In recent years, the international scientific community has become more interested in
magnetic refrigeration; therefore, it has become the subject of numerous research studies
in the field of refrigeration and cooling technology. Indeed, magnetocaloric refrigeration
represents a valid opportunity compared to traditional systems, representing an interesting



Energies 2024, 17, 3585

19 of 25

alternative in the field of refrigeration as a consequence of the new regulations regarding
the environmental impact of refrigerant fluids.

Green refrigeration systems based on the magnetocaloric effect are continuously
receiving attention as sustainable methods to respond to the growing global energy de-
mand [111-113]; indeed, they have been considered [29] to be potential substitutes for
present-day commercialised gas compression technology due to their efficiency and envi-
ronmental friendliness [51,114,115]. Moreover, their additional advantages include high
stability, energy-saving ability, low noise, and no pollution [112].

A great number of prototypes have been designed based on different geometries and
types of movement systems, as the factors that are able to influence the magnetocaloric
effect can be addressed from the design of a stable magnetic source, meaning that the de-
velopment of new materials can allow for improvements in device performance and the
optimisation of the movement of system parts.

The fundamental basis for the technologies realised is based on the following kinds
of devices:

*  Reciprocating devices: These cooling systems are made up of three main components—
a magnet, a magnetocaloric material, and a heat exchange carrier fluid. The four stages
of the regenerative cycle are obtained through the movement of the magnet, which can
surround the magnetocaloric material (or not) in relation to its position. Appropriate
synchronisation of the passage of the thermal carrier fluid with the variation of the
magnetic field is required.

* Rotating devices: These systems are characterised by the alternating motion of the
regenerators inside and outside of the magnetic field.

*  Ferrofluid magnetocaloric systems: These systems are receiving interest but, at present,
the focus of research is centred on ferrofluid properties and production in order to
reduce their costs and enable their use in simple industrial plants or home systems.

This review covers the thermodynamic approach to the magnetocaloric effect. Based
on magnetocaloric cycles, the coefficient of performance is obtained through considering
the entropy variation. Concerning the analytical results obtained, it is clear that the magne-
tocaloric effect depends on the magnetic properties of the material used. In particular, heat
transfer is caused by entropy variation due to the interaction between the material and the
magnetic field.

Furthermore, the efficiency of magnetic refrigeration [43] has been evaluated in the
range of 30-60% for the Carnot cycle [78], and it must be compared with the efficiency
of vapour compression refrigeration, which produces results on the order of 5-10% with
respect to the Carnot cycle [32]. Moreover, we wish to highlight some considerations [32,43]:

1.  When a constant magnetic field is applied to ferromagnets and paramagnets, the mag-
netisation decreases with temperature, (dM/9T)y < 0.

2. The magnetocaloric effect strongly depends on both a large total angular momentum
number | and the Landé factor g of the ferromagnetic material.

3. The magnetocaloric materials’ Debye temperature must be moderate.

4. A modest Curie temperature around the working temperature guarantees that the
large magnetic entropy can change within the whole temperature range of the cycle.

5. Magnetocaloric materials must present a magnetic hysteresis as close as possible
to zero.

6. A notable temperature variation and prompt heat exchange are guaranteed by a
limited specific heat and a high thermal conductivity.

7. Eddy current losses can be avoided by broad electric resistance.

8.  The coefficient of performance (COP) is not affected by the value of the magnetic field
but only by its variation. Moreover, the relation between COP and temperature is
non-linear.

9.  Atroom temperature, the Sy (T) quantity of Equation (3) results in values that are too
wide to be neglected. Therefore, an amount of the refrigeration capacity of the MCM
is used to cool the overall thermal load of the lattice system; this causes a decrease in
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the gross cooling capacity of the MCM [116]. Furthermore, as elucidated in Section 4,
it is possible to improve the system’s coefficient of performance through restoring the
heat expelled by the lattice into the lattice itself using a regenerator.

6. Conclusions and Future Challenges

Magnetocaloric refrigeration represents a promising alternative technology to con-
ventional refrigeration, with possibly higher efficiencies while also addressing answers to
sustainable refrigeration. However, a significant number of problems must be addressed.
Indeed, the materials and heat transfer have been shown to possess limitations that must be
carefully considered in any optimised design, as well as the pumps, drive motors, magnets,
size, mass, and cost.

The efficiency of magnetocaloric devices is highly dependent upon adiabatic tempera-
ture change, so magnetic materials with the largest possible adiabatic temperature changes
are needed. In relation to this, a reduction in the adiabatic temperature change—which is
related to an appropriate design to satisfy the structural demands—cancels the magnetic
forces from one part against another part of the cycle and decreases the smallest possible
thermal mass through increasing the contact area with which to obtain the highest number
of thermal transfers.

Concerning materials, researchers have studied first-order phase transition substances
(e.g., La-Fe-Si and Mn-Fe-P-Ge) that exhibit better performance in the laboratory but lack
some of the other characteristics required for applications in a device. Consequently, to date,
Gd- and Gd-based alloys remain the principal materials for magnetocaloric use. Indeed,
while mechanical stability, a decrease in thermal hysteresis, phase purity, and formabil-
ity have been improved through developing new materials based on computer-guided
techniques, composites, and additive manufacturing, their hysteresis, cyclability, and sta-
bility must still be significantly reduced. Moreover, the MCMs for the existing prototypes
(highlighted in Section 4) are mostly packed beds of grain particles, even when a switch
to parallel plates to obtain more periodic structures occurs. The maximum cooling power
obtained by many prototypes is promising for household applications, considering that
higher COP and Carnot efficiencies can be obtained by magnetocaloric refrigeration devices,
when compared to traditional vapour compression refrigeration devices.

Concerning the prototype devices, one of the big issues that remains to be solved is the
pressure drop that occurs in the heat carrier fluid, which affects the device’s performance.
Nevertheless, overcoming this issue could lead to theoretical efficiency improvements on
the order of 20-30%, compared to vapour compression cycles [117]. Thus, optimising the
quality and heat transfer rate, together with minimisation of the pressure losses due to
friction, should be the focus of future research, meaning that the carrier fluid will also play
a fundamental role in the efficiency of these systems. Thus, special designs are required to
generate wide temperature spans.

Concerning the market, the price for the magnetic refrigerant substances (La and Gd)
is continuously constant due to their rare-earth nature and the by-products from Nd pro-
cessing for the permanent magnet market. Indeed, the production of magnetic refrigerants
on a large scale requires the development of production processes for regenerators without
losing their magnetic properties.

Concerning ferrofluids, one of the principal problems is their small specific heat,
with the consequence of high mass flows and high magnetic fields (above 3 T), the oppo-
site of which is required in ambient temperature refrigeration, even if they present low
flow friction.
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Abbreviations

The following abbreviations are used in this manuscript:

AMR  Active magnetic refrigeration
CFC  Chlorofluorocarbons

CO, Carbon dioxide

COP  Coefficient of performance
EU European Union

GHG  Greenhouse gas

GWP  Global warming potential
HCFC Hydrochlorofluorocarbons
HFC Hydrofluorocarbons

MCE  Magnetocaloric effect
MCM  Magnetocaloric material
oDp Ozone depletion potential
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