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Thermal energy harvesting from natural resources and waste heat is becoming critical due to ever-

increasing environmental concerns. However, so far, available thermal energy harvesting technologies

have only been able to generate electricity from large temperature gradients. Here, we report a

fundamental breakthrough in low-grade thermal energy harvesting and demonstrate a device based on

the thermomagnetic effect that uses ambient conditions as the heat sink and operates from a heat

source at temperatures as low as 24 1C. This concept can convert temperature gradients as low as 2 1C

into electricity while operating near room temperature. The device is found to exhibit a power density

(power per unit volume of active material) of 105 mW cm�3 at a temperature difference of 2 1C, which

increases to 465 mW cm�3 at a temperature difference of 10 1C. The power density increases by 2.5 times

in the presence of wind with a speed of 2.0 m s�1. This advancement in thermal energy harvesting

technology will have a transformative effect on renewable energy generation and in reducing global

warming.

Broader context
Low-grade heat, either in the form of waste heat from industrial processes or naturally available sources such as hot springs, represents an extremely promising
source of renewable energy. Thorough analysis of available low-grade heat has revealed that recovering just 1.5% of it can generate more electricity than
currently produced by wind, solar, and tidal combined. A cost-effective method for recovering low-grade heat will have a transformative impact on the overall
energy scenario. Current thermal energy harvesting technologies such as the organic Rankine cycle, the Kalina cycle, Stirling engines and thermoelectric
generators have very poor efficiency when the hot-side temperature is less than 100 1C, making them economically unviable for low-grade heat recovery. Here
we report a fundamental breakthrough in demonstrating an ultra-low thermal gradient energy recovery mechanism, termed as PoWER (Power from Wasted
Energy Recovery). PoWER devices use ambient conditions as a heat sink and operate from a heat source at temperatures as low as 24 1C. The PoWER devices
demonstrated here are capable of generating electricity by utilizing rejected heat from a laptop, a sewer grill, and an outdoor metal bench exposed to sunlight.
The device is found to exhibit a power density of 465 mW cm�3 at a heat source temperature of 32 1C, which increases by two to three times in the presence of
wind with a speed of 1.5–2.0 m s�1.

Introduction

Annually, 340 exajoules (1 EJ = 1018 J) of energy out of 474 EJ of
energy generated from various renewable and non-renewable
energy resources is rejected as waste heat.1 Low-grade waste
heat with a temperature less than 100 1C constitutes more than

60% of the total waste heat.1 In addition to the waste
heat available from various industrial and household sources,
there are natural thermal energy sources, such as hot springs,
geothermal heat, and solar heat, whose temperature varies
from room temperature to the evaporation temperature of
water. Unarguably, low-grade heat, either in the form of waste
heat or natural sources, represents an extremely promising
source of renewable energy, as it is commonly available in
our local surroundings. The Carnot efficiency of a low-grade
heat recovery engine operating between 100 1C and ambient
temperature at 25 1C can be calculated to be about 20%.
This infers that a cost-effective method to recover low-grade
heat would have a transformative impact on the overall energy
scenario.
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Traditionally, binary organic Rankine cycle2,3 and Kalina
cycle4 based power plants have been used for electricity gen-
eration from medium-temperature (100–220 1C) heat resources.
However, as the available temperature difference is reduced,
the performance of these power plants deteriorates and at
temperatures below 100 1C, the cycle efficiency reduces to
5–9%.5 Further, with low-temperature sources, traditional heat
engines require large heat exchangers,6 which imposes addi-
tional space and material cost, making them economically
unviable. The Stirling engine is another popular option for
low-grade heat recovery. Small Stirling engines have been
reported to start at a temperature difference as low as 0.5 1C7

and generate power on the order of 0.3–2.5 mW when the
temperature difference is 6.5–19 1C.8,9 Stirling engines, how-
ever, employ a gas as the working fluid which requires a large
storage volume and imposes several operational challenges
due to diffusion and leakage.10 A better alternative to capture
low-grade heat is through thermal energy harvesting. Energy
harvesting provides a methodology for generating electricity
from environmental energy sources that are freely available.
Energy harvesting devices comprising solar cells11,12 and vibra-
tion harvesters13–15 have been widely pursued in the literature
and recently there has been a surge in developing thermal
energy harvesters. Various approaches based upon thermo-
electrics, pyroelectrics, thermal polymer-muscles, and shape
memory alloys are being considered.16 Thermoelectric generators
(TEGs) utilizing the Seebeck effect represent one of the most
popular heat recovery technologies.17,18 Although recent studies
have reported a TEG efficiency close to 10% when the tempera-
ture gradient is large (more than 500 1C),19,20 the efficiency of
commercially available TEGs is still quite low, not more than a
few percent.21 The efficiency of TEGs, and indeed all heat
engines, deteriorates as the thermal gradient decreases, which
makes them impractical for low-grade heat recovery (hot-side
temperatures lower than 100 1C). This is related to the peak
behaviour of the figure-of-merit for thermoelectric materials,
which in most cases occurs above 100 1C. Shape memory alloy
(SMA) based generators have been recently proposed as an
alternative for low temperature heat recovery.22,23 SMA engines
rely on a thermoelastic effect, where an SMA element under-
goes a reversible phase transformation from a martensite to an
austenite phase, generating cyclic strain, which is used to
generate torque that drives an electromagnetic generator.
SMA engines have been reported to operate in the temperature
range of 60–80 1C and found to exhibit 187 mW of electrical
power from a device with dimensions 1850 mm � 550 mm �
500 mm, resulting in a power density of 0.4 W m�3.22 Pyro-
electrics and thermal polymer-muscles have been projected to
exhibit high power density (1.08 MW m�3 of the PVDF film
under a temperature change of 80 1C for a pyroelectric
generator24 and 18.1 kW m�3 of the coiled muscle across
a temperature fluctuation of 70 1C for the polymer-muscle
powered tensile energy generator).25 Although both these tech-
nologies are being targeted for waste heat recovery, their
requirement of cyclic temperature variation limits their deployment.
In addition, high power density in these cases is accompanied

by very low overall power output for a given volume, which
makes integration or operation such as recharging of batteries
quite difficult.

A fundamentally different approach for harnessing low-
grade thermal energy and converting it into mechanical or
electrical energy is possible using the thermomagnetic effect.
The concept of a thermomagnetic generator was first proposed
in the late 19th century,26–29 but this promising technology was
not implemented due to lack of a suitable ferromagnetic
material. Conventional ferromagnetic materials such as iron,
cobalt, and nickel have Curie temperatures above 350 1C, which
presents several implementation challenges. Gadolinium (Gd),
having a low Curie temperature of 22 1C, has been proposed as
a suitable thermomagnetic material for a thermomagnetic
generator.30 The ferromagnetic to paramagnetic transition
normally occurs in a narrow temperature range; therefore, in
comparison with conventional ferromagnetic materials, Gd is
expected to exhibit a higher Carnot efficiency for the same
value of DT (i.e. for a fixed temperature difference, DT, the
Carnot efficiency DT/Th increases with a decrease in the hot
reservoir temperature Th).

31 Analytical studies32–35 have revealed that
Gd based thermomagnetic heat engines can provide efficiencies
approaching the Carnot efficiency; however, no known experimental
work has been performed to prove this possibility which indicates
the challenges associated with translating the theory into practice.
Factors such as material availability, manufacturability, actual
operating conditions, environmental effects, and cost are just a
few of the challenges that often lead to violation of assumptions
made in analytical calculations. A few recent studies36–40 have
reported Gd based thermomagnetic harvesters, however, these
devices often require a heat sink below 0 1C, which questions the
economic feasibility of these low power density devices.

In this study, we demonstrate a unique ultra-low thermal
gradient energy recovery mechanism, called PoWER (Power from
Waste Energy Recovery), with ambient conditions acting as the
heat sink. The PoWER device does not require an external heat
sink, bulky fins or thermal fluid circulation. A small size, room
temperature operation, and a cost-effective configuration make
our device highly suitable for power generation in a wide range of
applications including recharging a battery for the internet-of-
things, self-powered temperature sensing, water quality monitor-
ing, occupancy detection sensors, and power generation. A PoWER
device utilizes the thermomagnetic effect, where a cyclic variation
in temperature across the Curie temperature of a ferromagnetic
material in the presence of an external magnetic field results in a
cyclic change inmagnetization, which is used to createmechanical
work. A home built two-rotor one-stator axial flux electric generator
is connected to a thermomagnetic engine to convert mechanical
power into electricity.

Results and discussion
Material, working principle, and device design

The thermomagnetic material employed in this study is Gd as
its Curie temperature is close to room temperature. Gd possess
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a large magnetic moment below its Curie temperature because
of its electronic configuration, [Xe] 4f7 5d1 6s2. Fig. 1a depicts

the electronic configuration in the outer orbit of a neutral Gd
atom.41 The seven unpaired electrons in its 4f subshell account

Fig. 1 Harvesting ultra-low grade thermal energy from the surroundings. (a) The electronic configuration in the outer orbit of a neutral Gadolinium (Gd)
atom. The seven unpaired electrons in the 4f subshell account for the large magnetic moment of Gd. (b) The hexagonal close-packed (hcp) structure of a
Gd crystal. From the spin reorientation temperature (�41 1C) to the Curie temperature (22 1C), the magnetic moments are aligned along the hexagonal
axis (c-direction). (c) The thermal energy harvesting utilizing a thermomagnetic material that can be employed to obtainmagnetic work. (d) The thermomagnetic
cycle, where a Gd sample undergoes a second-order paramagnetic2 ferromagnetic phase transformation in a cyclic manner. (e) The working principle of the
proposed ultra-low grade thermal energy recovery mechanism, PoWER (Power from Waste Energy Recovery). Cyclic heating and cooling causes magnetic
domains to orient and disorient, resulting in time-varying magnetization and an unbalanced magnetic torque on the rotor. (f) The design architecture and key
components of the PoWER device. A prototype of the PoWER device with six rotors is shown in the inset.
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for a total angular momentum (spin angular momentum, S,
and orbital angular momentum, L) of J = L + S = 7/2.42 The
saturation magnetic moment of Gd has been reported to be
7.55 mB. An additional 0.55 mB moment is attributed to conduc-
tion electron polarization.43 Gd crystallizes in the hexagonal
close-packed structure and from the spin reorientation tempera-
ture (�41 1C) to the Curie temperature (22 1C), the magnetic
moments are aligned along the hexagonal axis (c-direction),
as shown in Fig. 1b.44

Gd undergoes a second-order paramagnetic2 ferromagnetic
phase transformation, which can be utilized to obtain magnetic
work using the thermomagnetic cycle shown in Fig. 1c and d.
Phase i, shown in Fig. 1c and d, denotes the state of spontaneous
magnetization where a Gd sample is below its Curie temperature
and in zero external magnetic field. When an external magnetic
field H+ is applied, the magnetic moments orient in the direction
of the magnetic field, leading to an increase in the size of
magnetic domains (shown as state ii). The Gd sample is then
heated above the Curie temperature while the external mag-
netic field is kept constant. The magnetization reduces due to
thermal agitation, which is indicated by state iii. When the
external magnetic field is removed, the magnetic moments fully
disorient, leading to near zero magnetization in the Gd sample
(state iv). Lastly, the Gd sample is cooled to its initial tempera-
ture and state i is restored. It is important to note that when the
temperature across a ferromagnetic material is changed, the
material needs some time to establish a new equilibrium
magnetization. This characteristic time is termed as the spin–
lattice relaxation time and it measures the strength of the
coupling between the spin system and the lattice. In the case
of Gd, the characteristic time for establishing thermal equili-
brium between the lattice and the spin system has been reported
to be on the order of picoseconds.45 Since the magnetic response
of Gd is quite fast, the overall frequency of a Gd-based thermo-
magnetic cycle is primarily controlled by the frequency at which
thermal cycling occurs.

Fig. 1e demonstrates the working principle of the proposed
PoWER mechanism based on the thermomagnetic effect. The
PoWER device consists of ring-shaped Gd rotors, permanent
magnets, and an electric generator. Fig. 1f shows an assembled
PoWER device having six rotors. Warm water (Th = 24–50 1C) is
used as the hot reservoir to heat a small section of the Gd rotor
above its Curie temperature. The external magnetic field is
created using the two permanent magnets located below the
rotors, as shown in Fig. 1f. This two-magnet configuration
helps the PoWER device to achieve a higher rotor speed and
magnetic torque as compared to the one-magnet configuration
(please refer to the ESI,† Fig. S6 for more discussion). The
portion of the rotor in contact with the warm water gains heat
and a hot spot is created. When the temperature rises above the
Curie temperature, the rotor locally undergoes the second-
order ferromagnetic to paramagnetic phase transformation,
causing the magnetic domains to disorient due to thermal
agitation. This drastically reduces the magnetic interaction
between the hot spot and the permanent magnet. Since the
remaining part of the rotor is still cold and in the ferromagnetic

phase, the permanent magnet attracts the cooler portion result-
ing in a net torque on the rotor, which causes it to rotate.
As rotation occurs, the hot portion cools down by dissipating
heat to the ambient air and the magnetic domains regain their
orientation. Eventually, a new hot spot is created, and the
rotation continues as long as there is a heat source. An axial
flux electric generator is connected to the rotor in order to
harvest this rotational motion and generate electricity. The
details of the device fabrication are provided in the Experi-
mental section. A detailed discussion on the thermomagnetic
effect, the thermomagnetic material, and the calculation for the
specific work and the efficiency of the thermomagnetic cycle
are provided in the ESI.†

Thermomagnetic cycle in the PoWER rotor

Fig. 2a and b illustrate the magnetic field distribution and
temperature distribution along the rotor’s surface of the
PoWER device. The contours were obtained using COMSOL
Multiphysics (version 5.3). As shown in Fig. 2a, the magnetic
flux density varies between B0 T and 0.22 T. This infers that
during each rotation, a portion of the rotor experiences a
magnetic cycle in the range 0–0.22 T. Fig. 2b shows the tempera-
ture contour. It was noted that the actual temperature distribu-
tion is dependent on the rotor’s angular speed; however, the
extreme values for the rotor temperature always lie between the
water and ambient temperature. Fig. 2c depicts the magnetiza-
tion versus magnetic field (M–H) plots for Gd, obtained using the
quantum design physical property measurement system (PPMS).
Using eqn (S1), ESI,† and integrating around the thermomagnetic
cycle, the specific magnetic work per thermomagnetic cycle
occurring between 0 and 0.22 T and 22 and 40 1C can be
calculated to be B3.5 J kg�1. In Fig. 2c, it is also important to
note that the isotherms are very close when the temperature is
greater than 40 1C. This implies that the performance of
PoWER devices cannot be increased substantially by increasing
the hot-side temperature beyond 40 1C. Fig. 2d shows the
specific heat versus temperature (CH–T) plots for Gd measured
using differential scanning calorimetry (DSC). The shaded
region depicts the heat flow when the temperature cycle occurs
between 22 1C and 40 1C. Using eqn (S8), ESI,† the efficiency of
the thermomagnetic cycle was calculated to be B0.1%. Since
the specific work output per thermomagnetic cycle increases
with an increase in the applied magnetic field, it is estimated
that when the applied magnetic field is 1.0 T, the efficiency can
be increased to 0.6%. Please note that the Carnot efficiency of a
heat engine working between Tc = 22 1C and Th = 40 1C is 5.8%.
This illustrates that thermomagnetic cycle based PoWER devices
have the potential to operate up to a 10% Carnot efficiency.

Performance characteristics of the
PoWER devices

Fig. 3a depicts the electrical power produced by the PoWER
device having a single rotor of dimensions of 50.5 mm (outer
diameter, OD) � 44.5 (inner diameter, ID) � 1.5 mm (thickness),
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when the warm water temperature is maintained at 40 1C and
the ambient temperature is at 22 1C. The maximum, minimum,

and average electrical power obtained during experiments are
shown in Fig. 3a at different resistive loads. A maximum average

Fig. 3 Electrical power produced by PoWER devices as a function of resistive load at a water temperature of 40 1C and ambient temperature of 22 1C. (a)
The maximum, minimum, and average electrical power output of the PoWER device having a thin rotor of dimensions 50.5 mm (OD) � 44.5 (ID) �
1.5 mm (thickness). (b) The maximum, minimum, and average electrical power output of the PoWER device having a thick rotor of dimensions 50.5 mm
(OD) � 44.5 (ID) � 3.18 mm (thickness). The thicker rotor (3.18 mm thickness) produces a 6% higher power than the thinner one (1.5 mm thickness). (c)
The angular speed progression of the PoWER rotor from the time it starts until it reaches the steady state. The number of rotors does not significantly
affect the steady state angular speed and the angular acceleration, indicating the thermomagnetic cycles of different rotors are mutually independent
and the magnetic torque can be increased by increasing the number of rotors. (d) Open circuit (OC) voltage obtained for different PoWER devices having
one, two, four, and six rotors, respectively. The OC voltage has a frequency of 12.7 Hz, 13.1 Hz, 13.5 Hz, and 14.3 Hz, respectively, and an amplitude above
1.0 V to minimize losses during rectification.

Fig. 2 Thermomagnetic cycle in the PoWER rotor. (a) The magnetic flux density distribution along the surface of the PoWER rotor. (b) The temperature
contour showing the temperature distribution along the surface of the PoWER rotor. The actual temperature depends on the angular speed of the
PoWER rotor. (c) Isothermal magnetization–magnetic field (M–H) curves of Gd. The shaded region illustrates the specific work. Isotherms are very close
at high temperature, indicating minimal increase in specific work above 40 1C. (b) Heat capacity versus temperature of the Gd sample used in the PoWER
devices. The shaded region indicates the heat flow during the thermomagnetic cycle.
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electrical power of 0.385 mW was obtained at an optimal
resistive load of 3 kO. Fig. 3b depicts the electrical power
produced by the PoWER device with a rotor of the same OD
and ID as discussed earlier but a different thickness of 3.18 mm.
A maximum average electrical power of 0.407 mW was observed
at an optimal resistive load of 4 kO. This indicates that there is
not much gain in power by increasing the rotor thickness, but
this is an important result that illustrates the role of the coupling
between the thermal transport and the physical behavior of the
material. Gd, the thermomagnetic material used for the rotor,
has thermal conductivity of 9.5 W m�1 K�1.46 Analytical calcula-
tions show that heat propagates just a few microns inside the
rotor when it is operating at the optimal load in the steady state
condition. The thermal cycling, therefore, occurs only near
the outer surface, making the additional thickness unnecessary.
Fig. S4, ESI,† depicts the effect of the size of the rotor on the
performance of the PoWER devices. It can be noted that increas-
ing the size of the rotor has a positive influence on the generated
electrical power due to the increased thermal gradient. There-
fore, in the remainder of the paper, results for a rotor of
dimensions 50.0 mm (OD) � 44.5 (ID) � 1.5 mm (thickness)
will be presented. Fig. 3c depicts the angular speed progression
of the PoWER rotor (not connected to a generator) from the time
it starts and until it reaches the steady state. It can be noted that

increasing the number of rotors does not significantly affect
the steady state angular speed and the angular acceleration;
although the maximum angular speed slightly decreased after
three rotors due to additional damping. This indicates that the
thermomagnetic cycles occurring in different rotors are mutually
independent of each other and the magnetic torque can be
increased by increasing the number of rotors. Fig. 3d shows
the open circuit (OC) voltage produced by the PoWER devices
having a variable number of rotors (one to six) connected
simultaneously to a single generator shaft. In order to account
for the increased magnetic torque due to multiple rotors, a
bigger electric generator compared to the generator used for
the PoWER device with a single rotor was implemented. The
details of generator characteristics are provided in the ESI.†
The EMF frequency of the electric generator is related to the shaft
rpm by the relation: f = np/120, where n is the shaft rpm and p
denotes the number of magnetic pole pairs used in the electric
generator. The steady state, no-load rpm for PoWER devices
having one, two, four, and six rotors was found to be 191, 196,
202, and 215, respectively, at a water temperature of 40 1C. This
corresponds to an operational frequency of 12.7 Hz, 13.1 Hz,
13.5 Hz, and 14.3 Hz, respectively, where OC voltages were
measured. The output voltage amplitude above 1.0 V ensures
minimal losses during AC to DC rectification.

Fig. 4 Electrical power produced by PoWER devices having multiple rotors as a function of resistive load. (a) The average electrical power produced by
the PoWER device having multiple rotors connected simultaneously to a single generator shaft. At a water temperature of 32 1C, the electrical power at
the optimal resistive load increases from 0.31 mW to 1.10 mW by increasing the number of rotors from one to six. (b) The average electrical power
produced by the PoWER device having multiple rotors at 40 1C. The electrical power at the optimal resistive load increases from 0.30 mW to 1.30 mW by
increasing the number of rotors from one to six. (c) The optimal power of the PoWER devices versus number of rotors. The hollow circle shows the
optimal power of the PoWER device with a single rotor attached to small generator. The optimal power increases almost linearly with the increase in the
number of rotors, emphasizing the fact that the device is scalable and the power per unit volume of the device can be increased substantially by
increasing the number of rotors. (d) The average power of the PoWER device with six rotors at different hot-water temperatures. The PoWER device
produces an optimal power of 0.42 mW at a water temperature of 24 1C (a temperature difference of 2 1C) and 0.79 mW at a water temperature of 27 1C
(a temperature difference of 5 1C).
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Fig. 4a and b depict the electrical power produced by the
PoWER device having multiple rotors connected simulta-
neously to a single generator shaft. It can be observed that at
a hot water temperature of 32 1C, the electrical power at the
optimal resistive load increases from 0.31 mW to 1.10 mW by
increasing the number of rotors from one to six. Likewise, at a
hot water temperature of 40 1C, the optimal electrical power
increases from 0.30 mW to 1.30 mW by increasing the number
of rotors from one to six. As indicated in Fig. 4c, the optimal
power of the PoWER devices increases almost linearly with the
increase in the number of rotors. Fig. 4d shows the output
power of the PoWER device with six rotors at different hot-water
temperatures. It is interesting to note that the PoWER device
operates at a water temperature of 24 1C (i.e. a temperature
difference of just 2 1C) and produces an electrical power of
0.42 mW, which increases to 0.79 mW at a water temperature of
27 1C (a temperature difference of 5 1C), 1.10 mW at a water
temperature of 32 1C (a temperature difference of 10 1C), and
1.30 mW at a water temperature of 40 1C (a temperature
difference of 18 1C). More detailed discussion on the scalability
of PoWER devices is provided in the ESI.†

PoWER device performance as a function of temperature

Fig. 5a and b demonstrate the performance of the PoWER
device with three rotors during a temperature sweep experi-
ment. As indicated in Fig. 5a, the rotor rpm initially increases
with an increase in water temperature, but then saturates
at B50 1C. This happens because of the counteractive effects
between thermal and magnetic physics. The convective heat
transfer coefficient is proportional to the relative speed between
the ambient air and the rotating rotor, whereas the magnetic

force is proportional to the lowest temperature achieved by the
rotor. When the water temperature is low, the rotor tends to
move faster as a higher rpm helps the hot spot in the rotor to
cool faster and thus amplifies the paramagnetic to ferromagnetic
phase transformation. However, when the temperature of the
hot spot is much above the Curie point, the high rpm of the rotor
does not allow it to cool below the Curie temperature, thereby
restricting the paramagnetic to ferromagnetic phase transition.
Therefore, when the water temperature is low (25–30 1C), the
rotor speeds up, however when the water temperature rises to a
threshold value of B50 1C, the rotor attains a constant speed of
around 200 rpm. A similar trend was observed for the power
output (Fig. 5b). The electrical power of the PoWER device first
increases with an increase in temperature, reaches a maximum
value at 35–45 1C, and then decreases slowly. This can be
explained by invoking the M–H diagram shown in Fig. 2c. Since
the isotherms are close at high temperature, the shaded
area does not increase substantially beyond 40 1C, thereby
causing a very small increase in the power generated by PoWER
devices. The temperature sweep experiments were repeated
on the PoWER device with two rotors, which are shown in
Fig. S2 and S3 in the ESI.†

Effect of wind on the performance of PoWER devices

Fig. 6a–d quantify the effect of wind (forced cooling) on the
performance of the PoWER devices. The optimal power of the
PoWER device with three rotors increases from 0.69 mW under
no wind conditions to 1.5 mW under a wind speed of 1.5 m s�1

and to 1.8 mW under a wind speed of 2.0 m s�1. Likewise, the
optimal power of a PoWER device with six rotors increases from
1.3 mW under no wind conditions to 2.3 mW under a wind

Fig. 5 Temperature sweep experiment for the PoWER device with three rotors. (a) Variation in the rotor rpm with an increase and a decrease in the
water temperature. When the water temperature is very low, the rotor speeds up, but as the water temperature rises above a threshold value, the rotor
achieves nearly a constant speed. (b) Variation in the power output of the PoWER device with an increase and a decrease in the water temperature.
The electrical output first increases with an increase in temperature, reaches a maximum value at 35–45 1C, and then decreases slowly.
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speed of 1.5m s�1 and to 2.8mWunder a wind speed of 2.0m s�1.
Fig. 6c depicts interesting behavior from a PoWER device. It was
observed that the PoWER device is capable of operating with no
heat source when there is light wind. As shown in the ESI,†
Video V1, the PoWER device does not self-start when there is no
heat source; however, once it is started manually, the rotor
maintains oscillation. The chilling effect produced by the wind
evaporates water drawn onto the exposed portion of the rotor
during oscillation. This causes the exposed portion of the rotor
to cool slightly below room temperature, thereby creating
a thermal gradient in the rotor. The continuous rewetting of
the Gd rotor and evaporation by the wind allows the PoWER
device to maintain oscillation. The axial AC generator, which is
attached to the rotor, captures this oscillation and generates
electricity. Fig. 6d shows the voltage across the two terminals of
a 2.5 V 0.2 F capacitor, which was charged using the power
produced by the PoWER device under wind of 2.0 m s�1 and no
heat source.

Power density of the PoWER devices

Fig. 7 shows the power density (power per unit volume of Gd) of
the PoWER devices at two different temperatures. At a fixed
temperature difference of 10 1C, a power density of 467 mW cm�3

is obtained with a single rotor. As the number of rotors is
increased, the power density slowly decreases and almost saturates
at 265 mW cm�3 for six rotors. Likewise, at a fixed temperature
difference of 18 1C, a power density of 442 mW cm�3 is obtained

with two rotors and as the number of rotors is increased, the power
density decreases and it approximately saturates at 328 mW cm�3

for six rotors. The figure in the inset shows the power density
for the PoWER device with six rotors under a varying tempera-
ture difference. The PoWER device with six rotors produces a
power density of 105 mW cm�3 under a temperature difference
of 2 1C, which increases to 328 mW cm�3 under a temperature
difference of 18 1C.

There are a limited number of studies in the literature that
quantify the experimental output power for a heat engine
operating near room temperature under such low temperature
gradients. Most of the thermomagnetic harvesters reported in

Fig. 6 Effect of wind (forced cooling) on the performance of PoWER devices. (a) Performance of the PoWER device with three rotors at wind speeds of
1.5 m s�1 and 2.0 m s�1. The optimal power of the PoWER device with three rotors increases from 0.69 mW in no wind conditions to 1.5 mW in wind
conditions of 1.5 m s�1 and 1.8 mW in wind conditions of 2.0 m s�1. (b) Performance of the PoWER device with six rotors at wind speeds of 1.5 m s�1 and
2.0 m s�1. The optimal power of a PoWER device with six rotors increases from 1.3 mW in no wind conditions to 2.3 mW under a wind speed of 1.5 m s�1

and 2.8 mW under a wind speed of 2.0 m s�1. (c) Voltage generated by the PoWER device when there is no heat source but a wind speed of 2.0 m s�1.
(d) The voltage across the two terminals of a 2.5 V 0.2 F capacitor being charged using the power produced by the PoWER device under no heat source
and wind of 2.0 m s�1.

Fig. 7 Power density (power per unit volume of Gd) demonstrated by
PoWER devices having various numbers of rotors. The figure in the inset
shows the power density for the PoWER device with six rotors at different
temperature differences.
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the literature are based on the linear oscillation of a thermo-
magnetic material attached to a spring–mass system. They also
rely on the piezoelectric effect to generate electricity.36–39,47

Based on the average power reported by Chen et al.,38 the power
density (power per unit volume of the thermomagnetic material)
of such harvesters was estimated to be 0.0132 mW cm�3 at a
temperature difference of 20 1C, which is lower by several orders
of magnitude than the power density demonstrated by PoWER
devices. It is also important to note that the current version
of PoWER devices utilizes a commercial off-the-shelf non-
optimized thermomagnetic material, Gd. There are several pro-
totype thermomagnetic materials, such as GdSiGe alloys48,49 and
Heusler alloys,50,51 that have been reported to exhibit a 2–10 times
higher thermomagnetic effect than that of Gd. In addition,
simulation results shown in the ESI† show that the performance
of the PoWER devices can be increased by increasing the applied
magnetic field. This implies that the power density of the
PoWER devices can be improved several fold by performing
material and system optimization in future studies. We believe
PoWER will provide the foundation to launch a new generation
of thermal energy harvesting devices.

Real-world demonstrations using PoWER devices

Fig. 8a–d demonstrate the deployment of PoWER devices for
real-world applications. In Fig. 8a, the PoWER device with a
single rotor was kept on the surface of a laptop. Gaining the

heat dissipated by the laptop, the water temperature below the rotor
rises to 25 1C, when the room temperature is at 22 1C. As shown in
the ESI,† Video V2, under a temperature difference of just 3 1C, the
PoWER device with a single rotor can be seen to light up several
LEDs. Fig. 8b demonstrates the operation of the PoWER device
when it is located on a sewer grill. The demonstration shown in the
ESI,† Video V3, depicts that the PoWER device can be employed to
generate electricity using rejected heat from the steam coming out of
sewage and drainage systems from industrial and commercial
establishments. In Fig. 8c, the PoWER device with a single rotor is
kept on ametal bench, which is exposed to sunlight. Video V4, ESI,†
shows the demonstration, where the PoWER device can be seen to
operate under a thermal gradient of just 1 1C (the ambient tem-
perature is 25.3 1C, whereas the water temperature is 26.3 1C). A
PoWER device was also employed to continuously run aMIDASCON
wireless sensor that senses temperature, humidity, and acceleration
and transmits the data using Bluetooth, as shown in Fig. 8d and the
ESI,† Video V5. These successful demonstrations clearly indicate
that PoWER devices can harvest thermal energy from a variety of
heat sources and can be used in a wide range of applications.

Conclusions

We report a fundamental breakthrough in demonstrating an
ultra-low grade thermal energy recovery mechanism, termed as

Fig. 8 Some real-world demonstrations. (a) A PoWER device with a single rotor kept on the surface of a laptop. Utilizing rejected heat from the laptop,
the PoWER device can power several LEDs. (b) A PoWER device located on a sewer grill. The PoWER device generates electricity using the steam coming
out of the sewage and drainage system. (c) A PoWER device with a single rotor is kept on a metal bench exposed to sunlight. The PoWER device can
operate under a thermal gradient of just 1 1C between the heat source and the ambient air. (d) A MIDASCON sensor being powered by a PoWER device.
The sensor measures temperature, humidity, and acceleration and transmits the data wirelessly using Bluetooth.
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PoWER (Power from Wasted Energy Recovery), based on the
thermomagnetic effect. The PoWER device uses ambient condi-
tions as the heat sink and is found to operate with a heat source
at temperatures as low as 24 8C. The PoWER device is found
to exhibit a power density (power per unit volume of Gd) of
105 mW cm�3 at a temperature difference of 2 1C, which
increased to 465 mW cm�3 at a temperature difference of 10 8C.
The power density increases by 2.5 times in the presence of light
wind with a speed of 2.0 m s�1. The PoWER device is also able to
operate at zero thermal gradient when there is light wind.

Experimental
Fabrication of PoWER devices

In order to demonstrate the PoWER mechanism, we fabricated
scaled versions of the PoWER device. The device consists of Gd
ring shaped rotors of outer diameter (OD) 50.5 mm and inner
diameter (ID) 44.5 mm, permanent magnets of size 12.7 mm �
6.35 mm � 6.35 mm, and an axial flux generator. Preliminary
experiments reveal that two permanent magnets located below
the rotor, as shown in Fig. 1f, provide the highest power (the
effect of the number of permanent magnets on the perfor-
mance of PoWER devices is discussed in the ESI†). Gd sheets
(purity: 99.9%) of 200 mm � 400 mm � 1.5 mm purchased
from Stanford Advanced Materials, Inc., USA were used to
fabricate rotors for the PoWER devices. Nickel-plated neodymium
block magnets of dimensions 12.7 mm � 6.35 mm � 6.35 mm
were purchased fromK & Jmagnetics, Inc., USA. These permanent
magnets were magnetized through their thickness and had a
surface field strength of 5248 Gauss. An axial flux generator was
built as it has low cogging torque. The details of the generator
developed in this study are provided in the ESI.† As shown in the
ESI,† Fig. S4, the axial flux electric generator used in the PoWER
device had one stator and two rotors on either side of the stator.
The stator consists of a set of eight teardrop shaped coils; each
coil has copper wire of gauge size 42 AWG. Each of the generator
rotors contains a set of eight arc shaped permanent magnets.
All other components were 3D printed.

Measurement of electrical output and characteristics

The voltage generated by the PoWER devices was recorded
using a National Instruments NI myDAQ. The angular speed was
measured using a non-contact type optical digital Tachometer, DT-
209X, by SHIMPO Instruments, USA. A resistance substitution box,
RS-200W, by IET Labs, Inc. was used during resistance sweep
experiments. Type T thermocouples were used to detect the
temperature of the heat source. For calculating the electrical
power, we have used the root mean square (rms) voltage. We
first recorded continuous data for the rms voltage, which was
obtained using consecutive data points for the instantaneous
voltage. The arithmetic mean of the recorded rms voltage data
was then used to calculate the average power, which is reported
in Fig. 4a–d and Fig. 6a and b. The maximum and minimum
values of the power shown in Fig. 3a–c were calculated based on
the maximum rms voltage and the minimum rms voltage

recorded during the resistance sweep experiments. The effect
of wind on the performance of the PoWER devices was studied
using a 0.7 m subsonic open jet wind tunnel. The magnetic
characterization of the Gd sample was performed using the
quantum design physical property measurement system (PPMS).
The specific heat measurements were performed using differ-
ential scanning calorimetry (DSC).
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