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ABSTRACT

Industrial processes release substantial quantities of waste heat, which can be harvested to generate electricity. At present, the conversion of
low grade waste heat to electricity relies solely on thermoelectric materials, but such materials are expensive and have low thermodynamic effi-
ciencies. Although thermomagnetic materials may offer a promising alternative, their performance remains to be evaluated, thereby hindering
their real-world application. Here, the efficiency and cost effectiveness of thermomagnetic materials are evaluated for the usage in motors,
oscillators, and generators for converting waste heat to electricity. The analysis reveals that up to temperature differences of several 10K,
the best thermomagnetic materials have the potential to compete with thermoelectric materials. Importantly, it is found that the price per
watt of some thermomagnetic materials is much lower compared to that of present-day thermoelectrics, which can become competitive with
conventional power plants. This materials library enables the selection of the best available thermomagnetic materials for harvesting waste
heat and gives guidelines for their future development.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0033970

I. INTRODUCTION

Humanity finds itself at a tipping point at which the efficient
use of primary energy has become decisive.! An important option in
this regard is to recover waste heat, which is released during indus-
trial and chemical processes in a quantity that is equivalent to almost
72% of all electrical energy produced in 2016.” However, most of the
waste heat is just above room temperature,’ at which few existing
technologies can convert heat to electricity. Although thermoelectric
generators can work in this temperature range, they suffer from low
thermodynamic efficiency and high price.*” Thus, there is a strong
need for alternative energy materials for the conversion of low grade
waste heat to electricity.

Magnetic materials have an outstanding position within the
class of energy materials. The combination of hard and soft mag-
netic materials in electric motors and generators is the state of the
art for the conversion of electrical energy to mechanical energy,
and vice versa. Magnetocaloric materials expand the application
range further toward the conversion of electrical energy to thermal

energy.®” In these materials, a steep change in magnetization around
room temperature yields a magnetically induced entropy change,
which drives a highly efficient magnetocaloric cooling cycle.” Intense
research on magnetocaloric materials’ has led to the development of
several devices and prototypes'® that enable energy efficient cool-
ing. The rapid progress in magnetocaloric materials has also opened
up the possibility of the reverse process: converting thermal energy
to electrical energy in thermomagnetic systems. Although the first
concepts for thermomagnetic energy harvesting had been already
suggested by Tesla,'!"'* Stefan,"” and Edison'*!> more than 100 years
ago, it required the development of magnetocaloric materials to
build the first thermomagnetic demonstrators.'®

In this paper, we introduce thermomagnetic materials (TMMs)
as dedicated energy materials for harvesting waste heat. To identify
the differences from magnetocaloric materials, we analyze the ther-
momagnetic harvesting cycle and describe how this cycle is imple-
mented within thermomagnetic motors, oscillators, and generators.
From this, we derive generalized criteria for the magnetic and ther-
mal properties required for optimum thermodynamic efficiency and
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cost effectiveness. We use these criteria to benchmark thermomag-
netic materials in two Ashby plots as figures of merit and predict
guidelines for their development. From our materials library, we
analyze the four most promising TMMs and specify their application
areas. For harvesting low grade waste heat, we identify La-Fe-Co-Si
as the best TMM available today, which can compete with thermo-
electric materials with respect to both thermodynamic efficiency and
cost effectiveness.

Il. EXPERIMENTAL SECTION

For our materials library, we digitized material data from
their primary sources, and all data are listed in Table S1 of the
supplementary material. For our analysis, we selected a symmetric
temperature span AT = Tho — Tcold between the hot and cold tem-
peratures around the transition temperature T;. The magnetization
difference was derived from temperature-dependent measurements
at sufficient magnetic fields or from field-dependent measurements
at 1 T. The energy input in the form of heat to achieve this magne-
tization change is determined by the heat capacity of the material.
We took heat capacity data from zero-field measurements. The heat
capacity was calculated as the mean value for AT = 30 K. The digi-
tized data were integrated to calculate the magnetic energy and the
heat input. The precise determination of magnetic energy and heat
input is given exemplarily for La-Fe-Co-Si in Figs. S1 and S2 of the
supplementary material.

Based on the thermodynamic cycle, described later in detail,
we evaluate the power output as one decisive property of a thermo-
magnetic material. For the calculation, it is necessary to calculate a
time at which the temperature and, thus, magnetization of the mate-
rial can change. Therefore, we used the lumped capacitance method,
which is described in Fig. S7 of the supplementary material. To eval-
uate this equation, heat conductivity and mass density are required,
which were taken from their primary sources in the vicinity of the
transition temperature. Relating the power output to the materials
cost results in the cost effectiveness of this particular material. For
this economic consideration, we compiled the raw material costs
from different material marketplaces, as given in Table S1 of the
supplementary material.

Ill. RESULTS AND DISCUSSION

A. The thermomagnetic cycle for harvesting
waste heat

To identify the requirements for high thermodynamic effi-
ciency of thermomagnetic materials (TMMs), we first describe
a thermomagnetic cycle [Fig. 1(a)] and then identify the differ-
ences compared to a magnetocaloric cooling cycle. This general-
ized approach is based on equilibrium thermodynamics and allows
treating all thermomagnetic harvesting devices together, analyzed in
Sec. 111 B. Within a thermomagnetic cycle, the TMM is used as the
functional material, which reduces its magnetization M at a transi-
tion temperature T. Step I starts at ambient temperature, where the
TMM is below T and exhibits a high M.,4. At constant tempera-
ture, a magnetic field H is applied, which reduces the Gibbs energy
of the TMM by —poMoiaH, where yo is the magnetic field constant.'”
In step II, low grade waste heat Qi is used to heat the TMM above
T, which reduces magnetization to Mpo.. When the magnetic field is
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removed in step IIL, just a low value of Gibbs energy term +poMhotH
is required.

In step IV, the hot TMM is brought again into contact with
ambient temperature, which closes the thermomagnetic cycle and
restores the high M ,q. The difference in Gibbs energy —poAMH
is used to create electrical energy, with AM = Mg — Mpo being
the decisive material property. As this contribution to Gibbs energy
only contains magnetic properties, we call the positive counterpart,
which is harvested by thermomagnetic systems, as magnetic energy
(density),

Eny = +uoAMH, (1)

and drop the term “density” for better readability. During one cycle,
the TMM converts Ep; thus, a thermomagnetic system can at best
convert Ey to electrical energy.

A thermomagnetic cycle follows an Ericcson cycle, which dif-
fers from a magnetocaloric (Carnot) cycle in two aspects. First, a
thermomagnetic cycle consists of two isothermal and two isofield
steps, whereas, in a conventional magnetocaloric cycle, the isother-
mal steps are replaced by adiabatic ones.” Only in rare cases, an
Ericcson cycle was used for refrigeration.'® Second, Qi is the ther-
mal input energy and Em is the output energy, which are vice
versa within a magnetocaloric cycle. Both aspects have impact on
efficiency and are treated in detail later.

B. Thermomagnetic motors, oscillators,
and generators

The thermodynamic cycle is implemented in several thermo-
magnetic devices, and we introduce a classification depending on
the type of mechanical movement involved. As a comprehensive col-
lection of devices had recently been given by Kishore and Priya,'” as
well as Kitanovski,”” here we show that, despite these different move-
ments, the TMM is always subjected to the same thermomagnetic
cycle.

Mechanical rotation is employed within a thermomagnetic
motor [Fig. 1(b)]. First proposals of such devices were made by Edi-
son,'* Tesla,'" and Stefan,'? and later works predicted the efficiency
of such a device to reach the thermodynamic limit.”’~>* A thermo-
magnetic motor uses a rotatable ring of TMM. Its rotation causes
each part of the TMM to undergo the four stages of the thermo-
dynamic cycle. In stage I, the application of a magnetic field H is
realized by a permanent magnet. As the TMM exhibits a high M o4,
it is strongly attracted by the field gradient at the edge of the perma-
nent magnet. The integral gain of mechanical energy associated with
this torque is identical to goMo1qH. In stage IT, the TMM is heated by
the low grade waste heat, which reduces the magnetization to Mpey.
Thus, when the TMM leaves the permanent magnet region in stage
II1, only a low torque hinders the rotation of the TMM ring. In step
IV, the temperature of the TMM reduces to ambient and restores
the high M. Thus, in a thermomagnetic motor, the heat Qi is
used to convert the magnetic energy Em = poAMH into mechanical
energy, which can be converted to electrical energy by a conven-
tional generator. Although many miniature versions of this motor,
known also as the “Curie wheel,” can be viewed on video-sharing
websites, these motors can also be more powerful, e.g., a prototype
using gadolinium as the TMM reached a power of 1.4 kW.*

Mechanical oscillation is used within thermomagnetic
microsystems. In these systems, the TMM is used in the shape of
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FIG. 1. Thermomagnetic harvesting of low-temperature waste heat. (a) A thermomagnetic material (TMM) is subjected to four steps within a thermomagnetic cycle. In step
|, @ magnetic field H is applied to the cold TMM (blue) that has a high magnetization M4, which increases its Gibbs energy. In step II, low grade waste heat Q;, is used
to increase the temperature of the TMM (red), which reduces its magnetization to M. Thus, when the magnetic field is removed in step IIl, there is just a low increase in
Gibbs energy. In step IV, the TMM is cooled to ambient, which restores its high magnetization M4 and closes the thermomagnetic cycle. The difference in Gibbs energy
can be harvested by one of the following setups. (b) A rotatable ring of TMM (blue-red color gradient according to its temperature) in a thermomagnetic motor is subjected
to the thermomagnetic cycle. (c) A TMM film is mounted at the tip of a cantilever within a thermomagnetic oscillator. An additional induction coil at the tip of the cantilever
converts the mechanical oscillation within the gradient of the permanent magnet to electric energy. (d) The TMM within a thermomagnetic generator is used to switch the
magnetic flux @ (green arrows) within a magnetic circuit during cycling between hot (left) and cold (right). In this circuit, @ is created by a permanent magnet (green) and
guided by a soft magnetic yoke (gray). As the magnetic field acting on the TMM changes with the flux, a thermomagnetic generator is, thus, an implementation of a four

step thermomagnetic cycle.

a thin film deposited on top of a vibrating cantilever [Fig. 1(c)]. In
step I of the thermomagnetic cycle, the cold TMM film is attracted
by a permanent magnet, which bends the cantilever. The permanent
magnet is combined with the heat source, and thus, in step II, the
temperature of the TMM increases, which reduces its magnetiza-
tion. This decreases the attractive force of the TMM toward the
permanent magnet. Accordingly, in step III, the restoring force of
the bent cantilever is sufficient to move the TMM away from the
heat source. With the heat source also being the permanent magnet,
H is reduced. At sufficient distance, the TMM cools to ambient
(step IV). The mechanical energy of the vibrating cantilever is
converted to electrical energy by an induction coil, which is located
on top of the cantilever.”” During vibration, this coil moves within
the magnetic field gradient of the permanent magnet, and thus,
according to Faraday’s law of induction, the flux change induces an
electric voltage. In a different design,” as suggested by the group

27-29

of Carman, a piezoelectric cantilever is used instead of the
coil. Although bulk thermomagnetic oscillators, which act like a
linear motor, have also been demonstrated,”’ the advantage of a
microsystem is its fast heat exchange, which is possible because of
the reduced size of the TMM. This results in a high frequency of
the thermomagnetic cycle, which can reach up to 200 Hz when the
resonance frequency of the cantilever matches the thermal exchange
frequency.””

No mechanical movement of the TMM is required for a ther-
momagnetic generator. First concepts of generators were invented
by Edison'” and Tesla,'* and later, Brillouin and Iskenderian calcu-
lated the efficiency relative to Carnot to be up to 55%.°" Based on
this work, other researchers treated such a device theoretically.”*
In this implementation of a thermomagnetic cycle, the TMM is used
as a thermal switch for the magnetic flux @, which is created by a
permanent magnet [Fig. 1(d)]. At low temperatures, the high M4
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of the TMM guides ® through a closed magnetic circuit. At high isothermal/isofield steps, losses by insufficient insulation, which are

temperatures, the low My, opens the magnetic circuit and reduces challenging at low frequencies, or an incomplete use of Qj, to heat
®. Following Faraday’s law of induction, this flux change induces up the TMM. Here, we focus on the upper limits as defined by mate-
an electric voltage. To harvest electric energy, an induction coil is rial efficiency and do not address the system engineering aspects

wound around the soft magnetic yoke, connecting the permanent as we expect a strong improvement from the very few existing
magnet and TMM. The flux change during steps II and IV con- prototypes.

verts magnetic energy Ey into electrical energy. Opening and clos- For many TMMs, the physical quantities used in Eq. (2)
ing the magnetic circuit also changes the magnetic field H that acts are available and summarized in Table S1 of the supplementary
on the TMM, as illustrated by the different density of flux lines in ~ material, since they can be extracted from available measurements,
Fig. 1(d). The first proof of concept was published by Srivastava et al. as described in Fig. S2 of the supplementary material. The applied
in 2011.'° The efficiency of this demonstrator was quite low, mainly magnetic field H is the only property in the equation that depends

because of an unoptimized magnetic circuit. As a large difference in on the device and not on the material. To compare material proper-
@ is beneficial to increase Ey, more complex magnetic field topolo- ties, we fix yoH = 1T, given that a field of 1 T can be easily obtained
gies have been used for thermomagnetic generators. A topology with by currently available permanent magnets. As the minimum field,
two magnetic circuits avoids magnetic stray fields.”® A topology with we used zero, which can be approached well by magnetic shield-
three circuits even allows for a sign reversal of @, which increases ing as used, e.g., in magnetocaloric devices.”® To identify the TMM
both output voltage and power by orders of magnitude.”’ with highest #, we evaluated the magnetization change AM and heat

input Qin for several materials and summarized them in Fig. 2 in
C. Efficiency of thermomagnetic materials Ashby-type plots.

We selected only the materials with a transition temperature
between 273 K and 373 K, at which water can be used as a heat trans-
fer fluid (Fig. S4 of the supplementary material). We also include
the few materials exhibiting a so called “inverse caloric effect,”
where the magnetization increases upon heating. They are also suit-
able for thermomagnetic harvesting; just within the cycles illus-

Thermodynamic efficiency is a key property of each energy har-
vesting process as it defines the fraction of usable output energy vs
thermal input energy Qin during each cycle. For the TMM, the mag-
netic energy Ep is the upper limit of the output energy, which gives
the material efficiency

Ev  poAMH trated in Fig. 1, the words “apply” and “remove” must be switched.
= Qin = Qi @ In most TMM systems, the transition temperatures can be tuned
by adjusting the composition, which can be used to adapt T; to
Though this equation is based on the simplification of equi- the available waste heat. Pure magnetic elements (Fe, Ni, Co) are
librium thermodynamics, most implementations today reach even shown only for comparison, as they have T; far above the relevant
much lower values for the system efficiency.’®?” Possible reasons temperature range. The benchmark is the Carnot efficiency #carnot
for this are thermodynamic cycles that do not consist of strict = AT/Thot, which represents the upper theoretical limit according to
200 AT =10K . . 200 ATZ30K e——
a) B% 0.5% by 2% . 0.5%
A(‘)\‘&(\O L7 e L7 Qcﬁ , 7 LaFe-based ,~
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equilibrium thermodynamics. The most efficient TMMs are ones in
which a maximum of AM is obtained at a minimum Qj,: these are
found in the top left corner of the Ashby plots. We selected two
different values for AT: 10K and 30K. For the low value of AT,
materials with the tendency of a first order transition are the most
suitable as they exhibit a sharp transition where AM changes in a
narrow AT.

For alarge AT, materials with a second order transition become
competitive, which exhibit a gradual decrease in magnetization dur-
ing heating. The best TMM can reach an efficiency of about 2%,
which is about 60% of the upper limit of #carmor = 3.3% for Thot
= 300K and AT = 10K. Of particular interest is Gd, which was
used for several demonstrators and is the benchmark material for
magnetocaloric refrigeration. For AT = 10K, we obtain an abso-
lute efficiency of 0.62%, which is quite close to the value of 0.67%
obtained by Hsu et al.’” This good agreement confirms the validity
of our approximation method since Hsu et al. obtained their values
by numerical integration.

As we will analyze in detail later, the high values for efficiency
illustrate that even the existing TMM can compete with thermo-
electrics. This is quite astonishing since most of the materials sum-
marized here had been developed for magnetocaloric refrigeration,
which must convert a large amount of heat during each cycle. For
energy harvesting, a new paradigm for materials development is
necessary: the TMM should consume Qi, as low as possible, and
accordingly, one must aim for low heat capacity and latent heat.

D. Power density, specific cost, and economic
feasibility

A decisive criterion for which the TMM will be used for real-
world applications is its cost effectiveness, which describes the price
for each watt of electric power harvested. To probe if the cost effec-
tiveness of the TMM can compete with that of thermoelectrics or
even conventional sources of electrical energy, we expand our anal-
ysis of thermodynamic efficiency toward power density and specific
cost.

The power density Pp describes the power per unit volume
that can be harvested by a TMM: Pp = Ejngq - f. High Pp requires
high energy per cycle Em as well as high cycle frequency f. The
latter requires fast heat exchange, which, in turn, relies on high
thermal conductivity A and low volumetric specific heat pcp, where
p is the density. We used a one-dimensional lumped capacitance
method to derive an analytical formula for f (see Fig. S7 of the
supplementary material for details). This method considers irre-
versible losses by heat exchange of a thermomagnetic plate and iden-
tifies f for maximum power. In addition to the material’s thermal
properties (Fig. S3 of the supplementary material), only the thick-
ness d of the TMM is required. We selected d = 0.5mm because
this thickness is achievable by most bulk-processing routes. Indeed,
for the La—Fe—Co-Si materials, plates with this thickness are already
available commercially.

To estimate the specific material cost C, we used the current
raw-material prices per volume. We did not include the costs of pro-
cessing and shaping in the present analysis, as these costs depend on
the scale of production and are expected to decrease strongly once
thermomagnetic harvesting is established. Furthermore, we consid-
ered only the TMM and not the periphery required for a complete

ARTICLE scitation.org/journal/apm

thermomagnetic system (hard magnets, soft magnetic yoke, tubing,
etc.). Our cost estimates, thus, represent the lower limit. A realis-
tic estimate of the periphery is not possible at the present level of
technology readiness, but note that the use of cheap ferrite hard
magnets appears possible,”” whereas magnetocaloric refrigeration
requires expensive Nd-Fe-B.

To evaluate the cost effectiveness of the TMM, we calculated
the cost index C/Pp, which gives the price in euro required for each
Watt of output power (Fig. 3). This allows for a rough comparison
with the costs of common power generation, which is quantified by
the Levelized Cost Of Electricity (LCOE), which considers the con-
struction, operation, and financing of a power plant during lifetime.
Accordingly, the cost index we use for the raw materials is just a
fraction of the complete LCOE. The LCOE of present-day power
plants ranges from 0.4 € W™ for gas turbines to 4 € W™" for offshore
wind plants.*’ Recent calculations of thermoelectric systems propose
that it can reach ~11 € W™'.* However, these particular calculations
assume a temperature difference of 110 K—much more than 30K,
which we used in Fig. 3 to identify the cost-effective TMM. As the
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FIG. 3. Identifying the most cost-effective thermomagnetic materials. Ashby-type
plot of power density vs cost per volume for AT = 30K. The diagonal gray lines
depict the cost index C/Pp, and accordingly, the most cost-effective materials
are found in the top left edge. For comparison, the levelized costs of current
energy technologies are noted at the top. Though C considers only the cost of
the active material and not the periphery (yoke, permanent magnets, processing,
etc.), this illustrates that harvesting low grade waste by thermomagnetic materials
can become competitive with that by conventional power plants as no additional
primary energy is needed.
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efficiency of thermoelectrics decreases strongly at a lower temper-
ature difference, in Sec. III G, we will analyze this aspect in more
detail.

The pure metals (green), in particular iron, in Fig. 3 reach the
lowest cost index but are not suitable due to their low thermody-
namic efficiency (Fig. 2). Among the materials with high efficiency,
the lowest cost index is obtained for the La-Fe based TMM. Its cost
index is more than one order of magnitude lower than the LCOE
of present-day power plants. This should leave a sufficient bud-
get for building a complete thermomagnetic system, not least given
that waste heat is available for free. We expect that the high cost
effectiveness of the TMM will be more decisive for the success of
thermomagnetic harvesting than thermodynamic efficiency, which
describes only how much waste heat is required.

E. Optimum thermomagnetic materials today
and guidelines for future development

The Ashby plots (Figs. 2 and 3) helped us identify the best
classes of TMMs that are currently available in terms of their ther-
modynamic efficiency and cost effectiveness. Here, we focus on
the four optimum alloy compositions and discuss their suitabil-
ity for particular applications. Furthermore, we derive guidelines
for improving TMMs further by comparing the different material
classes.

The properties of the four most promising TMMs and their
particular compositions are summarized in Fig. 4. Gadolinium,
which is still the benchmark for magnetocaloric refrigeration,* is
added as a reference. While the first order LaFe;15SiisHi exhibits
the optimum combination of all properties for bulk applications,
Mn; 25Feo7PosSios has a substantially lower thermal diffusivity,
which reduces frequency and, accordingly, power density. The first
order Heusler alloys reach the highest power density, but they
exhibit a very high specific material cost. Although this cost will
hinder bulk application, this is not the case with application in
microsystems, for which the material cost is less important than
the processing cost. Y,Fe;7 is the most promising thermomagnetic
material with a second order transition.

To identify guidelines for the optimum TMM, in both Ashby
plots, the different material classes are color and symbol coded.
TMMs with a first order transition reach higher efficiency at AT
= 10K, which we attribute to their steep change in magnetization.
Accordingly, some first order materials also achieve an excellent cost
index. However, this only holds for La-Fe-based and Mn-Fe-based
materials, which both have moderate material costs due to their high
content of inexpensive Fe. Furthermore, in both of these material
classes, the composition can be used to tune the transformation close
to second order.”>*’ By this, one keeps a reasonably steep change in
magnetization but avoids the large hysteresis, which often occurs in
first order materials and hinders full reversibility.** At AT = 30K,
materials with a second order transition become competitive; these
materials require a larger AT and Qi, to reach a sufficiently high
AM. Thus, second order materials are interesting when a large
temperature span of waste heat is available.

Crystalline metallic materials can reach higher values of AM
compared to ceramics as they have a higher magnetization because
of a higher density of ferromagnetic elements. Furthermore, ceram-
ics have a low thermal conductivity as compared to metals because
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FIG. 4. The four most promising thermomagnetic materials. (a) Physical and
economic properties. (b) Thermomagnetic properties. The radar charts are gen-
erated by using the best composition for each material class for AT = 30K. Gd is
depicted as a reference.

of the absence of free electrons in the former, and thus, their power
density is low. Metallic glasses typically have even lower AM because
of their broad second order transition, but the equally reduced Qi,
results in a competitive thermodynamic efficiency. However, addi-
tional alloying is required to enable the formation of glass, which
makes glasses expensive. Thus, we propose that the future work will
focus on crystalline metallic materials with a high content of iron
when searching for a better TMM. A more detailed evaluation of
each material system is provided in Table S2 of the supplementary
material.

F. Hysteresis in thermomagnetic materials

An additional aspect, which should be considered during mate-
rial selection, is hysteresis.*” Hysteresis occurs in first order materials
due to the need for nucleation and growth during transition and can
be quantified, e.g., by the temperature span ATy between the heat-
ing and the cooling branch. It is a particularly important aspect for
magnetocaloric materials and a key reason that hinders the applica-
tion of materials, which exhibit a hysteresis above several Kelvin. The
reason for this is the relatively small adiabatic temperature change
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AT,q of a few Kelvin in these materials due to the limited mag-
netic field achievable by permanent magnets. If AT}y approaches
or even exceeds AT,q4, a completely reversible process is not possible,
which reduces or even inhibits the magnetocaloric effect. Therefore,
already a small hysteresis has a major impact on the performance
of magnetocaloric materials. However, for thermomagnetic energy
harvesting, this is different, as the applied temperature difference
AT between hot and cold states is, in general, much higher than
AT,q. In a simplified picture, ATy is required as an additional
temperature difference to overcome hysteresis. Though this reduces
efficiency, using a few additional Kelvin of waste heat allows us to
close a thermomagnetic harvesting cycle. Thus, in general, hysteresis
is less critical for thermomagnetic materials than for magnetocaloric
materials.

Beyond this simplified picture, we investigated the influence of
the thermal hysteresis on a La-Fe-Co-Si alloy in detail.”” This is the
same alloy, which we identified as most promising within the present
survey. As this alloy is at the border between a first and a second
order transition, it exhibits a low hysteresis of 1 K. In our previous
analysis, we could show that this hysteresis reduces the flux change
(and, thus, the output power) only marginally. For instance, at
AT = 30K, the reduction is as low as 1%.

Hysteresis is an extrinsic material property, which strongly
depends on the microstructure, and accordingly, several approaches
are known to reduce hysteresis by material design*®** and minor
loops.”” As our analysis is based on intrinsic material proper-
ties and equilibrium thermodynamics, it cannot be incorporated
into hysteresis directly. We considered hysteresis in our survey
by selecting only materials with a hysteresis up to 10K, and
indeed, most of the materials have a hysteresis below 5K. We
consider this appropriate for Ashby-type diagrams, exhibiting log-
arithmic axes. For a more detailed material selection on a lin-
ear scale, one should consider hysteresis, as described, e.g., in
Ref. 37.

G. Identifying the optimum temperature range
for thermomagnetic energy harvesting in comparison
with thermoelectrics

Our analysis of cost effectiveness reveals that thermomagnetic
materials have the potential to be cheaper than thermoelectric mate-
rials. In this section, we return to thermodynamic efficiency in order
to benchmark the best thermomagnetic and thermoelectric mate-
rials with respect to the ideal temperature difference AT. Follow-
ing our previous analysis, La-Fe-based TMMs are most promising
for bulk applications. For this benchmark, we selected the partic-
ular La—Fe-Co-Si system, as plates are already available commer-
cially (Calorivac C®).” This geometry is favorable for most applica-
tions, as it enables both guiding the magnetic flux within the plate
and a fast perpendicular heat transfer.”” The hydrogenized La-Fe
alloys, which reach slightly higher values, are not available in plate
shape. To determine #(T) [Eq. (2)], we measured AM and Qi, in
dependency of temperature (Fig. S1 of the supplementary material).
Both properties exhibit different dependencies on AT. AM has a
favorable high value just at the transition temperature, as this tem-
perature is defined as the inflection point of the M(T) curve. In
contrast to this, Qi, increases continuously with increasing AT.
Accordingly, large temperature differences are unfavorable and the
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FIG. 5. Efficiency relative to Carnot of TMMs and thermoelectric materials for har-
vesting low-temperature waste heat. The relative efficiency 1 of the TMM like
La—Fe—Co-Si (Calorivac C) increases strongly at low-temperature differences.
For comparison, BiyTex79S€q21 as the most efficient thermoelectric material®’
and PEDOT:PSS®® as the more sustainable organic material with lower cost are
shown. The high efficiency of the TMM is of particular advantage when only
temperature differences up to several 10 K are available.

efficiency of thermomagnetic harvesting increases strongly at low
AT (Fig. 5).
For comparison, we calculate the relative efficiency of ther-

moelectric materials using 77, = —— = N T “ZITJ'ZTT"I/T, where ZT
+Z 1+ Loola/ Lhot

HCarnot

is the unitless figure of merit at the application temperature and
T is the average temperature of the hot temperature T}, and cold
temperature T,,y."" As with thermomagnetics, this materials effi-
ciency is the upper limit of the system efficiency, which can be
significantly lower.”” We plot #,¢ for two important thermoelectric
materials. Bi;Te;79Seg.21 is the material reaching the highest values
around room temperature.”’ The organic thermoelectric material
PEDOT:PSS’® has lower values, but this material is more suitable for
this low-temperature range as it is cheaper and more sustainable.’
At temperature differences below 10 K, TMMs reach much higher
efficiencies than thermoelectric materials, which is a key advantage
for several applications. An example of such low grade waste heat
is body heat, which makes thermomagnetic microsystems, in par-
ticular, suitable to power, e.g., smartwatches.”* This case illustrates
the urgent need for highly efficient energy materials for the case
when only a low-temperature difference is available. A second exam-
ple is geothermal energy, which uses a larger temperature span to
turn off grid devices. To expand the temperature range for ther-
momagnetic energy harvesting, one can use a series of TMMs with
increasing transition temperatures. In this series, each particular
TMM just takes its optimum AT from the heat source and leaves
a colder sink for its neighboring TMM, having a lower transition
temperature. This approach is equivalent to the “active regenerator”
approach used for magnetocaloric refrigeration to reach a higher
cooling span.”” Though the application of this approach for energy
harvesting had been proposed in the past,”® it has not yet been
realized experimentally.
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IV. CONCLUSION

Thermomagnetic materials (TMMs) enable the conversion of
low-temperature waste heat to electricity by the change in mag-
netization with temperature. Though their implementations in
harvesting systems such as motors, oscillators, and generators dif-
fer with respect to the mechanical motion, the TMM always fol-
lows the same thermodynamic cycle. This allows for a universal
evaluation of the TMM from its material properties. We present
two Ashby-type charts—one for thermodynamic efficiency and
another for cost effectiveness—which serve as figures of merit
for TMMs. This materials library enables scientists and engi-
neers to select the optimum thermomagnetic material for their
demand.

We identify several TMMs that have the potential to compete
with thermoelectric materials for temperature differences below 10
K with respect to efficiency. This is a decisive advantage because the
largest amount of waste heat is available just above room temper-
ature. Furthermore, our analysis reveals that the price per watt of
the best TMM is more than one order of magnitude lower than that
of established power technologies and thermoelectrics. This price
is competitive enough to make it economically feasible to realize a
complete thermomagnetic system.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
material data of relevant thermomagnetic materials (Table T1),
characterization of thermomagnetic materials exemplarily for a
La-Fe-Co-Si material (Fig. S1), precise determination of magnetic
energy during a thermomagnetic cycle (Fig. S2), thermal proper-
ties of thermomagnetic materials (Fig. S3), magnetization change
and transition temperature of thermomagnetic materials (Fig. S4),
Ashby-type plot for high power per mass function (Fig. S5), Ashby-
type plot for high efficiency and power (Fig. S6), comparison and
evaluation of different material systems (Table T2), and calculation
of the cycle frequency (Fig. S7).
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