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This review covers solid state thermal to electrical energy converters capable of transforming low grade heat
directly into electricity for waste heat recovery and thermal energy harvesting. Direct solid state heat engines,
such as thermoelectric modules and thermionic converters for spatial temperature gradients, are compared with
pyroelectric energy harvesters and thermomagnetic generators for transient changes in temperature.
Temperature and size limitations along with the maturity of the technologies are discussed based on energy
density and temperature range for the different generator technologies. Despite the low energy conversion ef-
ficiency with solid state generators, electric power density ranges from 4 nW/mm? to 324 mW/mm?. The most

promising sector to implement changes while reducing the primary energy consumption and saving resources, is
the processing industry along with stationary and mobile electronics.

1. Introduction

The constant growth in population is followed by an increasing
demand in electrical energy, since our health, safety, and comfort relies
on a continuous generation and distribution of electric power. Due to
the volatile nature of electricity and the limited ability of storing
electrical energy, a continuous energy generation is needed. Currently
over 76% of all electrical energy is generated from non-renewable en-
ergy sources with heat remaining the primary driver [1]. Heat is uti-
lized in conventional internal and external combustion cycles which are
widely optimized in terms of non-renewable energy sources and limited
by environmental regulations. At the same time, conventional com-
bustion cycles expel large amounts of low grade thermal energy and
waste heat. Waste energy, if it can be captured or harvested, is a re-
newable or sustainable energy source which can be used for co-gen-
eration and energy harvesting. In addition, large quantities of currently
unexplored heat sources are readily available for waste heat recovery
and thermal energy harvesting; including e.g. solar radiation energy,
geothermal energy, and thermal energy expelled by the processing in-
dustry (aluminium melting, glass manufacture, oil and gas, as well as
paper and cement production) or the building environment (air con-
ditioning and refrigeration) [2-4]. Solar radiation energy is a particu-
larly important and an infinite source of renewable energy with an
exceptionally high power density.

* Corresponding author.

Fig. 1 compares the source power densities for various ambient
thermal and radiation energy sources before conversion [5]. Thermal
energy sources in solid (e.g. ground heat), liquid (e.g. hot springs) and
gaseous (e.g. airflow) phases have a low power density of around
10 uyW/cm? in contrast to direct and indirect radiation energy sources
with a high power density of up to 10 000 uW/cm?, which can be di-
rectly utilized for thermal to electrical energy conversion. However,
despite the high power density of direct and indirect radiation sources
the temperatures are below 230 °C and therefore are considered too low
for conventional thermal to electric energy conversion systems [6]. In
addition, conventional energy conversion systems, such as Bryton or
Rankine cycles, have scaling issues at low temperatures and small heat
loads, for which reason practical applications need a minimum gen-
erator size of 1 kW [7]. In an effort to utilize small heat sources below
1 kW a number of small-scale solid state thermal to electrical energy
converters have been developed, capable of converting low tempera-
ture heat directly into electrical energy. Solid state thermal to electrical
energy converters are heat engines, or small generators, and energy
harvesters capable of transforming heat directly into electricity. The
governing physical principles with solid state thermal to electrical en-
ergy converters work over several orders of magnitude and enable the
utilization of previously unexplored low grade thermal energy and
waste heat. With solid state heat engines, small quantities of low grade
thermal energy and waste heat, at temperatures just above ambient, can
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Nomenclature
A surface area, m?
A* Richardson constant for semiconductors, 1
Ac empirical constant for thermomagnetic generators, 1
Agr Richardson constant for metals, A.m~ 2K~ 2
B magnetic flux density, T
d distance, m
E energy, J
Fg pyroelectric figure of merit, 1
H total magnetic field, A.m "
I electrical current, A
J total current density, A.m ™2
Je current density from the cold electrode to the hot elec-
trode, A.m ™2
Ju current density from the hot electrode to the cold elec-
trode, A.m ™2
kg Boltzmann constant, 8.61733 eV.K !
L shunt length, m
N number of turns, 1
n, turns per unit length of the inductor coil, m™*
P electrical power generated, W
Ppolarization polarization, C.m ™2
p* pyroelectric coefficient, Cm~ %K™ !
Q heat load, J
Q’ dissipated thermal power by the electron flow, W.m ™2
'R dissipated thermal power by radiation, W.m 2
q elementary charge, 1.60218 x 10~ '°C

S average area enclosed by the inductor coil, m*
Sseebeck  Seebeck coefficient, V.K ™!

T temperature or average temperature, K

T, Curie temperature, K

Tcold temperature of the cold electrode, K

Thot temperature of the hot electrode, K

\Y electrical potential, V

zT thermoelectric figure of merit, 1

APpjarization Change in polarization, C.m ™2

AT temperature difference, K or °C

At time difference, s

dB change on the magnetic field flux, Tesla or Gauss
eC emissivity of the cold electrode material, 1

eH emissivity of the hot electrode material, 1

0 work function, eV

K thermal conductivity, W.m ~*.K™!

H total magnetic field [A/m]

Ncammot  Carnot efficiency, 1

NTE thermoelectric efficiency, 1

NThermionic thermionic efficiency, 1
NpyroelectricPyroelectric efficiency, 1
NThermomagnetic thel’momagnetic efﬁciency,l

p electrical resistivity, Q.m

€ relative dielectric permittivity, 1

e relative magnetic permeability,1

Ly permeability of free space, 4m.10~7 H.M
Osp 5.67036 X 1078 W-m~2.K™*

n experimental efficiency, 1

be directly converted into electrical power in the microwatt to milliwatt
range. The generated electrical power allows to locally power a large
number of small scale electronic devices as well as autonomous and
self-sustaining applications, without the need for maintenance and
additional costs. Most autonomous and self-sustaining applications such
as low power electronics, internet of the things (IoT) devices and
wireless sensor networks [8] or mechanical actuators and pump ap-
plications[9], can be powered using solid state energy converters. The
power level with low power electronics is usually in the range between
10nW and 1 mW when operating continuously or intermittently, and
can be used without the need for external batteries or hard wiring
[10,11]. In addition, solid state energy converters do not have any
mechanical motion when converting heat directly into electrical en-
ergy, for which reason no mechanical wear and fewer transformation
losses are expected. A recent review provides more general information
on materials, methods and devices for thermal energy harvesting [12].
However, this review compares currently available industrial applica-
tions as well as experimental and practical small-scale solid state
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Fig. 1. Ambient source power densities before conversion (modified from [5]).
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thermal to electrical energy conversion technologies capable of re-
covering low grade waste heat. Amongst the most popular solid state
heat engines are commercially available thermoelectric modules uti-
lizing a spatial temperature differences between a static heat source and
heat sink. A spatial temperature difference can be also utilized using
experimental thermionic devices transforming a constant heat flow
directly into electricity. In contrast to spatial temperature difference,
transient or oscillating changes in temperature, such as day and night
time temperature changes, introduce fluctuating heat flows. A fluctu-
ating heat flow can be converted into electrical energy using solid state
pyroelectric energy harvesters or thermomagnetic devices, which show
interesting developments in recent years. The development of heat
engines over time has also revealed some highly innovative concepts for
solid state generators such as the single atom engine [13], thermal re-
sonators using thermal effusivity materials [14] or more abstract ap-
proaches such as a magnon-driven quantum-dot heat engine [15].
Further, chemical principles such as thermogalvanic converters [16]
using alkali metals [17], are currently of more interest from a theore-
tical point of view when used for waste heat recovery and thermal
energy harvesting applications. However, this review predominantly
focuses on experimental and practical applications of solid state heat
engines for waste heat recovery and thermal energy harvesting. When
recovering heat and harvesting thermal energy, every thermal energy
conversion process is limited by the Carnot energy conversion effi-
ciency #cqmor Which is defined by the available heat source temperature
Thor and heat sink temperature T¢,q as follows [18]:

Nearnot = 1- @ 1)

With a waste heat source temperature of 230°C (503K) and an
ambient heat sink temperature of 22 °C (295K), the maximum energy
conversion efficiency of a generator or harvester is then limited to the
Carnot efficiency of 41% (Eq. (1)). However, with decreasing heat
source temperatures the Carnot efficiency also rapidly decreases due to

a slower heat flow; this necessitates larger heat transfer equipment

THot
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leading to more temperature sensitive generators. Hence, most practical
waste heat recovery and thermal energy harvesting applications have a
significantly smaller conversion efficiency, when compared to the the-
oretical Carnot efficiency, ranging from < 1% to 16% [19]. Regardless
of the low efficiency, most ambient and small scale heat sources are
readily available, for which reason the recovery of waste heat is con-
sidered free because operation costs are nearly zero. Therefore, only the
electric output of the generator or energy harvester is of interest in
practical applications. For this reason, this review compares current
experimental and industrial advances in waste heat recovery and
thermal energy harvesting technologies, along with the material en-
gineering research efforts and recent generator designs. In detail, ex-
perimental and commercially available thermoelectric generators,
thermionic converters, pyroelectric harvesters, thermomagnetic gen-
erators and the materials employed are discussed. The theoretical and
the experimental efficiency # along with the available electrical energy
are compared based on the effective electric output, power density, and
output voltage/current. In this analysis the experimental efficiency 7 is
defined by the electric output and the heat input as follows:

_ Electric output

Heat input (@3]

With a clear focus on the available heat source temperature, this
review maps the available solid-state generator technologies and dis-
cusses industrial and experimental applications for waste heat recovery
and thermal energy harvesting. When implementing waste heat re-
covery and thermal energy harvesting applications, generators size
limitation and scaling issues are also discussed. In addition, the ma-
turity and the costs of the waste heat recovery technologies and their
applications are compared, followed by an outlook for prospective
opportunities in these fields. Considering that the electric output power
of the generator or harvester is free, this research can be paralleled with
the effort to reduce the demand for primary energy sources and enable
an autonomous powering of practical low power applications, without
the need for external batteries, hard wiring and maintenance. The
sectors benefitting most from waste heat recovery and energy har-
vesting applications and the reduction of primary energy consumption
and conservation of resources, is the processing industry followed by
stationary and mobile electronics.

2. Thermoelectric generators

Thermoelectric devices, or thermoelectric generators (TEG), are
solid state heat engines and convert thermal energy directly into elec-
trical energy. Thermal energy from a hot heat source and a cold heat
sink creates a spatial temperature difference which can be utilized in a
TEG. When the TEG is place between the hot heat source and a cold
heat sink, the temperature difference is converted into an electric cur-
rent across the generator terminals. This effect is based on the ther-
moelectric, or Seebeck, effect. The Seebeck effect describes the voltage
developed across two dissimilar electrical conductor materials creating
a hot thermoelectric junction. The assembly of thermoelectric junctions
is known as a TEG module and acts as an electric power generator
continuously driving a direct electric current (DC) through an external
electrical load.

Fig. 2 shows a cross section schematic of a TEG module with a hot
side (Ty,,) heated by the heat source (Q;;) and a cold side (T¢qq) cooled
by the heat sink (Q,,). At the hot side, the TEG architecture has a
connection, or junction, which electrically joins two dissimilar semi-
conductor compounds [20]. One compound contains positive (p-) type
charge carriers (holes) and the other compound contains negative (n-)
type charge carriers (electrons). The two semiconductor compounds are
electrically connected in series forming two electric TEG terminals.
When the thermoelectric p-n junction is heated, an electrical potential
difference (V) develops across the two TEG terminals in response to the
applied temperature difference (Tgo — Tcoa)- The potential difference
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is proportional to the applied temperature difference AT with most
thermoelectric materials ranking around + 200 pV/K [21]. When the
two TEG terminals are connected to an external load, the terminal
voltage discharges from the n-type terminal to the p-type terminal
driving an electric current, based on the principle of drift diffusion, and
therefore the TEG continuously converts thermal energy directly into
electric power. If an external electric power is supplied to the ther-
moelectric module, the converse refrigeration effect, known as the
Peltier effect, occurs moving heat from the cold to the hot the side [22].
Most TEGs are built from two dissimilar semiconductor materials and
two electrodes and are considered highly scalable, potentially highly
efficient due to the lack of moving parts with no mechanical losses, and
silent in operation [23]. These unique properties enable the utilization
of small scale waste heat sources and the harvesting of abundantly
available thermal energy which has been discussed in a large number of
excellent reviews on thermoelectric materials [24], devices [21], and
applications [21-23]. The potential of a TEG material to convert heat
directly into electric energy is defined by the Seebeck coefficient Sseepeck
[V/K] and is used to quantify the conversion efficiency of bulk ther-
moelectric compounds according to the 2T figure of merit [25]:

2
_ SSeebeck T
PK

zT 3)
where T [K] is the average operating temperature, p [Q.cm] the elec-
trical resistivity and k [W.m ™' K~!'] the thermal conductivity of the
bulk thermoelectric material. The voltage V developed across the
thermoelectric material assembly, with a given Seebeck coefficient and
the available temperature difference (Tcoq — Troo) follows [19]:

THot
V=i 51 (T) = Sa(Tean)dT @

for the Seebeck coefficient S; at the heat source temperature (Ty,,) and
S at the sink temperature (T¢,4). Based on the definition above, the
maximum conversion efficiency g of a TEG is limited by the Carnot
efficiency and thus can be written as [26]:

Nep = THo[ - TCold V14 zl -1
TE JT+ 2T + o
0

THot (5)
where the heat source temperature Ty, and the figure of merit 2T are
the governing parameters. For a given heat source, the design of a TEG
starts with the selection of the thermoelectric material. Ideally, a
thermoelectric material is a poor thermal conductor but a good elec-
trical conductor in order to obtain a high 2T (Eq. (3)). Fig. 3 shows the
thermoelectric zT figure of merit as a function of temperature for
popular thermoelectric materials. The dotted lines refer to bulk mate-
rials and the solid lines refer to nanostructured materials. Fig. 3 also
shows a very high dependence of 2T as a function of temperature [24].
Since thermoelectric applications are temperature sensitive, the op-
timum properties of thermoelectric materials are limited to a narrow

Junction

p-type n-type

Cold side Tco il Cold side Teod
+

Terminals —/ %

Fig. 2. Cross section schematic of a TEG module with a p-type semiconductor
connected to an n-type semiconductor forming a junction at the hot side (Ty,)
and two electric terminals at the cold side (T¢o1q)-
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Fig. 3. Thermoelectric figure of merit 2T as a function of temperature for
thermoelectric materials. The solid lines refer to bulk materials. The dotted
lines refer to nanostructured materials [24].

temperature window.

Amongst the most popular thermoelectric materials, for a heat
source temperature between room temperature and 300 °C, are heavy
metal alloys such as Bismuth (Bi), Tellurium (Te), Antimony (Sb) or
Lead (Pb). Most commercially available thermoelectric modules are
made of bulk Bismuth Telluride (Bi,Te3) semiconductors, designed to
continuously operate at temperatures below 260 °C and intermittently
at temperatures up to 380°C. With an average 2T of ~1 with
Big 4Sb; ¢Tes and SiGe, the assembled TEG modules provide reasonable
power of 100 mW from temperature differences as small as 9K [27].
Since the ideal operation temperature of bulk Bi,Te; peaks at 100 °C,
waste heat recovery and thermal energy harvesting is readily possible
with Bi,Te; modules with numerous commercial, industrial and scien-
tific applications such as machine health monitoring with 80 yW,/mm?
at 100°C (12mW/150mm?) [28], automotive applications with
17000 yW/mm? at over 500°C (500 W/28800 mm?) [29], fuel cells
with 150 pW/mm2 (at 180 °C) [30,31], and wrist watches with 5.6 pyW/
mm? at 36 °C (22 uW/3.9 mm?) [32]. However, the energy conversion
efficiency of off-the-shelf modules with a 2T of ~1 is well below 1%.
Higher efficiencies with lead based thermoelectric modules are pos-
sible, where the zT peaks close to 1.5 at temperatures above 300 °C
[24]. With heat source temperature above 300 °C, high heat fluxes are
present and a need for water cooled or thin film TEGs arises in order to
maintain continuous operation and a reasonable temperature difference

Remote healthcare

Sensors service provider
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Wrist band >
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s

Health monitoring
with phone

(b)

Arm band

type Wireless

communication
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[33]. Maintaining a large temperature difference is needed to obtain a
high efficiency, for which reason the optimization of bulk thermo-
electric materials aims for a reduction of thermal conductivity to pre-
vent energy loss from heat draining through the material. One approach
suppressing thermal conductivity without a deterioration of electron
transport, is to nano-engineer and geometrically optimize thin film
thermoelectric materials [34]. Geometrical optimized films are 1 nm
thick Bi,Tes;/Sb,Tes layers with a high zT of 2.4 at room temperature
[35]. Other approaches utilize thermoelectric nano-wires [36] or band
engineering strategies such as quantum dot super-lattices [37] in order
to improve electrical conductivity and reduce thermal conductivity.
These advanced TEG designs allow for an energy conversion efficiency
between 1 and 2 % from a 20 K temperature difference (40 °C and 20 °C)
delivering 0.04 pW/mm2 [21]. Despite the reasonable efficiency of 1%
near room temperature, there is also a need to extract the maximum
power from the TEG. Since most thermoelectric applications are high
current (~0.5A), but a relatively low voltage (< 0.3 V), methods such
as impedance matching and application of DC-DC converters are
needed to deliver stable voltages under varying temperature conditions
[38,39]. In an effort to extend the range of TEG applications, ceramic-
polymer composite thermoelectric materials have been developed.
Composite TEGs enable transparent, flexible and stretchable applica-
tions with new possibilities for waste heat recovery and thermal energy
harvesting, such as wearable electronics [40], bio-integrated systems
and cybernetic applications [41].

Fig. 4 shows three types of wearable sensor nodes powered by a TEG
energy harvester attached to various locations on the human skin.
Composite TEGs are preferably made from a flexible material or man-
ufactured on a flexible substrate, were they can be attached onto var-
ious locations of the skin with enhanced thermal contact on wrists
(Fig. 4a) and arms (Fig. 4b + ¢). The graph for the wristband TEG in
Fig. 4 shows an increasing power output with increasing thickness of
the thermoelectric inorganic-polymer elements for varying polymer-
thermoelectric filling factors F [42]. At an ambient temperature of
22 °C, the wrist TEG provides up to 350 uW of electric power, sufficient
to drive wireless transceivers such as low power Bluetooth, ANT, or
Zigbee. In order to increase the electric power in a TEG, the number of
thermoelectric junctions can be simply increased by connecting TEGs in
series, leading to a linear scaling. This linear behavior allows for a
simplified design of TEG applications. The wide range of reliable and
simple waste heat recovery and thermal energy harvesting applications
with TEGs stems from this ability of modularization and the industrial
scalability of the thermoelectric manufacturing process, and is further
enabled by the discovery of new material synthesis and module TEG
manufacturing techniques. Due to the simple TEG architecture it is easy
to scale up or retrofit existing systems. For example, TEGs are best

400 —_———
350 -
300 I
250
200 .
150 .

Power output (uW)

100
50

8
TE element thickness (mm)

10

Fig. 4. Three types (a, b, ¢) of wearable sensor nodes powered by thermoelectric energy harvesters attached onto various locations of the skin with enhanced thermal

contact for wireless data transmission to a smartphone [42].
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utilized when the efficiency is less desirable than properties such as
small size, low weight, or high reliability [20]. Traditional bulk devices
are most appropriate for low heat flux systems [32] where efficiencies
are limited to 2%, whereas composite TEGs are most suitable for
wearable and flexible applications.

3. Thermionic converters

Thermionic energy converters (TIC), or thermionic generators, are
solid state heat engines and therefore similarly to thermoelectric de-
vices converting thermal energy directly into electrical energy. When a
TIC is placed between a hot heat source and a cold heat sink, the hot
electrode surface emits charge carriers (electrons). This charge emission
process is based on the effect of thermionic emission, or the space
charge effect, and enables a continuous surplus of electrons at the cold
electrode which act as an electric power supply, continuously driving a
direct electric current (DC) across an external load.

Fig. 5 shows a cross section schematic of a TIC with a hot emitter
cathode (Ty,,) and a cold collector anode (T¢yq), separated by an inter-
electrode gap d [m]. The inter-electrode gap exists as a vacuum, which
allows for a thermionic electron emission process at the surface of the
hot electrode. This effect is described by the electrode band theory and
occurs when sufficient thermal energy is supplied to the TIC hot elec-
trode in order to emit, or eject, electrons from the electrode surface into
the vacuum space (similar to the photoelectric effect). The thermionic
electron emission process is quantified by a work function (WF) for the
electrode material. Only when an electron receives sufficient thermal
energy from the emitter electrode, in excess of the Fermi level, can an
electron cloud (or space charge accumulation) occur [43]. When the
emitter electrode is maintained at a constant hot temperature, a con-
tinuous electron emission occurs from the hot electrode to the cold
electrode in the TIC vacuum, leading to a surplus of charge at the cold
receiver electrode. This surplus of charge translates into an electric
potential difference across the generator terminals which can be dis-
charged as a DC across an external electric load [44]. Recently, an
excellent review on TICs for power generation was published [43]. In a
TIC, the WF quantifies this electron emission and thermal energy
transport process, and is defined as ¢p[eV] for the total current density J
[A/cm?] injected from the hot electrode to cold electrode [45]:

Q¢c )

kg Teoa

$c +qV
B THot

J=Jy — Jo = ARA*Thyexp (— ) — ARA T qexp (—

(6)

In Eq. (6), V is the voltage at the TIC terminals; Jy [A/cm?] the
current density injected from the hot electrode to the cold electrode and
Jc the current density emitted from the cold electrode to hot electrode;
q is the elementary charge [C], and kg the Bolzman constant [46]. For
the current density, the hot and cold electrode Richardson constant Ag
[A/m?K?] is for metals (120 A.m 2K~ ?) and A* for semiconductors,
accounting for the doping concentration and electronic state density
[47]. With TICs, the electron flow also carries heat from the hot side
electrode to the cold side electrode, in conjunction with conventional
thermal radiation, which contributes to the heat flow across the TIC
generator. The heat carried by the electron flow from the hot to the cold
electrode is expressed as Q’, [W] [48,49]:

_9Q

Q.= o - Ju CkpToor + qdpy + V) — Je @k Teoig + qpe + V) @
which is linked to the output power density delivered and absorbed by
the TIC, and the emissivity ¢ of the hot and cold electrode material &

and e, respectively:
Toa) ' — &' = 17!

which defines the power density delivered and absorbed. With the ef-
fective heat flow through the TIC, the thermionic generator efficiency

QR = GSB(TI‘}IOI -

(8)
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NThermionic 1S defined as:

_r
Qe+ Qr )

where P [W] is the effective electric power output of the TIC. The
theoretical efficiency of a TIC is only limited by the Carnot efficiency
based on the available spatial temperatures difference between the two
electrodes (Eq. (1)). A number of TICs utilizing heat induced thermionic
emission have been theoretically and experimentally developed [43]
along with the use of thermionic emission for refrigeration [50]. The
governing parameter for the effectiveness of the TICs is the WF of the
emitter electrode material and the corresponding temperature depen-
dent energy barrier height q& (Eq. (6)).

Fig. 6 compares the maximum thermionic conversion efficiency for
the electrode WF, and links the WF to the temperature of the hot
electrode [51]. Most pure metal and semi-conductor electrodes have a
high WF of over 3 eV and require heat source temperatures in excess of
720 °C in order to observe thermionic emission [58,59]. At high tem-
peratures, over 15% conversion efficiency is possible with respective
hot and cold electrode temperatures between 570 °C and 1300 °C, re-
vealing that this technology is remarkably suitable for industrial and
nuclear heat recovery applications [52,53,54]. Experimental devices
show a high power density of 320000 uW/mm? at temperatures in
excess of 1000 °C [55]. However, with thermionic device the power
density rapidly decreases at temperatures below 1000 °C, only gen-
erating 0.04 yW/mm? (9nW/0.25mm?) at low temperatures [56].
When pure metal and semi-conductor electrodes are used in TICs, de-
creasing heat source temperatures lead to a diminishing electrode
emission [50]. As shown in Fig. 6, the maximum conversion efficiency
of a TIC with an electrode WF of 0.75eV, at 127 °C hot electrode
temperature and 27 °C cold electrode temperature, is close to 20%. In
order to maintain the electron emission process at low temperatures,
the corresponding electrode WF also needs to be low. Alkali metals and
their oxides such as e.g. Lithium (Li), Potassium (K), and Cesium (Cs)
have WFs lower than most metals and semiconductors, with typical
values in the range between 2.1eV and 2.49eV [57] and their re-
spective oxides between 0.4 eV and 1.8 eV [51,51a,59,60].

According to Table 1, Cesium Oxide (Cs,O) coatings with a WF of
0.6 eV are potentially suitable for TICs operating at low temperatures
[60]. However, the low WF usually implies an electrode melting point
temperature close to room temperature. For this reason, the metal
electrodes can be oxidized to form metal oxides in order to increase the
melting point temperature and enable the operation of low WF elec-
trodes. Theoretical approaches show that electrodes coated with alkali
metal oxides in TICs can facilitate the ejection of electrons at near room
temperature, and recover heat at temperatures as low as 27 °C [61]. In
addition to the WF and the available temperature level, the efficiency of
a TIC is also dependent on the inter-electrode gap distance d separating
the hot emitter electrode from the cold electrode [62,63]. In this regard,
Lee et al. determined the maximum efficiency adjusting the gap dis-
tance [56]. Since the radiative heat transfer is only in propagative
mode, and independent of the gap distance, most TICs are micro-gap

N Themionic =

Hot cathode electrode Terminals

d e € e

{ \7 y ot
Cold sideTeyy
il

Cold anode electrode

Fig. 5. Cross section schematic of a TIC with a hot (Ty,) emitter cathode and a
cold (Tcoq) receiver electrode, separated by an inter-electrode gap (d).
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Fig. 6. Maximum thermionic conversion efficiency for the electrode work
function (WF) dependent on the temperature of the hot electrode. The tem-
perature of the cold electrode is maintained at 27 °C (modified from [51]).

Table 1

TIC emitter electrode materials and work functions (WF).
Material Work function (eV) Melting temperature (°C) References
Si 4.85 1413 [58]
w 4.55 3421 [58]
LaBe 2.60 2206 [471
Li 2.49 180 [57]1
BaO 2.30 1922 [47]
Cs 2.14 28 [58]
Cs,0 0.60 490 [59]
K»0, 0.40 490 [60]

applications with high WFs [64-66]. However, an increase in electron
injection is possible with gaps distances close to the thermal wave-
length (wavelength = pulsation/speed of light). In the range of 5 nm to
100 nm, a significantly increase in electron injection level is possible
due to tunneling effects, with up to six times higher currents compared
to ordinary thermionic currents [62]. However, one of the main chal-
lenges with TICs is to maintain the high vacuum package with pressures
between 102 and 10~ ° mbar between the electrodes, which is needed
for reliable and efficient applications. In addition, geometrical scaling
issues with small gaps and large surfaces quickly arise. Therefore, the
possibility of a solid-state thermionic generator with a solid con-
taminant layer has been proposed which helps to stabilize the device
and support the gap between the electrodes [67]. At temperatures ap-
proaching room temperature, this type of solid-state thermionic power
generator can be viewed as a bridge between vacuum-state thermionic
convertors and thermoelectric power generators [68]. More recently,
solid filled graphene electrode TIC heterostructures — without a vacuum
gap — showed 7 to 8% efficiency from a waste heat temperature of
226 °C [69]. As an alternative to solid TICs, vapor or plasma filled gaps
have been proposed which show unfavorably low efficiencies [70,62].
However, in practical applications it remains difficult to establish
thermionic emission at low temperatures, due to the lack of low WF
electrode materials. This insufficiency led to novel approaches like
using photo excited thermionic emission, and the design of a photo
excited thermionic generators. This new concept for utilizing solar
energy for electricity generation and photon-enhanced thermionic
emission combines quantum and thermal-mechanisms into a single
physical process [71]. This combined energy converter operates at 50%
overall efficiency. However, like thermoelectric devices, thermionic
systems are considered a low voltage application, since the electrode
band gap is low [72]. In contrast, the ease of a serial or parallel con-
nectivity enables greater scaling possibilities, compared to other types
of generator applications. The downside with TICs is the need for high
heat source temperatures. However, with low WF electrodes, low
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temperature waste heat recovery becomes possible. For this reason,
thermionic devices are considered comparable, or even superior, to
thermoelectric modules, because they maintain a gap between the hot
and cold source, minimizing thermal losses.

4. Pyroelectric harvesters

Pyroelectric generators, or pyroelectric energy harvesters, are solid
state heat engines and convert thermal energy directly into electrical
energy. In a pyroelectric harvester every change in temperature trans-
lates into an electric potential difference across the generator terminals.
This potential difference is based on the pyroelectric effect, which de-
scribes the change in the crystallographic polarization moment of a
pyroelectric material, in response to the change in temperature AT [73].
For cyclic, or time variant (At), heating and cooling (AT/At) the pyro-
electric energy harvester generates an alternating current (AC) across
the generator terminals proportional to experienced change in tem-
perature. In this way, pyroelectric energy harvesters are different from
the previously discussed thermoelectric generators and thermionic
converters where the current is proportional to the spatial temperature
gradient.

Fig. 7 shows a cross section schematic of a hot and cold pyroelectric
harvester element with a top and bottom electrode. The cold pyro-
electric material exhibits a spontaneous polarization Ppyigrization [C/M>]
moment, or remnant polarization moment, perpendicular to the elec-
trode surface area. When the pyroelectric material is heated Qin (dt) or
cooled Qout (dt) over time, the spontaneous polarization moment
changes (APpoarization)- Based on electrostatic principles, the change in
spontaneous polarization moment perpendicular to the electrodes sur-
face causes surface bound charge at the pyroelectric material-electrode
interface to be repelled or attracted [74]. When the surface bound
charge is repelled, free electrons are available as electric potential
difference, or voltage V, across the two electrode terminals. The po-
tential difference V in a pyroelectric harvester is dependent on the
pyroelectric material and the change in temperature AT, and can be
discharged as an electric current across an external electric load. The
converse pyroelectric effect is known as the electrocaloric effect, in
which heat is pumped into the system when an external electric field is
applied. Most pyroelectric and electrocaloric applications are limited to
temperatures below the Curie temperature T, [K], where the materials
lose their spontaneous polarization moment [75]. The ability of a
pyroelectric material to transform a change in temperature (AT) into a
change in polarization (APpoarization) 1S quantified by the pyroelectric
coefficient p*:

o A1:’Polarization

AT (10)

The effective change in polarization (APpyarization) can be directly
measured as a short circuit pyroelectric current I [A] [74]:

I=pA=—

At an

Terminals

Bottom electrode

B

Polarization direction P

Fig. 7. Cross section schematic of a cold (top) and a hot (bottom) pyroelectric
harvester.
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or as an open circuit voltage V [V]:

p*
V= ?d. AT 12)
at the harvester terminals, with the electrode surface area A [m?], ef-
fective permittivity ¢ [F/m], and electrode distance d [m]. Assuming a
parallel plate capacitor geometry for the pyroelectric device structure in
Fig. 7, the available potential difference and the electrical energy E [J]
density stored in the pyroelectric element (E = %2 C. V?) translates to
[75]:

2
1p*
E==-"A.d. AT?
2 ¢ (13)
for the given geometrical dimensions (electrode distance d and elec-
trode surface area A). With the available energy E, the pyroelectric
energy harvester efficiency npyrociectric is defined as [76]:

E
Q
for the transferred heat load Q [J]. Since pyroelectric harvesters convert
thermal energy from heating and cooling into electricity, the theoretical
conversion efficiency is close to 50% of the Carnot efficiency [76,10].
Most pyroelectric materials are polar dielectric materials and belong to
the subclass of ferroelectrics. Ferroelectric materials are single crystal,
polycrystalline ceramic or crystal polymer materials. All pyroelectric
materials also exhibit piezoelectric activity which can be utilized for
mechanical energy generation and energy harvesting [77]. According
to Eq. (13), a high energy yield is given for a pyroelectric material with
a high pyroelectric coefficient p* and a low permittivity ¢ [78]. In order
to determine a pyroelectric materials based on their ability to produce
electricity from heat, the pyroelectric coefficient p* and the permittivity
can be express in a pyroelectric figure of merit Fg:

nPyroelec[ric = (1 4)

P

€ (15)

Fig. 8 compares the Fy against the heat capacity of pyroelectric
materials. The heat capacity must be low in order to experience a large
change in temperature AT for the available heat load Q, and effectively
convert heat into electricity (Eq. (11)). A large number of pyroelectric
materials are thoroughly reviewed [79,80] as well as pyroelectric ma-
terials in the context of energy harvesting [75].

According to Fig. 8, amongst the most powerful materials, with a
pyroelectric coefficient of p* = 1790 uC/m>K, is a single crystal lead
(Pb) magnesium (Mg), niobate (Nb) — lead (Pb) titanate (Ti) — PMN-
0.25PT which has a pyroelectric figure of merit F; above 100 [75].
However, due to the low Curie phase transition temperature of 120 °C,
PMN-0.25PT is limited to low temperature pyroelectric energy har-
vesting applications. Most materials with a higher curie temperature of
180 °C belong to the group of lead (Pb) zirconate (Zr) titanate (Ti)
oxides — PbZr,Ti; x\O3. Due to the reasonable pyroelectric coefficient of
p* = 400 uC/m?K, PZT is readily used for pyroelectric energy har-
vesting applications [81]. Concerning lead free pyroelectric materials
Triglycine Selenate (TGS) has a high pyroelectric coefficient of 420 nC/
m?K [82] as well as Strontium (Sr), Barium (Ba) and Niobium (Nb) —
Sro.sBag sNb,Og (SBN) with a pyroelectric coefficient of p* = 650 pC/
m2K [83]. In some pyroelectric applications the pyroelectric materials
are substrate mounted films [84], but mostly pyroelectric harvesters are
free standing generators. In an effort to improve energy harvestersting
capabilities, geometrical optimization using nano-manufacturing tech-
nologies were developed to enables the design of Zinc oxide (ZnO)
nanowire pyroelectric harvesters, which show pyroelectric and ther-
moelectric activity [85]. Another lead free pyroelectric material sui-
table for energy harvesting applications is Polyvilylidene Difluoride
(PVDF). PVDF is, compared to ceramics, a pyroelectric active polymer
with a pyroelectric coefficient of p* = 25 uC/m*K [86]. In contrast to
ceramics, PVDF polymers have unique mechanical properties of high

Fy
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tensile stress and low weight. With flexible PVDF, or more powerful
PVDF derivative PVDF-TrFe films, low cost pyroelectric energy har-
vesters can be simply attached to an external resistor [87]. However,
due to the AC nature of pyroelectric harvesters, AC to DC rectification is
needed for most applications [88]. The fact that pyroelectric generators
supply AC stems from the temperature variations or alternating heat
flows needed for thermal energy conversion. When the pyroelectric
harvester is optimized for externally induced temperature variations,
pyroelectric generators can exceed a 40V terminal voltage and micro
amperes of electric current [86], for which reason most pyroelectric
energy harvesters are considered high voltage and low current appli-
cation. In practical applications passive pyroelectric generators utilize
slow, small and rare natural temperature changes. Successful harvesting
applications have been demonstrated for road vibrations [89] and
thermal impacts [90], harvesting mechanical and thermal energy. At
room temperature, natural temperature fluctuations were harvested
with PVDF. However, since natural day and night temperature fluc-
tuations are small and slow, the peak voltage was just 2V delivering
only 0.004 pW/mm2 of electric power [91]. Certain weather conditions
allow for pyroelectric solar radiation energy harvesting, due to the
shade produced by passing clouds, and deliver 0.01 pW/mm? (4.9 pyW/
500 mm?) [92]. However, the utilization of natural and slow tempera-
ture oscillations creates a necessity for energy storage circuits with
pyroelectrics [93]. Efforts to increase the temperature variation fre-
quency and the temperature gradient include a self-induced pyro-
electric heat engine which makes use of a bi-stables membrane for
mechanical temperature switching. The conversion of thermal to me-
chanical energy then generates an open circuit voltage of up to 13V
(primarily utilizing the piezoelectric effect) and delivers 0.03 yW/mm?
at an efficiency of 1.2 X 107%% [94]. These active types of generators
require external control units which are considered a parasitic loss for
the harvester. A more advanced approach of pyroelectric energy har-
vesting is to modulate the level of polarization Ppoarization Of the pyro-
electric material by applying an external electrical field while changing
the temperature AT. With the external electric field, the polarization
and the change in temperature is constantly maintained until enough
electric charge is stored in the pyroelectric harvester. This controlled
operation principle of a pyroelectric harvester is known as a thermo-
dynamic Olsen cycle [95]. With the Olsen cycles, significant improve-
ments in the power density (6.5 uW/mm?) and efficiency 1.3% of PMN-
PT were achieved [96]. Recently, a laser modulated Olsen cycles re-
ported an extremely high energy density of up to 40 yW/mm? using

2
£
P(VDF-TIFE) 80/20.. - = ~ & #Fin:BNT-BT <001>
h[8F  [coEnxe01s)e e ---- BALKET® _
I 10 —— i
53
<3
.- _-"—_—:.\o%\‘:“‘
- w I L
1E v') .\ug(n)*‘“g(hm)_-"'O_ZHO \ﬂ\‘\ 5
:‘“"'(:‘h __--="OAN
F--
cgs GaN
iy, P B RPN fassases (TIPPETIY PYPTTTTIN PYPPPIPH PPN
2 2.5 3 3.5 4 4.5

(cg) MI.m3.K*

Fig. 8. The pyroelectric figure of merit for different materials in an Ashby
diagram expressing the pyroelectric coefficient and permittivity. Ferroelectric
materials are indicated by solid circles and non-ferroelectric materials by open-
circles [75].
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sophisticated device manufacturing and Olsen circuit control techni-
ques [97]. The Olsen cycle was also successfully utilized in a pyro-
electric generator using liquid-based switchable thermal interfaces
[98].

According to Fig. 9, the liquid switchable interfaces enables a
transition between the conductive and non-conductive liquid state
which is synchronized with the external electrical polarization field.
Cycling heat between a heat source and a heat sink provides remarkably
high power densities of up to 7 yW/mm? from a temperature difference
of 80 K. Similar theoretical designs employ a cantilever structure which
mechanically switches the heat flow using bimetals (such as those used
in thermostats) which operate between a spatial temperature gradient
and convert heat into the temperature fluctuation needed for pyro-
electrics energy harvesting [99]. Since all pyroelectric materials are
also piezoelectric, hybrid mechanical and thermal type generators are
possible and proved to be very powerful [100]. Here, the harvester
experiences mechanical motion and introduced piezoelectric activity in
the pyroelectric harvester materials [101]. More recently, a novel type
of pyroelectric energy harvester was developed using an oscillating heat
pipe-pyroelectric assembly and continuously generates electrical en-
ergy from a spatial heat gradient. The pyroelectric elements absorb heat
from an evaporating and condensing fluid in a oscillating heat pipe and
recover high thermal loads between 60 °C and 25 °C with an effective
change in temperature of 5K. This allows an external 50 pF storage
capacitor to be charged to 0.2V within 50s [102]. Certain environ-
mental circumstances also allow for mechanical and thermal energy to
be simultaneously explored. A wind driven pyroelectric generator uti-
lizes a wind induced rapid changes in temperature when the sun is
shining and the wind is strong [103]. The future of pyroelectric energy
harvesting lies in small generator thermal masses which allow for rapid
and high changes in temperature. On the other hand, the AC nature of
pyroelectric harvesters requires rectification and power conditioning
which leads to transformation losses. With the need for temperature
oscillation and the relatively low Curie temperature, pyroelectric en-
ergy harvesters remain a low temperature application. The possibility
of harvesting both mechanical energy using the piezoelectric effect and
thermal energy using the pyroelectric effect, provides a challenging
opportunity for future energy harvesting with pyroelectric materials.

5. Thermomagnetic generators

Thermomagnetic generators, or thermo-magneto-electric gen-
erators, are solid state heat engines and convert thermal energy directly
into electrical energy. In a thermomagnetic generator every change in
temperature (AT) translates into an electric current across the generator
terminals. When heated, the ferromagnetic material in the thermo-
magnetic generator experiences a crystallographic phase transition

Non-Conducting State

Conducting State

Fig. 9. Pyroelectric energy harvesting using
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Fig. 10. Cross section schematic of a hot thermomagnetic generator (top) and a
cold thermomagnetic generators (bottom) with a ferromagnetic shunt clamped
across a C-shaped permanent magnet.

followed by a rapid change in the magnetic moment. This change in
magnetic moment induces an electromagnetic induction force (EMF), or
electromotive force, and drives an electric current across an external
electric load. For cyclic, or time variant (At), heating and cooling (AT/
At) the thermomagnetic generator drives an alternating current (AC)
across the generator terminals proportional to the experienced change
in temperature.

Fig. 10 shows a cross section schematic of a solid-state thermo-
magnetic generator which consists of an electrical inductor coil wound
around a C-shaped external hard permanent magnet with a soft ferro-
magnetic material placed between the two poles as a shunt. The fer-
romagnetic shunt has a temperature sensitive magnetic permeability
and guides the magnetic field lines of the permanent magnet. When the
shunt is heated over time by Qin (dt) through the phase transition
temperature, or Curie temperature (T.), the permeability of the shunt
changes which consequently alters the intensity of the magnetic flux
through the C-shaped permanent magnet [104]. Every change in
magnetic flux of the C-shaped permanent magnet then induces an
electric current in the inductor coil, which is available as electric power
across the generator terminals and described by Faraday’s law. When
the shunt material is cooled, the magnetic field in the external per-
manent magnet restores and induces a reverse electrical current in the
inductor coil. If the ferromagnetic shunt is sequentially heated and
cooled, the thermomagnetic generator drives an alternating current
(AC) across the generator terminals [105]. The induced voltage V in the
thermomagnetic generator as in Fig. 10 is defined as [106]:

dB

V= -NS—

dt (16)

where N is the number of turns in the inductor coil, S [m?] is the
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liquid-based switchable thermal interfaces [98].
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average area enclosed by the inductor coil and dB [T] is the change in
magnetic flux. The change in magnetic flux dB divided by the change in
time dt is then defined as [106,107]:

B
d_B (H - ,usruu)R

dt - nZLgS

17)

where L; is the shunt length, y; is the relative permeability of the shunt
and yp the vacuum permeability [H/m], n, [m~1] is the turns per unit
length of the inductor coil, R the coil resistance [Q2] and H the total
magnetic field [A/m]. The temperature sensitive permeability of the
shunt material and the corresponding rate of change in permeability
determines the efficiency of the thermomagnetic generator to convert
heat into electricity. The temperature dependent change in perme-
ability of the shunt is modelled as [106]:

My = pe + Ac(T. — T)* (18)

where . is the relative permeability of the Curie point, T, the Curie
temperature and T the shunt temperature. A¢ and X are empirical de-
rived constants. For a given change in the temperature AT of the shunt
material, the efficiency of a thermomagnetic generator is identified as
[108]:

T AT
42 T,
assuming the change in temperature AT crosses the Curie temperature
T, of the shunt material (for an effective change in permeability). If heat
is supplied and removed periodically to the ferromagnetic shunt, the
temperature range should ideally remain within a very narrow tem-
perature window, just above and below T.. Consequently, this type of
thermomagnetic generator has the potential to work at very high effi-
ciencies when utilized for heating and cooling, due to the lack of me-
chanical motion. A number of excellent reviews on thermomagnetic
materials [109] and devices [104] are available. Efficiency estimates
report between 55% and 75% of the theoretical Carnot efficiency [109].
The key component of the thermomagnetic generator is the ferromag-
netic shunt material. Ferromagnetic materials usually have a high Curie
temperature, such as ferromagnetic Iron (Ir) which shows a large drop
in the magnetic moment at the Curie phase transition temperature of
over 700°C [104], as well as other ferromagnetic materials such as
Cobalt (T, = 1120 °C) or Nickel (T, = 358 °C). For waste heat recovery
and thermal energy harvesting applications, the ideal ferromagnetic
shunt material should have a phase transition temperature below the
heat source temperature. Soft ferromagnetic materials e.g. nickel alloys
usually have a lower T.. The first practical thermomagnetic generator
employed Gadolinium (Gd) with a low transition temperature of
16.85 °C (Gd) [108]. It was experimentally demonstrated to recover low
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temperature heat utilizing the phase transition of ferromagnetic Gd
single crystals at room temperature [110]. Following the successful
utilization of a transition temperature close to room temperature, a
number of Gd-shunt thermomagnetic generators have been theoreti-
cally proven to produce up to 0.8 yW/mm? (318 pW/400 mm?) [111] at
an efficiency between 0.13% and 0.8% [112,113]. Other shunt mate-
rials, with a sudden transition from ferromagnetic to paramagnetic
moment and a transition temperature of 167 °C, are Nickel (Ni), Cobalt
(Co), Magnesium (Mn) and Tin (Sn) alloys — NigsCosMn4oSnig, also
referred to as Heusler alloys. Experimental Heusler thermomagnetic
generators demonstrated a voltage of 0.7V (AC) across an external
10kQ resistor from a temperature window of 10K, which translates
into 50 yW for a disc shape generator with a diameter of 7.5mm
a1 pW/mmz) of electrical power at an efficiency of 0.004% [114]. In
the Heusler thermomagnetic generator, the magnetic field goes through
a particular strong aluminum, nickel- and cobalt-alloy (AINiCo) coun-
terpart. A similar AINiCo alloy was used in a Tungsten thermomagnetic
generator which showed an efficiency of 2% from temperature differ-
ences as low as 6 K [104]. This concept was further developed with
Nig4, Cog, Mnyg, and Sn;o at a phase transition temperature of 126 °C
[115]. Among the materials with the largest change in magnetic per-
meability is Holmium (Ho), with a ferromagnetic to antiferromagnetic
phase transition [116]. However, the phase transition temperature with
Ho is 20K and too low for any practical generator and energy har-
vesting applications. Despite the limited number of shunt materials
available and the need for cycling temperature changes, various con-
ceptual thermomagnetic generator designs exist. One generator design
uses an external heat sources at a temperature ranging from 90 °C to
225 °C in order to experimentally demonstrate thermomagnetic energy
generation from a continuously alternating hot and cold fluid reservoir
[107]. A similar experimental approach uses a manually controlled
water valve to cycle heat from external tanks in a thermomagnetic
generator [117]. However, for standalone thermomagnetic generators a
self-induced temperature cycling technique is needed in order to con-
tinuously generate electricity from heat.

Fig. 11(a) shows a thermomagnetic generator which mechanically
switches the ferromagnetic shunt temperature. This mechanic-thermo-
magnetic generator uses a soft ferromagnetic material suspended on a
serpentine spring near a permanent magnetic material [105]. The
principle of the device relies on the thermally induced second order
phase transition producing mechanical energy, which is subsequently
converted to electrical energy. The spatial temperature difference be-
tween the hot side, maintained at 50 °C, and the cold side, maintained
at 0°C, produced 35uW/mm? of electric power for a hot/cold gap
distance of 0.2mm. A similar mechanical-thermomagnetic assembly
employed a thermomagnetic restoring spring mechanism, and con-
verted mechanical energy into electrical energy using the piezoelectric
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Fig. 11. Schematic diagram of a thermomagnetic generator (a) with a leaver spring (b) cycling heat (c) between a hot heat source and a cold heat sink distance and

the corresponding power density of the generator [105].
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Table 2

Solid state thermal generators and energy harvesters.
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Comparison

Thermoelectric generator

Thermionic converter

Pyroelectric harvester

Thermomagnetic generator

Architecture

Heat transfer mode

Temperature range [°C]
Material

Electron transport
mechanism

Type of thermal losses

Theoretical 1st law

Spatial temperature gradient (AT)
35-1000

Semiconductors compounds:

e.g. Bi,Tes, SiGe

Drift diffusion

Thermal conduction
5% with zT = 1 (Bi,Te3)

Spatial temperature gradient (AT)
180-1700

Semiconductor compounds:

e.g. Cs,0/8i, Ky0,/Si

Thermionic electron emission

Thermal radiation
20% with @ =0.4eV (K;05)

=
=3

Transient change in temperature
(AT/Ab)
20-200

Crystalline ceramics and polymers:

e.g. BaTiO3, LiNbO3, PVDF
Coulomb forces

Thermal diffusion

e

hgt

Transient change in temperature
(AT/AD)

10-1120

Ferromagnetic metals, alloys,
oxides:

e.g. Co, Fe, Ni, Mn
Electromagnetic induction

Thermal diffusion

efficiency

(Tcolqg = 27 °C and

Thot = 128°C)
Experimental efficiency [%] 0.1-2 0.09-14.7
Energy density [uW/mm?] 0.04-17 000 0.04-324 000
Output current DC DC

12.5% 19%
<13 0.166-2
0.004-40 0.16-35
AC AC

effect [118]. This design developed high voltages between 5 and 50 V
due to the high potential open circuit voltages possible with piezo-
electric devices. The concept of combining thermomagnetic and pie-
zoelectric principles was extended to thermomagnetic actuated piezo-
electric-pyroelectric cantilever systems, exchanging the heat flow
between the hot source and cold sink [119]. Apart from the changes in
permeability with the thermomagnetic shunt, mechanical forces also
change the geometry of the shunt. This mechanical component also
leads to a subclass of thermomagnetic heat engines utilizing magne-
tostriction effects. Magnetostrictive thermomagnetic devices, thermo-
magnetic mechanical heat engines or Curie motors, are designed to
convert heat into mechanical motion and subsequently into electrical
energy [113]. Compared to natural temperature oscillations, these ex-
perimental thermomagnetic generators shows a relatively high alter-
nating frequency of 1.56 Hz, and an AC peak voltage between 1.5 and
2.2V. Other forms of cantilever designs include a mechanical Cu-Zn
cantilever beam, converting thermal energy into mechanical energy
and subsequently into electrical energy [120]. When close to the re-
sonance frequency, the thermo-mechanical-electrical system receives
thermal energy at 160 °C and provides up to 0.16 yW/mm? (2.4 yW/
15mm?) of electric power. However, heat cycling and rectification/
power-conditioning the AC output power is required for most applica-
tions, due to the low voltage nature. Furthermore, since most thermo-
magnetic materials are metals, generator weight is relatively high. In-
teresting opportunities for dense generator packages exist as the
thermal conductivity and the mechanical expansion of the shunt allows
for the development of an active thermomagnetic device with strong
changes in the magnetic field. For this reason, thermomagnetic gen-
erators remain at an early experimental stage and therefore have not
yet been commercially exploited.

6. Conclusions

The conversion of low temperature heat into electrical energy has
been exploited by numerous technologies and has many applications
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available. Solid-state heat engines, thermal to electrical energy con-
verters and energy harvesters are standalone generators, which allow
for local powering of small-scale electronic devices as well as autono-
mous and self-sustainable applications, without the need for main-
tenance and additional costs. Table 2 shows a summary of the key
design parameters for thermoelectric generators, thermionic con-
verters, pyroelectric harvesters and thermomagnetic generators.

The main key design parameter for the generators and energy har-
vesters in Table 2 is the heat transfer mode. With thermoelectric and
thermionic devices a spatial temperature gradient is needed compared
to the transient change in temperature with pyroelectric and thermo-
magnetic devices. For the same reason, thermoelectric and thermionic
converters supply a direct current (DC) which is desirable for most
modern electronics and for electrical energy storage. In particular,
thermoelectric modules show recent material engineering efforts which
have improved the power output by 50% under laboratory conditions,
when compared to off-the-shelf BiTe modules. With scalable and flex-
ible thermoelectric modules, it becomes possible to extend the field of
application into wearable devices and operation under harsh condi-
tions. With respect to the heat source temperature, technically viable
thermoelectric waste heat recovery technologies need a heat source
temperature of 100 °C which shows reasonable generator power dens-
ties of up to 80 yW/mm? On the other hand, thermionic converters
require a relatively high heat source temperature, well above 100 °C, in
order to deliver a direct current. Highly efficient electrode coatings
exist but require further material engineering efforts in order to
maintain durability. Currently, there are no real world applications at
temperature below 100 °C available. However, the intrinsic feature of
low thermal conductivity and the potentially high efficiency of 20%
might enable powerful waste heat recovery and thermal energy har-
vesting applications in the future using advanced electrode materials.
Compared to the spatial temperature gradients required by thermo-
electric and thermionic devices, pyroelectric and thermomagnetic de-
vices requires a transient change in temperature. For this reason,
pyroelectric energy harvesting applications are restricted to a low heat
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exchange because the pyroelectric material is a thermal and electrical
insulator. From a material point of view, pyroelectric harvesters can be
very thin and are highly flexible, and work well for temperature os-
cillations. Due to the simple architecture, pyroelectric energy harvesters
and thermionic devices can be easily fabricated using sophisticated
device manufacturing and material deposition techniques, and have a
high potential to deliver promising energy harvesting applications. Si-
milar to pyroelectrics harvesters, thermomagnetic generators also need
a transient, or oscillating, change in temperature. Since most thermo-
magnetic materials are metals, rapid temperature fluctuations are
possible. For this reason, thermomagnetic generators show a high
power density of up to 35uW/mm? when converting thermal energy
into electrical energy at a temperature of 50 °C. However, the incon-
venient exchange of heat leads to a lack of waste heat recovery possi-
bilities with only a small number of experimental thermomagnetic solid
state applications. In general, most solid state heat engines for waste
heat recovery and thermal energy harvesting show a potentially high
energy conversion efficiency, but remain a low power application. Since
the temperature level is usually not adjustable in waste heat recovery
and thermal energy harvesting, every technology has to be tailored to
the heat source. From an economical point of view the engineering
efforts needed to design a device and the costs of the materials remain
high, for which reason the right spectrum for applications needs to be
found.
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