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ABSTRACT 

Nearly half of global primary energy is dissipated as low-grade waste heat, predominantly below 100◦C. While thermoelectric 
technologies offer a pathway to recover such energy, their efficiency and scalability remain limited. Thermomagnetic (TM) energy 
conversion has recently emerged as a promising alternative, with breakthroughs in materials and system design pushing its 
performance toward practical viability. TM systems offer unique advantages, including scalability, high theoretical second-law 

efficiency, and adaptability across diverse thermal regimes. In this perspective, we examine the key challenges and emerging 
opportunities in thermomagnetic energy harvesting, with a focus on material selection, processing techniques, and system-level 
design. We propose roadmaps to guide the field’s development, aiming to establish TM conversion as a versatile solution for 
sustainable low-grade waste heat recovery. 
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 Introduction to Thermomagnetic Energy 
onversion 

aste heat represents one of the most underutilized yet
bundant and growing energy resources in modern industry.
ith temperatures ranging from 30◦C to over 120◦C, low-
rade thermal energy from food, wood, and paper processing,
ir conditioning condensers, and data center operations offers
 vast reservoir—estimated at 3500 PJ annually in the EU
 1 ]—for clean power generation and decarbonization. Harness-
ng this energy not only strengthens energy security through
ecentralized and off-grid solutions but also reduces opera-
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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tional costs and supports climate goals. A significant portion
[ 1 ] of global waste heat—nearly 50%—is released at tempera-
tures below 100◦C, yet this low-grade thermal energy remains
largely unexploited due to the lack of efficient recovery tech-
nologies [ 2, 3 ]. Thermoelectric systems are available in the
range from µW [ 4 ] to above 10 kW [ 5 ]. They suffer from
low efficiency and reliance on toxic or rare materials for
low-temperature applications [ 4–6 ]. This technological gap has
spurred interest in alternative approaches, including thermo-
acoustic [ 7, 8 ], thermoelastic [ 9 ], and, more recently, thermo-
magnetic (TM) energy conversion. Here, we highlight recent
breakthroughs [ 10–13 ] in thermomagnetic systems and materials
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 Overview of existing TM systems by volume of TM 

material and power output. Note that both NiMn-based Heuslers and 
La(Fe,Si)13 -based alloys exceed the performance of Gd at small and 
medium system levels. Data taken from references in Table 1 . 
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hat offer a promising route for harvesting low-temperature waste
eat [ 14 ]. 

urrent research in thermomagnetic energy conversion spans a
road power output range, from microwatts [ 11, 12, 15 ] to half a
ilowatt [ 13 ]; see Figure 1 and Table 1 . Miniature systems make
se of TM films or foils with a large surface-to-volume ratio,
llowing for rapid heat transfer through solid-solid contact to the
eat sink and source [ 11, 16–18 ]. Thus, compact system designs
ABLE 1 Comparison of state-of-the-art TM systems at three different p

Thermomagnetic system type Miniature 

Operating principle Oscillating cantilever with 
TM material and pickup coil 
in a permanent magnet field 

Power output ∼ µWatt 
TM material volume 10− 5 – 10− 4 cm3 

Possible application fields Internet of things and smart 
devices 

TM material : 
existing 
(future) 

Gd, Heuslers 
(La(Fe,Si)13 , FeRh) 

Shape of TM material : 
existing 
(future) 

Thin and thick films (foils, 
ribbons, composites) 

Biggest challenges Microsystems integration, 
Reliability of TM materials 

Example references [ 11, 12, 15 ] 

of 9
are enabled to avoid heat transfer fluids and fluid control systems.
High-performance TM generators have been developed based on
the concept of resonant self-actuation [ 11 ]. This concept relies on
the periodic magnetic attraction of a TM film at the front of a
cantilever caused by the field gradient of a permanent magnet,
which at the same time acts as the heat source; see Figure 2 .
Resonant oscillation of the cantilever in the order of 100 Hz is
achieved when heat intake and dissipation are balanced with
the mechanical cycle. In this case, thermal energy is effectively
converted into kinetic energy, which in turn is converted into
electricity by an integrated pick-up coil. A large power per
footprint of 50 µW/cm2 has been demonstrated [ 15 ]. Current
challenges include tailoring TM films and systems integration to
enable operation near room temperature [ 12 ], as well as coupling
cantilever arrays to increase power. The prospects are new routes
for supplying autonomous sensor systems, portable electronic
devices, or electrified wearables with electricity [ 19–21 ]. 

For medium-sized systems, the research focuses on thermomag-
netic generators, where the thermomagnetic material is used
to switch the magnetic flux created by permanent magnets, cf.
Figure 2 . Following Faraday’s law, this flux change gives an
induced voltage in coils wound around soft magnetic yokes,
which guide the flux. This approach has a minimum of moving
parts, which promises a long lifetime with minimum main-
tenance. Though this principle was already patented by Tesla
[ 28 ] and Edison [ 29 ] more than a century ago, it required the
development of magnetocaloric materials before it was repro-
posed by Srivastava [ 22 ] et al. in 2011. The next key step was
the development of a magnetic circuit [ 23 ], which keeps the
flux within the system, followed by a configuration that also
allows for a beneficial flux reversal [ 10 ]. This work motivated
several other designs for flux reversal [ 24 ], including a regenerator
approach [ 30 ], a heat pipe for accelerating heat exchange [ 31 ],
ower output scales. 

Medium Industrial 

Static permanent magnet 
field topology (genus = 

1,2,3) generator with 
alternating water flow 

TM motor with rotor made of 
TM material components 

∼ mWatt ∼ kWatt 
1 – 10 cm3 103 – 104 cm3 

Small off-grid appliances Energy harvesting at 
residential/industrial scale 

Gd, La(Fe,Si)13 , 
(Fe,Mn)2 (P,Si), (Heuslers) 

Gd, 
(non-critical abundant TM 

materials, likely Fe-rich) 
Plates, packed spheres 
(3D-printed structures) 

Plates 
(3D-printed structures) 

Modularity and flexibility 
to test new concepts and 

materials quickly 
Cost per output power 

Cheap, non-critical TM 

materials 
Upscaling of materials 

production, 
Reliability of TM materials 

[ 10, 22, 23, 24, 25, 26, 27 ] [ 13 ] 
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FIGURE 2 Roadmap for the development of thermomagnetic (TM) energy-conversion systems through 2035. Device engineering will require 
size-specific strategies because the key constraints and optimization pathways differ across miniature, intermediate, and large-scale systems. 
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nd attempts at upscaling [ 10, 25 ]. Though most of these designs
mproved the performance significantly, three major challenges
emain. First, the system efficiency, which is still well below
% with respect to Carnot efficiency [ 10, 25 ], must be increased.
econd, the cycle frequency, which today is around 1 Hz, must
e increased. This is decisive for increasing the output power,
hich is the energy harvested per cycle times the frequency.
hird, the scaling behavior of these devices must be understood,
hich is important to upscale output power. Today, these systems
each several milliwatts of output power [ 10, 25 ], and addressing
hese three issues should result in an output power in the watt
ange, which would enable first niche applications. As in most
ases, low-grade waste heat is continuously available; this power
ange could run or charge off-grid appliances, independent of the
vailability of sun radiation or wind. 

or industrial systems, rotating thermomagnetic motors and
tatic generators are the two main principles used. Large motors
ith rotating heavy masses suffer from increased wear and
ost. Large generators, free of moving parts, need advanced
luidic and thermal designs for effective heat management. The
argest prototype built by Swiss Blue Energy converted low-
emperature waste heat around 60◦C into mechanical energy
sing gadolinium regenerators and permanent magnets in a rotat-
ng thermomagnetic motor [ 13 ]. It achieved the first net electrical
utput (500 W). Thermomagnetic devices face low power density
nd efficiency resulting from irreversible heat transfer, thermal
osses, and suboptimal designs. Material challenges [ 26 ] include
igh mass of thermomagnetic materials and magnets, limited
emperature adaptability, and complex processing. Scaling from
ab to functional devices adds complexity in design. Upcoming
evelopments focus on new operating principles using additively
anufactured high-frequency regenerators and thermomagnetic
dvanced Functional Materials, 2026
materials with embedded thermal diodes. Utilizing recycled or
rare-earth-free magnets and regenerators enables wider sustain-
able deployment. Advances in superconducting magnets may
further improve scalability to high-power systems. 

2 Device Engineering of Thermomagnetic 
Systems 

Various types of thermomagnetic systems at different power
scales and employing different operating principles have been
studied and developed to date [ 21, 32, 33 ]. A common challenge
across all these systems is to increase the device efficiency by
reducing losses and increasing power density by optimizing
device engineering. For this, concurrent optimization of the ther-
momagnetic material geometry and the magnetic-field topology
is essential. A central challenge lies in producing TM materials in
shapes that support both high performance and practical device
integration. For thermomagnetic generators, thin TM plates are
particularly advantageous because they guide the magnetic flux
between the yokes without interruption, which is required for
high permeability in the ferromagnetic state. In addition, these
plates must also be sufficiently thin to enable rapid heat exchange,
a prerequisite for achieving high cycle frequencies and elevated
power output. Heat losses in such systems can be broadly
categorized into two classes. The first comprises irreversible heat
transfer and the associated entropy generation occurring in the
heat exchangers between the working fluid, the TM material, and
the heat source and sink. The second includes parasitic losses
distributed throughout the device, arising from imperfect thermal
insulation and unavoidable thermal bridges between structural
components. In addition, viscous losses can become significant,
particularly in motors or generators that employ thermomagnetic
3 of 9
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FIGURE 3 Thermodynamic, magnetic, and engineering properties 
of ideal thermomagnetic materials. Overlap with magnetocaloric mate- 
rials is evident, but there are specific new requirements that pose a new 

design paradigm for this class of magnetic materials. 
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egenerators, and must therefore be carefully managed in high-
erformance designs. Achieving high power density relative to
he total system mass is crucial, both for reducing overall cost
nd for enabling deployment in environments where weight
s a limiting factor. Lower mass per unit power output also
ontributes to a reduced carbon footprint across the technology’s
ife cycle. Enhancing power density therefore demands not only
areful optimization of structural and assembly components,
ut—more critically—the development of new strategies for
apid heat transfer and the efficient execution of thermodynamic
ycles. 

or miniature systems, thermomagnetic films with precisely
ailored dimensions, optimized thermal properties, and ferro-
agnetic transitions near room temperature must be developed
nd integrated within microsystem environments; see Figure 2 .
ltimately, large arrays of oscillating cantilevers are envisioned,
equiring co-integration with dedicated microelectronic circuitry
or efficient power management. At larger scales, fabrication
f TM films with sufficiently low brittleness will be essential
or upscaling cantilever arrays. Operating several hundred can-
ilevers in parallel could yield power outputs on the order of 1 mW
hen combined with appropriate power-management electron-
cs. Such performance would enable new applications in areas
ncluding the Internet of Things (IoT) and portable electronics.
hrough continuous energy harvesting and recharging, these
ystems could extend device lifetimes and reduce dependence
n batteries, supporting maintenance-free operation in remote
r inaccessible environments. On the other hand, industrial
pscaling of device concepts to the kilowatt range will require
undamentally new system architectures capable of delivering
igh power density. In contrast to small-scale generators, these
arger systems will likely rely on novel motor-type configura-
ions that incorporate redesigned TM material topologies and
implified yet highly efficient heat-transfer pathways. In par-
llel, reducing reliance on critical raw materials—both in TM
aterials and in permanent magnets—will be essential to enable
ost-effective, large-scale manufacturing; see Figure 2 . 

 A New Design Paradigm for Thermomagnetic 
aterials 

esigning thermomagnetic materials builds on nearly three
ecades of magnetocaloric materials research. Good thermomag-
etic [ 34, 35 ] and magnetocaloric materials [ 36 ] exhibit several
igure 3 common characteristics, including sharp first-order-like
agnetostructural/magnetoelastic transitions and a correspond-
ng steep magnetization jump, as well as low hysteresis and
arge thermal conductivity. Furthermore, a tunable transition
emperature is essential — not only to accommodate the dif-
erent operating ranges of magnetocaloric and thermomagnetic
ystems, but also to align the material’s transition point with the
vailable waste-heat temperature. 

here are, however, important differences: For thermomagnetic
aterials, the adiabatic temperature change ΔTad (the temper-
ture change of the material upon application or removal of a
agnetic field under adiabatic conditions) as well as the entropy
hange ΔS (the magnetic-field-induced change in entropy) are of
inor importance. In contrast to magnetocaloric refrigeration
of 9
materials, thermomagnetic generators require low specific heat
capacity (the heat required to raise the temperature of a unit
mass by one degree) and low latent heat (the heat absorbed or
released during a first-order phase transition) to achieve high
conversion efficiency and fast thermal cycling. Both applications,
however, benefit from a large change in magnetization, ΔM ,
between the low- and high-temperature states, as this quantity
directly determines the strength of the magnetic response to a
temperature change. 

Critical-point tuning can be applied to modify the nature of the
magnetic phase transition at the crossover between a step-like
first-order magnetic transition, which is associated with latent
heat and hysteresis, and a continuous second-order magnetic
transition, which exhibits neither latent heat nor hysteresis. Such
tuning of composition and synthesis conditions aims to provide
an optimal balance between a large temperature derivative of
the magnetization, dM / dT , which characterizes how strongly
the magnetization changes with temperature near the transition,
and a minimal latent heat L , thereby maximizing generator
performance, as demonstrated, for example, in the (Fe,Mn)2 (P,Si)
system [ 37 ]. 

Figure 4 assesses which well-established magnetocaloric
materials can be adapted for thermomagnetic energy harvesting
and which are unsuitable for this application [ 34 ]. Gadolinium
will probably remain the benchmark material for testing new
devices and concepts due to its good magnetic and particularly
engineering properties. From the zoo of magnetocaloric
materials, the (Mn,Fe)2 P and the La(Fe,Si)13 systems show the
best thermomagnetic performance. Some Heusler alloys [ 38 ] with
first- and second-order magnetic transitions (FOMT/SOMT) can
compete with these values and, more importantly, due to their
Advanced Functional Materials, 2026
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FIGURE 4 Ashby plot summarizing key functional properties of 
existing thermomagnetic materials. While Gadolinium remains a bench- 
mark material for testing new device concepts in the foreseeable future, 
superior efficiency and power output will likely require tailored new 

materials. Adapted from Dzekan et al. [ 34 ]. 
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hemical versatility and largely unexplored composition space,
ew Heusler candidates are waiting to be uncovered that match
he requirements listed in Figure 3 . It may also be worthwhile
o revisit candidate systems that were previously rejected for
nsufficient magnetocaloric performance (for example, due to a
oo low ΔTa d ), as they may prove promising in light of the new
equirements. 

 Search Strategies for New Thermomagnetic 
aterials 

t is likely that new material systems unrelated to known mag-
etocaloric materials and with better thermomagnetic properties
han those will be discovered soon. The search space for new
table materials is currently expanding fast with datasets and
aterials models recently published by, e.g., DeepMind [ 39 ]
nd Microsoft [ 40 ], so data mining and modeling will help
nd guide the quest for new TM materials. Experimental thin-
ilm-based high-throughput screening combined with machine
earning also holds much potential. A search strategy which
s hierarchical with respect to properties is typically applied.
or thermomagnetic materials, a suitable hierarchy would be
o select (i) a large ΔM for maximized electrical power output,
ii) low heat capacity to reduce thermal load, (iii) high thermal
onductivity for fast cycling, (iv) a steep switching for large
M/dT for higher power output, and (v) minimal hysteresis
or durability and high-frequency operation. Screening these
roperties can be challenging, as some result from coupling
dvanced Functional Materials, 2026
effects that are highly sensitive to, e.g., chemical composition and
defects. 

Once a promising material class has been identified, experimen-
tally calibrated Ginzburg–Landau modeling [ 41, 42 ] can guide
its compositional and microstructural optimization. By fitting
the magnetic, elastic, and magnetoelastic energy contributions
to measured temperature-dependent magnetization and lattice
parameters, the model captures the coupling between magnetic
ordering and structural changes near the transition. It can then
be used to assess how composition, internal strain, defects, grain
size, and crystallographic texture influence TC , ΔM , dM / dT ,
thermal hysteresis, and mechanical stability. Such modeling can
help identify composition and processing windows that maintain
a sharp magnetic transition while limiting hysteresis and internal
stress. An important step, particularly for upscaling toward
industrial-scale energy harvesting systems, lies in excluding
elements with a high supply risk [ 36 ]. This particularly concerns
certain heavy rare earths such as Dy and Tb, but lately even the
supply of Gd and the light rare earth La has experienced major
export restrictions by China. Even though today there are some
suitable thermomagnetic material classes without rare earths,
research in this direction should be enhanced. 

One promising approach for exploring new materials is to exam-
ine spin transitions between two different magnetically ordered
states. Some systems that have magnetic order up to a relatively
high temperature Tm1 show a second magnetic transition at
a lower temperature Tm2 where the spin arrangement shows
a spontaneous reconstruction (see Figure S1 ). An example is
the antiferromagnetic (AFM) to ferromagnetic (FM) transition,
where at Tm2 a large step in magnetization ΔM is observed for
a small latent heat L . Spin order-order transitions are always
weakly first order as the magnetic entropy is already reduced
by the magnetic order. Hence, we expect a large dM/dT . This
strategy has so far only been applied to magnetocaloric materials
for cooling applications and includes Mn2 Sb-based systems [ 43 ].
The main reason that it has not yet been applied to thermomag-
netic materials for energy harvesting is that the spin-transition
temperature Tm2 needs to be located above room temperature.
This condition requires a new search for candidates, which
include Mn2 Sb-based materials [ 44 ], orthorhombic (Mn,Co)2 P
and (Fe,Ni)2 P alloys [ 45 ], and Fe3 Ga4 -based materials [ 46 ].
For miniature thermomagnetic systems, one may consider an
exchange-biased AFM system which undergoes a spin flip in low
magnetic fields [ 47 ]. 

5 Industrial Processing of Thermomagnetic 
Materials 

Although new and improved materials will further advance
thermomagnetic harvesting, currently available thermomagnetic
materials already offer sufficiently good properties to develop and
scale up devices and to test new concepts. From an engineering
point of view, the material must be shaped to enable i) fast heat
exchange, ii) uninterrupted magnetic flux guidance, and iii) rapid
fluid flow. This typically requires complex, thin geometries that
contain a high fraction of active thermomagnetic material, since
any additional material in the final part, e.g., binder, reduces
magnetic and thermal performance. However, the engineering
5 of 9
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FIGURE 5 Roadmap for the development of thermomagnetic materials up to 2035. Building on two decades of magnetocaloric material 
development, the targeted discovery of materials with optimized thermomagnetic properties remains a key challenge. Implementing these materials 
in systems across the full output-power range requires advances in their processing and in their resistance to mechanical and thermal fatigue. 
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equirements shown in Figure 3 present a major challenge,
s manufacturability and long-term reliability are difficult to
chieve for complex and/or thin shapes at all three system sizes.
urthermore, translating the functional properties achieved at
aboratory scale into thin/thick films or ribbons (for miniature
ystems) and 3D-printed components (for industrial systems)
epresents a substantial challenge. The specific requirements and
bstacles associated with integrating thermomagnetic materials
nto prototypes and industrially relevant devices again depend
trongly on the system size, as illustrated in Figure 5 . 

or miniature systems, preserving the functional properties
emands careful optimization of material preparation parame-
ers and the application of appropriate thermal treatments to
nsure phase purity. For example, in melt-spinning processes,
apid quenching can stabilize metastable phases that differ
ignificantly from those present in the precursor material. In
ystems undergoing first-order transitions, internal stress and
icrostructural features play a decisive role. These characteristics
trongly depend on synthesis methods and processing param-
ters and can be tailored through post-fabrication treatments
uch as thermal or mechanical processing. Ribbons produced
nder different quenching rates or films deposited at different
emperatures and then subjected to various heat treatments
rovide an effective platform for investigating how microstruc-
ure influences transition hysteresis and width. Finally, surface
oughness must be controlled to enhance thermal conductivity,
nd adequate mechanical integrity must be maintained. Minia-
ure systems relying on heat transfer through solid-solid contact
equire TM ribbons or films with a smooth surface finish. The
equirements on maximum tolerable stress and strain are low.
owever, brittleness should be low enough to enable system
ntegration via transfer bonding and release technology. As the
M film is exposed to low strain at the cantilever front, a
ong operational lifetime is expected. This has been confirmed
y running the device at ≈ 100 Hz for three days without any
egradation, corresponding to more than 25 million cycles [ 12 ].
of 9
While the cost of critical materials will hinder their use in large-
scale devices, this is not the case with microsystems. Instead,
processing costs, which strongly depend on footprint, chip size,
processing time, as well as degree of automatization, will be the
dominant factor. A straightforward assembly and interconnection
approach, featuring high quality standards and well-defined
interfaces for integration with existing systems, is a key enabler
for cost-efficient manufacturing. 

When upscaling materials production for industrial-scale sys-
tems, besides the abundance and price of the raw materials, the
ease of processing and how it scales is crucial. Most established
and new materials are studied with equipment at lab scale,
which means that when increasing the batch size, a change
of equipment is needed to produce larger quantities by flow
production. This often requires time and resources to readjust the
processing parameters to achieve the desired material properties.
3D-printing like binder jetting [ 48 ] or 3D extrusion [ 49 ], offers
a scalable route for processing brittle magnetic materials into
heat exchanger geometries with high detail resolution up to
typically 200–300 µm [ 48, 50 ]. Both currently existing commercial
magnetocaloric devices [ 51, 52 ] have implemented 3D-printed
magnetic heat exchangers, and the field has immensely profited
from advancements in 3D printing. As with films and laboratory-
scale materials, longevity of thermomagnetic heat exchangers
can be challenging due to magnetostructural coupling and the
strain associated with it. This issue can be relieved by tuning
the transition toward a more second-order type, while a cor-
rosion protection layer, e.g., copper [ 48 ], can protect the heat
exchanger from electrochemical damage as well as microcracking
by enhancing elasticity. 

6 Summary & Outlook 

Low-grade waste heat released into the environment is both an
unnecessary CO2 burden and an economic opportunity, and its
Advanced Functional Materials, 2026
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olume is expected to rise sharply over the next decade due to
he expansion of energy-intensive infrastructure such as air con-
itioning and data centers. Electrical energy consumption—and
herefore waste heat—from data centers worldwide is projected
o double [ 53 ] in the next five years, and the advent of quantum
omputing will further accelerate this trend, as cryogenic cooling
ystems generate additional low-temperature waste heat. Since
oughly 95% of the electricity consumed by data centers ulti-
ately becomes heat, typically at temperatures up to 40◦C, even
odest recovery gains could significantly improve overall energy
fficiency. For data-center operators, recovering electricity from
aste heat becomes economically viable at around 4% thermal
fficiency [ 54 ]. 

hermomagnetic conversion of waste heat below 100◦C is an
merging energy-harvesting technology with strong development
otential over the next decade. It offers notable strengths,
ncluding grid independence and adaptability to different tem-
erature regimes and power scales. Recent device-engineering
reakthroughs have increased efficiencies by orders of magni-
ude, bringing thermomagnetic systems closer to long-established
hermoelectric conversion. At the same time, thermomagnetic
aterials research benefits from decades of magnetocaloric
aterials development, providing a solid foundation for further
xploration through machine learning and other computational
ethods. Advances in 3D printing now make it possible to shape
hese functional materials into heat exchanger geometries with
nprecedented repeatability and geometric resolution. Now is
he time to bring these developments together to create new
evices capable of harvesting waste heat across multiple power
cales. Although thermomagnetic energy conversion is generally
escribed as suitable for low-grade heat below 100◦C, its practical
erformance is governed by the absolute (and usable) tempera-
ure span, the temporal profile of the heat source (continuous,
ntermittent, cyclic), the heat flux density, and the working
edium. Table S1 gives an overview of the available heat sources
nd their properties, as well as recommendations for matching
hermomagnetic materials and device concepts. 

he largest industrial thermomagnetic system [ 13 ] demonstrated
o date has achieved approximately 500 W electrical power
utput. Incorporating novel heat regeneration principles and
hermal switch mechanisms [ 33 ], well-engineered thermody-
amic cycles with high specific energy, and optimized layering
f thermomagnetic materials [ 55 ] could propel the technology
oward economically viable performance in the kW range. Based
n material costs alone, the best thermomagnetic materials are
redicted to achieve a cost per output power of approximately
0.01 W− 1 [ 34 ], compared with about €1 W− 1 for utility-scale
hotovoltaics, which is currently the lowest-cost electricity-
eneration technology [ 56 ]. This suggests that a substantial
ortion of the total system cost budget remains available for
evice integration and system-level components, although these
osts cannot yet be reliably estimated at the current technology
eadiness level (TRL). In comparison, thermoelectric generators
ypically exhibit costs of approximately €11 W− 1 [ 57 ], highlighting
he potentially superior cost-effectiveness of thermomagnetic
nergy conversion. Although abundant thermomagnetic mate-
ials are already available at large scale for < 10 EUR/kg [ 49 ],
 potential bottleneck lies in the permanent magnets required
or magnetic circuits, which must be rare-earth-free or based on
dvanced Functional Materials, 2026
recycled magnets to enable meaningful upscaling. For upscal-
ing of devices, all material processing steps, including powder
production, 3D-printing processes, and heat treatment, must be
adapted for larger throughput. 3D printing offers high flexibility
for medium-sized systems, since not only the thermomagnetic
heat exchanger but also the entire generator, including yoke,
permanent magnets, and coils, can be printed, providing maxi-
mum freedom for novel magnetic-flux designs and thus improved
efficiency. At present, miniature oscillating devices for powering
sensors and small electronic appliances appear close to commer-
cialization, with parallelly coupled devices offering a route to
broaden the power range at small scales. The vision of a world
that can be understood by distributed networks of various sensor
devices leads to a strong demand for suitable local power sources,
opening many opportunities for thermomagnetic microsystems. 

Combining advances in computational screening, materials syn-
thesis and processing, as well as device engineering will be
essential to unlock the potential of thermomagnetic systems
across different power scales. If these developments continue to
converge, thermomagnetic generators could evolve from labo-
ratory prototypes into widely deployed components of a more
efficient, sensor-rich technological landscape. In this way, waste
heat—once an unavoidable by-product—may become a valuable
resource in the emerging energy ecosystem. Beyond efficiency
alone, converting waste heat to electricity offers intrinsic advan-
tages by providing grid-independent, resilient power that can
be deployed across a wide range of scales. Taken together,
these factors position thermomagnetic conversion as a promising
contributor to future distributed energy systems. 
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