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Preface

The use of energy can be traced back to humans (species of the genus Homo)
starting about two million years ago when they started cooking their food using
firewood. Cooking had a profound evolutionary effect because it increased food
efficiency, which allowed humans to spend less time foraging, chewing, and digest-
ing. Modern anthropologists argue that Homo erectus developed a smaller, more
efficient digestive tract, which freed up body energy to enable larger brain growth.
Extended arguments reveal that cooking and control of fire generally affected
species development by providing warmth and helping to fend off predators, which
helped human ancestors adapt to a ground-based lifestyle. As humans developed
new skills with increased activities, energy interaction and usage emerged. Energy
was used not only for domestic functions but also for space applications. With
industrialization, humans realized that energy was needed to move machines and
do other things as well. In this quest, and without understanding the consequences
of using fossil fuels extensively, many problems arose. Researchers in energy
embarked on a journey to try to solve some of the problems by studying different
forms of renewable energy. To understand different needs, researchers have tried
to come up with ways in which small-scale energy harvesting can be adapted to
different needs that do not require heavy-duty energy production. Technological
advancements point directly to this quest where some gadgets have been miniatur-
ized and others developed to help humans live better lives.

This book attempts to present a number of ideas regarding a few selected small-
scale energy harvesting methods and techniques as well as theories and products
that may be helpful in improving the quality of life.

Chapter 1 outlines the potential of perovskite solar cells (PSCs) as a promising form
of new solar cell for power generation due to their simple processing, abundance of
materials, and architectural integration, as well as good power conversion efficien-
cies, which rocketed from 3.8% in 2009 to 23.3% in 2018. It is pointed out in the
chapter that the toxic lead (Pb) element containing the chemical composition of
typically used organic-inorganic halide perovskites hinders the practical applica-
tions of PSCs. The chapter, however, gives a general discussion on perovskite crystal
structure along with serious efforts focused on Pb replacement in these devices.
Elaborate fundamental features of tin (Sn)-based perovskites together with their
performance in PSCs is then presented, and alternative elements, such as copper
(Cu), germanium (Ge), bismuth (Bi), and antimony (Sb), are outlined. Last but not
least in the chapter is a summary of the challenges and opportunities based on the
chapter.

In Chapter 2, thermoelectric energy generation of electrical power from tempera-
ture gradients or differences in naturally occurring geothermal heat and rocks, or
from waste heat in man-made equipment and industrial processes, are discussed.
Their commercial applications to replace or recharge batteries in low-power elec-
tronic systems are presented. The fundamental thermoelectric theory related to
power generation, including the theoretical analysis and numerical calculations
required to calculate the thermoelectric efficiency and electrical power generated



when a single thermoelectric couple is given as an example. The short-term chal-
lenge for thermoelectric energy harvesting, which is a cost-effective and practical
solution to replace batteries, and can be scaled to provide sufficient power to
operate electrical rotating machines such as low-power motors and pumps, is clearly
outlined. On the other hand, the long-term challenge of improving the efficiency,
power output, cost of thermoelectric modules, and energy harvesting systems, and
to develop them from low-power to medium-power applications, is presented.

The work in Chapter 3 focuses on the development of new kinds of energy harvest-
ers that could be used in various applications, including industrial, aerospace, or
consumer markets. The main aspect explores transformation of different sources
of energy, such as temperature, vibration, shock, etc., into usable electric power,
which in normal conditions is wasted. The process of energy harvesting relies on
harvesters employing magnetomechanical effects.

Chapter 4 introduces a new energy technology in small-scale energy harvesting

in relation to triboelectric nanogenerators (TENGs) that can harvest ambient
mechanical energy and convert it to electricity for continuously powering small
electronic devices. The fundamental working mechanism and modes of a TENG

are presented. The chapter outlines how the technology can harvest all kinds of
mechanical energy, especially at low frequencies, such as human motion, walking,
vibration, mechanical triggering, rotating tires, wind, moving automobiles, flowing
water, rain drops, as well as ocean waves.

Chapter 5 deals with the exploitation of radio waves existing in the ambient envi-
ronment for battery charging, called radiofrequency energy harvesting. A method
based on spectrum sensing to allow wireless devices to select the frequency band
with maximum power that exceeds a predefined threshold to charge the device is
described. The power threshold can be determined according to battery type and its
required charging power, and the device can use this power for battery charging.

Chapter 6 does not seem to fall directly under the subject matter of this book, but
covers one of the promising directions in the use of solar energy—heliomaterials
science, whether for large-scale or small-scale energy production. It was, therefore,
thought necessary to include this chapter in the book. The work describes important
characteristics of engineering processes such as capacity, maximum and average
energy densities, uniformity of energy density distribution, focal spot size, char-
acteristics of energy density distribution and its change in time, duration of the
process, and start and stop mode rate, which must be taken into consideration when
developing solar furnaces. The work also looks at the drawbacks of solar concentra-
tors and the variability of the characteristics of the focal spot with time. New ideas
on the implementation of such a system are given in the discussion and conclusion.

Reccab Manyala

The University of Zambia,
School of Natural Sciences,
Department of Physics,
Lusaka, Zambia
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Chapter1

Quest for Lead-Free Perovskite-
Based Solar Cells

Sajid Sajid, Jun Ji, Haoran Jiang, Xin Liu, Mingjun Duan,
Dong Wei, Peng Cui, Hao Huang, Shangyi Dou, Lihua Chu,
Yingfeng Li, Bing Jiang and Meicheng Li

Abstract

Today, the perovskite solar cells (PSCs) are showing excellent potentials in terms
of simple processing, abundance of materials, and architectural integration, as well
as very promising device’s power conversion efficiencies (PCEs), rocketed from
3.8% in 2009 to 23.3% in 2018. However, the toxic lead (Pb) element containing
the chemical composition of typically used organic-inorganic halide perovskites
hinders the practical applications of PSCs. This chapter starts with a general discus-
sion on the perovskite crystal structure along with the serious efforts focused on
Pb replacement in these devices. Section 2 will elaborate the fundamental features
of tin (Sn)-based perovskites together with their performance in the PSCs. Other
alternative elements, such as copper (Cu), germanium (Ge), bismuth (Bi), and
antimony (Sb), will be discussed in Section 3. The end will summarize the chal-
lenges and opportunities based on the chapter contents.

Keywords: toxicity, stability, lead-free perovskites, chemical composition

1. Introduction

PSCs with organometal (Pb) halide perovskites as photo-absorber showed rapid
development in terms of PCEs from 3.8 to 23.3% [1-7]. The typically used Pb-based
perovskites possess several appealing advantages such as broadband absorption
range, long diffusion length, low exciton binding energy, and high-charge-carrier
mobility [2, 3, 8-14]. However, intrinsic toxicity of Pb-based perovskites is a serious
issue for both human and environment [15-19]. In this context, the replacement of
Pb element in PSCs is extremely important for economical clean energy conversion
devices which would benefit mankind in future endeavor.

Organic-inorganic trihalide perovskite is generally represented by ABX;

(A = CH;NH;' (MA), CH(NH,)," (FA), Cs*; B = Cu®*, Pb*, Sn**, Ge**, Bi**, Sb**;

X =TI, CI, Br"). Figure 1 illustrates the typical cubic perovskite structure with basic
octahedron (BXs) unit. It has been witnessed that structure distortions determine the
physical/electrical properties of ABX; perovskite [20]. For example, Goldschmidt’s tol-
erance prediction can be used for the dimensional evaluation of a perovskite as follows:

t = (a4 +7x) (1)

- \/2(1’3 +7rx

1 IntechOpen
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Figure 1.
Basic crystal structure of perovskite semiconductor, where A, B, and X vepresent (CH;NH,', CH(NH,),", Cs*),
(Cu*, Pb*, Sn*, Ge**, B?*, Sb**), and (I", CI~, Br~), vespectively.

where 7, 75, and 7x denote the ionic radii of A, B, and X, respectively. If the
value of “¢” results in the range between 0.813 and 1.107, then it is considered asa
high-symmetry cubic three-dimensional (3D) perovskite, while two-dimensional
(2D), one-dimensional (1D), and zero-dimensional (OD) perovskites are formed
when “t” gives other values than the abovementioned range [21, 22]. The structural
dimensionality approach is considered one of the essential factors because different
dimensions of perovskite influence the kinetics of charge carriers. Nonetheless, this
evaluation is not enough to be applied to all perovskite semiconductors. Therefore
the probe for electronic dimensionality is equally important [23]. For example,
perovskite materials with low electronic dimensionality but high structural dimen-
sionality have less promises as light absorbers because of the barrier to isotropic
current flow, large effective masses of holes/electrons, and deeper defect states.

The excellent performance of Pb-based perovskites is mainly due to high struc-
tural symmetry and strong antibonding coupling between Pb and I [24]. In a similar
way, Cu?*, Ge*, Bi**, Sb*, and Sn** with ns” lone pairs could be used with halides
to obtain octahedral structure; therefore, they are investigated as alternatives to the
toxic Pb element [15, 25, 26]. Herein, we will introduce the Pb-free perovskites from
previously reported theoretical calculations and experimental studies.

2. Sn-based perovskites

Tin (Sn) element has been widely used as an alternative to Pb, since both
occur in group IVA of the periodic table with similar ionic radii (Pb: 1.49 A and
Sn: 1.35 A). Therefore, Pb substitution by Sn would cause no obvious lattice
distortion in perovskites [27]. The intrinsic instability that results in the decom-
position of unstable products such as Snl, and HI (acidifier) and toxicologically
inactive oxygenated Sn precipitates are still remained the toxicity issues in the
Sn-based perovskites [16]. However, benefiting from the stability of PSCs based
on Sn perovskites and easy cleaning of Sn from the human body compared to Pb,
Sn-based perovskites could be a better choice than perovskite with Pb cation.
Density functional theory (DFT) and GW approximation are typically used for the
structural and electrical properties of Sn-based perovskites [28, 29]. For instance,
the theoretical-experimental calculations about the bandgap of MASnI; showed

2
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arange of 1-1.3 eV, charge mobility of 1.6 cm® V™' s, and diffusion length up to

30 nm (Figure 2A) [29, 30, 32, 33]. Additionally, SnF,-doped MASnI; showed
tenfold larger carrier lifetime with diffusion length of 500 nm (Figure 2B) [31].
Replacing MASnI; by FASn; results in a desirable bandgap of 1.41 eV and mini-
mized oxidation of Sn** to Sn** [34, 35]. It is also reported that replacement of “A”
cation by Cs* in ASnX; yields higher charge mobility, lower exciton binding energy,
and large optical absorption coefficient compared to conventional MAPbI; [36, 37].
However, plasticity of the tin-halide-tin angle and Cs* cation migration [38] showed
CsSnXj a phase transitional perovskite with respect to temperature [39].

Since Sn-based perovskites possess low crystallization barrier and high solubil-
ity in solvents, their thin films can be fabricated at low temperature in the PSCs.
For example, a high crystalline MASnI;-perovskite thin film has been prepared
from a transitional Snl,»3DMSO intermediate phase (Figure 3A) [40]. This
high-quality perovskite film formation in a hole-selective layer-free PSCs resulted
in a photocurrent of 21 mA cm ™. In order to obtain low doping level in MASnI;-
perovskite thin film, a low-temperature vapor-assisted solution process was
employed (Figure 3B), where the excess of Sn** compounds due to Sn(OH); and
SnO resulted in low hole-doping level [41, 44]. Furthermore, anti-solvent dripping
process was used to control fast crystallization and fabricate pinhole-free thin films
of Sn-based perovskites. The diethyl ether dripping on FASnI; and chlorobenzene
on (FA)(75(MA),5Snl; enabled the as-prepared PSCs to obtain efficiency of 6.2
and 8.1%, respectively (Figure 3C and D) [42, 43].

It is reported that the oxidation of Sn-based perovskites (self-doping from Sn** to
Sn**) leads to carrier recombination and poor device performance. In this context,
specific amount of SnF, can be used as an inhibitor for Sn**. The large quantity of SnF,
may generate phase separation such as plate-like aggregates on the perovskite film
surface. Here, the strong binding affinity in SnF,-pyrazine complex was helpful to

an
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Figure 2.

(A) Transient terahertz photoconductivity and simulated crystal structure of MASnI,. (B) Time-resolved
photoluminescence for 20 mol (%) SnF,-doped MASnI, thin film and schematic device illustration. Reprinted
with permission from [30, 31].
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Figure 3.

(A) The schematic illustrations of the Snl(DMSO)?* ions linked with lone I~ ions, unit cell of Snl,e3DMSO,
and the film formation of the MASnI, perovskite starting from Snl, through Snl,e3DMSO intermediate.

(B) Scanning electron microscopy images of MASnI, thin films obtained through low-temperature vapor-
assisted solution process and vapor-assisted solution method. (C) Current—voltage characteristic curves of
the cell based on FASnI; with 10% SnF, additives. (D) Current-voltage curves of the best device based on
(FA) o 75(MA) , ,5Snl; perovskite. Reprinted with permission from [40—43].

inhibit the phase separation caused by excess SnF, (Figure 4A) [45]. Furthermore, the
built-in potential can also be optimized through SnF, and thus high open-circuit volt-
age of the device by energetic landscape alignments [46] as illustrated in (Figure 4B).
Besides SnF,, other additives such as SnBr,, Snl,, and SnCl, have also been explored
where SnCl, exhibits the highest stability by inhibiting the decomposition/oxidation
[34, 47]. Moreover, the employment of hypophosphorous acid in CsSnIBr, showed
seed-like perovskite where Sn™ oxidation was significantly reduced [48]. As a result,
the charge recombination rate was decreased by fourfold compared to the control
devices. The as-prepared cells displayed excellent oxygen-moisture stability at ambient
conditions and thermal stability in vacuum environment.

The inclusion of large ammonium cations for tuning the dimensionality or
generating massive Schottky defects has also been tested in Sn-based perovskites
to optimize the device performance. For example, a different ratio of phenylethyl-
ammonium (PEA) as a cation can yield perovskites with two-dimensional, three-
dimensional, and three-dimensional-two-dimensional-mixed dimensionalities.
The high-quality thin film of the mixed PEA-FA perovskite (20% of PEA) delivered
a stable device efficiency of 5.9% [49]. The composition of ethylenediammonium
(en) and formamidinium (FA) in FASnI;/MASnI;/CsSnl; crystal indicates no effect
on the dimensionality of the perovskite because the size of en is too large for the
unit cell cage and it can remove a certain {Snl}" species. Here, the point defects are
recognized as the Schottky defects. However, the optimized devices based on {en}
MASnI; and {en}FASnI; showed efficiency of 6.6 and 7.1%, respectively [50, 51].
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Figure 4.

(A) Schematic crystal structure of FASnI, with SnF, and SnF,-pyrazine complex with corresponding scanning
electron microscopy images. (B) Representation of energetic landscapes of the TiO,, pure CsSnBr;, and 20 mol (%)
of SnF, in CsSnBr; and spiro-OMeTAD with respect to vacuum level. Reprinted with permission from [45, 46].

3. Ge-, Bi-, Sb-, and Cu-based perovskites

Although Sn-based PSC has achieved PCE over 8%, the oxidation of Sn and
degradation of the perovskite still need to be addressed. In this context, other
metal halide perovskites such as Ge, Bi, Sb, and Cu are considered as potential
candidates to replace Pb element in the perovskite crystal. As Ge 4 s has higher
orbital energy compared to Pb 6 s and Sn 5 s, thus Ge-based perovskites should
exhibit smaller bandgaps. However, in practice the Ge-based perovskites such
as CsGel;, MAGel;, and FAGel; displayed larger bandgaps (i.e., 1.63, 2.0, and
2.35 eV) than that of CH;NH;Snl; (1.30 eV) and CH;NH;PbI; (1.55 eV) [52]. The
difference between experimental data and what we expected from high orbital
energy is mainly due to the structural distortion of [Gels] octahedral as the
small ionic radius (0.73 A) of Ge** substituting the bigger ionic radius of Pb**
(1.19 A) or Sn** (1.02 A) [53]. Additionally, the Ge-based perovskites crystal-
lize in polar space groups [54]. The Ge** cation cannot sustain at the center of
octahedron and forms three long Ge=I bonds (2.73-2.77 A) and three short
Ge-I bonds (3.26-3.58 A) [53]. This means that the Ge cation cannot maintain



A Guide to Small-Scale Energy Harvesting Techniques

the desirable octahedral crystal structure which may be one of the reasons for
poorer device performance (the best PCE up to 0.2% so far) as compared to Pb-
or Sn-based perovskite [52].

Furthermore, Bi and Sb can form A;B,X, perovskite structure such as
A3Bi, Xy and A;Sb,X, [55, 56]. These perovskites typically form low-dimensional
perovskites with two polymorphs. Devices fabricated with Cs;Bi,ly, (MA);Biylo, and
MA;3Bi,ly _ Cly (hexagonal phase and P63/mm(194) space group) delivered PCE
of 1, 0.33, and 0.38%, respectively [35]. The highest performance in the case of
Cs3Biyly perovskite was attributed to the low non-radiative recombination. The A
cation has also a crucial role in the formation of Cs3;Sbyls perovskite. For instance,
the mixture of Cs* and MA" cations forms dimer phases [57], which is structur-
ally different phase from rubidium (Rb) as the A cation. The DFT analysis about
the dimer and layer forms of A;Sb,ly (A = Cs or Rb) indicated much preference of
Rb-based systems (with formation energy of 0.25 eV) as layered phase compared to
Cs-based perovskite (formation energy of 0.1 eV). Thus the Rb;Sb;,ly perovskite in
PSC showed a PCE of 0.66% [57]. Recently, our research group fabricated Cu-based
hybrid materials denoted as (MA),CuX (where X = Cl, I,Cl,, or Br,Cl,) to replace
Pb [15]. It was revealed that chlorine (Cl7) in the perovskite crystal has a critical
role in the stabilization of the as-prepared materials. The corresponding PCEs of the
devices are depicted in Figure 5.

5000 rpm/ 155 100°C / 10min
Spin coating annealing ‘
= — —_— — f‘:
Ay thermal
PSK HTL  Evaporation
PSK solution
(CH,NH, ), CuX, i
o0 T0 K Hot Plate
Samples Jsc /MA em™ Ve IV FF n /%
(CHiNH,),CuCly 8.12 (1.560 52.99 2.41
(CH3NH;),CuCl;Br; 3.35 0.581 50.86 0.99
Figures.

SEM micrographs of (MA),CuCl,, (MA),Cul,Cl,, and (MA),CuBr,Cl, with their chemical structures,
respectively. Schematic illustration of the as-fabricated devices along with photovoltaic pavameter table.
Reprinted with permission from [35].
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4. Summary and future outlook

It is concluded that the nontoxic elements should form octahedral crystal struc-
ture with halides. Besides the bandgaps, structural/electronic dimensionality, crys-
tal defects, carrier motilities, and high-quality film formation of Pb-free perovskites
are equally important. Although Sn is widely used to replace Pb in perovskites, it
oxidizes from Sn** to Sn** and leads to high charge recombination and poor device
performance. In addition, the fast crystallization of Sn-based perovskites forms
pores in their thin films that deteriorate the solar cell performance. Thus, additives
and additional solvent such as SnF,, SnCl,, SnF,-pyrazine complex, Snl,(DMSO),
complex, and HPA can be optimized to inhibit the oxidation reaction and control
film growth rate. Another severe effect found in the Sn-based device is the hystere-
sis that is mostly associated with the imbalance charge transport and defects. In this
context, mitigation of ion migration within perovskite and interfacial engineering
by using suitable charge-transporting materials can reduce the hysteresis effect.

The Ge-based perovskites exhibit larger bandgaps which can deliver high
open-circuit voltage compared to Sn-based perovskite. However, they also show
severe oxidation. Alternatively, perovskite structure with trivalent Bi’*/Sb>* cat-
ions can be designed. Copper is also a promising alternative to Pb in mixed halide
perovskites where the Cu reduction can be decreased and the material stability as
well as the perovskite crystallization can be enhanced by manipulating the halide
ions. Replacing the toxic Pb in perovskite crystals with environmentally friendly,
nontoxic, earth-abundant, and cost-effective materials such as transition metals
(Fe**, Zn*, Cu™, etc.) is an important target for sustainable energy perspectives.
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Chapter 2

Thermoelectric Energy Harvesting
Chris Gould

Abstract

Thermoelectricity can be used to generate electrical power from temperature
gradients or differences in naturally occurring geothermal heat and rocks, or from
waste heat in man-made equipment and industrial processes. Thermoelectric
energy harvesting systems are finding commercial applications to replace or
recharge batteries in low power electronic systems. This chapter provides the fun-
damental thermoelectric theory related to power generation, including the theoret-
ical analysis and numerical calculations required to calculate the thermoelectric
efficiency and electrical power generated when a single thermoelectric couple, and
a 127 couple thermoelectric module, are subject to different temperature gradients.
A thermoelectric energy harvesting system, incorporating a low power boost con-
verter and DC to DC converter, coupled with electrical energy storage in
supercapacitors, is presented and enables a thermoelectric energy harvesting system
to provide sufficient electrical power to operate low power electronic components
and systems. The short-term challenge for thermoelectric energy harvesting is to
become a cost effective and practical solution to replace batteries, and to be scaled
to provide sufficient power to operate electrical rotating machines such as low
power motors and pumps. The long-term challenge is to improve the efficiency,
power output, and cost of thermoelectric modules and energy harvesting systems,
and to develop from low power to low-to-medium power applications.

Keywords: thermoelectric, Seebeck, temperature difference, temperature gradient,
thermal power generation

1. Introduction

Energy harvesting is an ideal platform to foster research and the commercial
application of thermoelectric power generation. The use of naturally occurring
temperature gradients or differences found in geothermal heat and rocks, or by
man-made waste heat in machinery and industrial processes, can be used to gener-
ate electrical power by thermoelectricity. The concept of using thermoelectricity
to generate electrical power has been discussed for some time, and is considered to
be an environmentally friendly and renewable technology, although thermoelec-
tricity is often overlooked in discussions surrounding renewable energy sources,
partly due to the relatively low levels of electrical power generated from a
thermoelectric module, which is typically in the milliwatt to watt range, and the low
conversion efficiency of between 5 and 10% [1]. However, with the addition of
power electronics, coupled with electrical energy storage in electric double layer
capacitors, also known as supercapacitors, the instantaneous electrical power
output from a thermoelectric power generation system can be increased to a useful
level, and can output sufficient electrical power to operate low power electronic
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systems, recharge or replace batteries in many applications. Furthermore, thermo-
electricity can be used in applications where other energy harvesting techniques
could not be used, i.e., where light is not available for photovoltaic power generation,
or wind for electromagnetic generation, or can be used in combination with other
energy harvesting technologies in order to enhance a systems overall performance.
The technology is not limited to low power applications, with an on-going focus and
research into thermoelectric power generation from waste heat in the automotive
market, and is extensively used to provide power to deep-space spacecratft.

The technology has several advantages when used for power generation; ther-
moelectric modules can function in harsh environments; are relatively small in size
and weight; there are no moving parts and very low, if any, maintenance require-
ments; electrically quiet in operation; do not import dust or other particles; can be
oriented in any direction; and the same module can be used for power generation,
cooling and heating. The main disadvantage of thermoelectricity is the relatively
low conversion efficiency and thermoelectric figure of merit Zr.

Thermoelectricity has undergone stages of significant interest, research and
development, along with periods of inactivity and decline. The scientific principle
and potential application of thermoelectric power generation has been known for
some time and can be described as the generation of electrical power, via the
Seebeck effect, when two dissimilar conducting materials are connected together at
one end and subject to a temperature gradient or temperature difference. The
fundamental scientific discoveries applicable to thermoelectricity were discovered
in the 1800s, with the most important for power generation being the Seebeck
effect discovered by Thomas Seebeck in 1821. It should be noted that thermoelec-
tricity can also be used for cooling and heating applications, where a source of DC
power is applied to a thermoelectric couple or module’s input terminals, resulting in
one side of the couple or module reducing in temperature and the other side
increasing in temperature and acting as a heat pump. This cooling and heating effect
is primarily due to the Peltier effect, discovered in 1834 by Joseph Peltier, and to a
lesser extent the Thomson effect in 1855 by William Thomson, later known as Lord
Kelvin. Recognition should also be made to Alessandro Volta as an early pioneer in
thermoelectric research. The technology developed slowly until the 1930s, when
rapid improvements in all areas of thermoelectricity occurred and by the mid 1960s,
practical thermoelectric devices emerged for niche applications in aerospace cooling
and spacecraft power. Progress in efficiency improvement slowed and research
peaked in 1963, followed by a steep decline in activity that was to continue for
nearly three decades [2]. However, around 1990 there was renewed interest in
thermoelectricity due to a combination of factors, notably environmental concerns
regarding refrigerant fluids, alternative refrigeration and interest in cooling elec-
tronics [3]. Contemporary interest in the technology is driven by an increasing
awareness of the effect of climate change on the planet’s environment, a renewed
requirement for long-life electrical power sources and energy harvesting technolo-
gies, and the increasing miniaturization of electronic circuits and sensors [4]. In
recent years, interest has grown in the use of ambient energy sources to power low
power electronic systems, with thermoelectricity being one of the most promising
and applicable energy harvesting technologies for commercial exploitation.

2. Background thermoelectric theory
This section will present the fundamental thermoelectric theory related to ther-

moelectric power generation for a single thermoelectric couple, and a 127 couple
thermoelectric module.
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2.1 Standard thermoelectric couple and module construction

A single thermoelectric couple is constructed from two ‘pellets’ of semiconduc-
tor material usually made from bismuth telluride (Bi,Te3), as this material has been
found to show the most pronounced thermoelectric effects around room tempera-
ture. One of these pellets is doped with acceptor impurity to create a p-type pellet,
the other is doped with donor impurity to produce an n-type pellet. The two pellets
are physically linked together on one side, usually with a small strip of copper,
and mounted between two ceramic outer plates that provide electrical isolation
and structural integrity. A single thermoelectric couple, as shown in Figure 1, is
generally of limited practical use, as the rate of useful power generated due to the
Seebeck effect is very small. Practical thermoelectric modules are constructed with
several of these thermoelectric couples connected electrically in series and ther-
mally in parallel, with modules typically containing a minimum of three thermo-
electric couples, as shown in Figure 2, rising to 127 couples for larger devices [5].

2.2 The principle of thermoelectric power generation for a single
thermoelectric couple

If a temperature difference is maintained between two sides of a thermoelectric
couple, thermal energy will move through the p-type and n-type pellets. As these
pellets are electrically conductive, charge carries are transported by this heat.

This movement of heat and charge carriers creates an electrical voltage called the
Seebeck voltage. If a resistive load is connected across the thermoelectric couple’s
output terminals, current will flow in the load and an electrical voltage will be
generated at the load [6]. A schematic diagram of a single thermoelectric couple,
configured for thermoelectric power generation, with the output terminals of the
couple connected to a volt meter in order to measure the open-circuit voltage V,, is
shown in Figure 3(a), and connected to a resistive load R;, in Figure 3(b).

I I .
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Figure 1.
A single thermoelectric couple.
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Figure 2.
A three couple thermoelectric module.
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Figure 3.
A single thermoelectric couple configured as a thermoelectric generator with a volt meter measuring the open-
circuit voltage V. (a) and in (b) with a load vesistor Ry, connected across the couple’s output terminals [7].

2.2.1 Calculating the thermoelectric couple open-circuit voltage V,,

According to [8], if we consider the thermoelectric couple in Figure 3 (a), and
assume that no other heat arrives at the cold side T, other than through the two
thermoelectric legs, the thermoelectric couple open-circuit voltage V,. can be
found by:

Ve = (ocp — (xn)(Th — T,) measured in volts 1)

where a,, and a, is the Seebeck coefficient of the p-type and n-type pellets of the
thermoelectric couple respectively, and may be found quoted in manufacturer
literature or obtained by practical measurement. Typical values for Bi,Te; thermo-
electric couples are @, of around 230 x 10~° V/K and a,, of around —195 x 10~° V/K
[9]. Ty, is the surface temperature of the hot side of the thermoelectric couple, and
T, is the surface temperature of the cold side of the thermoelectric couple, measured
in Kelvin.

2.2.2 Calculating the vesistance R, and R,, of the thermoelectric couple pellets

The electrical resistivity p of each pellet can be found and/or measured, with a
typical resistivity for p-type Bi,Te; thermoelectric pellets of around 1.75 x 10>
Ohms-centimetre, and for n-type Bi,Te; pellets of around 1.35 x 10> Ohms-
centimetre [10]. The resistance R, of the p-type pellet can then be found by:

L
R, = i measured in Ohms 2)

Ap
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where p,, is the electrical resistivity of the pellet in Ohms-cm, L,, is the length of
the pellet in cm, and 4, is the cross-sectional area of the pellet in cm” found by:

A, = width x depth measured in cm’ 3)

Similarly, the resistance of the n-type pellet R, can be found by:

L
R, = ZD" measured in Ohms (4)

2.2.3 The thermoelectric couple resistance R,

The thermoelectric couple resistance R,, ignoring the resistance of the copper
interconnects, is the addition of the resistance of the two thermoelectric pellets:

R. =R, + R, measured in Ohms 5)

The resistance of the copper interconnects is typically in the micro ohm region,
and compared with the resistance of the Bi,Te; thermoelectric pellets, which tends
to be in the milliohm region, is significantly smaller in value and hence can be
considered as negligible.

2.2.4 Calculating the thermal conductivity K, and K, of the thermoelectric couple
thermoelements (legs)

The thermal conductivity 1 of each pellet can be found and/or measured, with a
typical conductivity for a p-type Bi,Te; thermoelectric pellet of around
1.2 x 10> W/cm K, and for an n-type Bi,Te; pellet of 1.4 x 10> W/cm K [10]. The
thermal conductivity K,, of the p-type thermoelement can be found by:

A
K }\PP

= measured in watts cm kelvin (6)
P

where 1, is the thermal conductivity of the pellet in watts/cm kelvin, L,, is the
length of the pellet in cm, and A,, is the cross-sectional area of the pellet in cm?.
Similarly, the thermal conductivity of the n-type pellet K,, can be found by:

A, . .
K, = }WI: measured in watts cm kelvin @)

It should be noted that the electrical resistivity p is the reciprocal of the electrical
conductivity ¢ and can also be found using:

_I><L
°TVxa

measured in siemens (8)

where I is the current through a constant cross-sectional area A and length L
when a voltage V is applied [8].

2.2.5 Calculating the current I when a load resistor Ry, is connected across the
thermoelectric couple output terminals

If a load resistance Ry, is now connected across the output terminals of the
thermoelectric couple, as shown in Figure 3(b), the current I can be expressed as:
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\%4
I = — measured in amperes 9)
Ry

where V is the closed-circuit voltage, and Rr is the total resistance of the ther-
moelectric couple and the load. It is possible to find R7 using:

Rr =R, + R, + Ry, measured in Ohms (10)

Using (Eq. (1)) and (Eq. (10)), the current I can be found by:

B (ap — an)(Th -T,)
R, + R, +RL

measured in amperes (11)

2.2.6 The load current I, and the voltage generated at the load V7,

As the load resistor Ry, is connected across the output terminals of the couple, the
load current I, is the same as the circuit current I, and the voltage generated at the
load V,, can be found by:

Vi = I; x Ry, measured in volts (12)
2.2.7 The electrical power generated at the load Py,
The electrical power generated at the load P, can be found using:

P; = I’R;, measured in watts (13)
If we substitute (Eq. (11)) into (Eq. (13)), we obtain:
2

(a —a)(Th—TC)} .
P, = Ld “ R;, measured in watts 14
L { R, +R, + Ry L (14)

Alternatively, the electrical power generated at the load can be found by:

P; =V x I, measured in watts (15)

In electrical and electronic engineering, the maximum power transfer between
the generator and the load normally occurs when the load resistance is equal to the
generator resistance, and if we consider the thermoelectric couple as an ideal model,
with no heat lost through thermal radiation or conduction, and ignoring any effect
of contact resistances, the maximum efficiency of a thermoelectric generator will
not exceed 50%. It should be noted that if the load resistance is increased away from
the value that gives rise to maximum power transfer, the power output of the
thermoelectric generator will be reduced [8].

2.2.8 Calculating the thermoelectric couple efficiency

The efficiency 5 of a thermoelectric couple can be found by:

B Energy supplied to the load (16)
"= Hear energy absorbed at the hot junction

The electrical power supplied to the load is P;, and we now need to find the heat
energy absorbed at the hot junction. A proportion of the heat that is absorbed at the
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hot junction from the heat source T}, is used to balance the Peltier cooling effect in
the thermoelectric couple, and an opposing flow of heat occurs due to the thermal
conduction of the thermoelectric legs, and by Joule heating within the device. The
cooling effect at the source Qs can be found by:

Qsource = (ap — ay)I. T, measured in watts (17)

The opposing heat by conduction in the thermoelectric legs (or pellets) can be
found by:

Qiegs = (Tn — Te) (Kp + K,,) measured in watts (18)

where K, and K,, are the thermal conductance of the p-type and n-type thermo-
electric legs, respectively. The cooling effect is opposed by Joule heating Q; within
the thermoelectric legs, found by:

’(R, +R,
Q= <(p2+)> measured in watts (19)

According to [8], it can be shown that half of the Joule heating passes to the sink
T. and half to the source T},, with each half equal to (Eq. (19)). The expression for
the heat energy absorbed at the hot junction, which is the same as the cooling power
at the hot side of the thermoelectric couple Q;, can now be found by:

(R, +Ry,)

3 measured in watts

Q= (ap — an)ITy — (Te — Tp) (Kp + Ky) —
(20)

Hence, the efficiency of the thermoelectric couple 5 can now be found by
(Eq. (16)), and written as:
Q

Substituting Q, from (Eq. (20)) and P;, from (Eq. (14)) into (Eq. (21)), we
obtain:

n (21)

(@p—an ) (Ty—Te) 2R
R,+R,+Ry, L
2(Ry+Ry)

(22)
(@ — a)ITy — (Te — T) (K, + K,) — "B

]’l:

In thermoelectricity, efficiency is expressed as the dimensionless figure-of-merit
Z, or more commonly, expressed as a function of the temperature over which the
device is operated Zr. The thermoelectric figure-of-merit Z describes the thermo-
electric efficiency of a thermoelectric couple for a given pair of p-type and n-type
thermoelectric materials, and is normally shown as:

Z =— (23)

where « is the Seebeck coefficient of the thermoelectric couple, 4 is the thermal
conductivity, and p is the couple’s electrical resistivity. In the context of this
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discussion, the Seebeck coefficient of the couple is equal to (@, —a,), the thermal
conductivity 1 is (K, + K,,), and the electrical resistivity p is equal to (R, + R,,),
therefore (Eq. (23)) can be rewritten as:

_ (“p - 0‘")2
Z= (Ky +Ky)(Ry +Ry) (24

The thermoelectric figure-of-merit Z is commonly used to optimize the perfor-
mance of materials used in the manufacture of thermoelectric couples. However,
when stating the thermoelectric efficiency, it is more common to express it as a
function of the temperature over which the device is operated, referred to as Zr,
which can be found by using (Eq. (23)) at a specific temperature, and is normally
written as:

Zr =— (25)

where a is the Seebeck coefficient, ¢ is the electrical conductivity, and 1 is the
thermal conductivity of the couple at a specific operating temperature.

2.3 Thermoelectric module power generation

If we now consider a thermoelectric module that contains several thermoelectric
couples connected electrically in series, and thermally in parallel, as shown in
Figure 2, a small amount of electrical power, typically in the milliwatt range (mW),
can be generated from a thermoelectric module if a temperature difference is
maintained between two sides of the module. Normally, one side of the module is
attached to a heat source and is referred to as the ‘hot’side or Ty. The other side of
the module is typically attached to a heat sink and is called the ‘cold’side or T¢. The
heat sink is used to create a temperature difference between the hot and cold sides
of the module. If a resistive load R;, is connected across the module’s output termi-
nals, electrical power will be generated at the load when a temperature difference
exists between the hot and cold sides of the module due to the Seebeck effect. A
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Figure 4.
A thermoelectric module configured for thermoelectric power generation.
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schematic diagram of a thermoelectric module, operating as a thermoelectric power
generator, is shown in Figure 4.

According to [11] the thermoelectric module open-circuit voltage V,. can be
obtained by:

Voo = am(T), — T,) measured in volts (26)

where a,, is the thermoelectric module’s average Seebeck coefficient in volts per
kelvin and may be found quoted in manufacturer’ literature. If a load resistance Ry,
is now connected across the output terminals of the thermoelectric module, the
current I can be found by:

I measured in amperes (27)

4
Rm + RL
where V is the closed-circuit voltage and R, is the thermoelectric module’s
average resistance in Ohms. As the Seebeck coefficient and module resistance are
temperature dependent, their values should be calculated at the average or mean
module temperature T, given by:

_Th+Tc

T, measured in kelvin (28)

The voltage at the load V, can be found by:
V1, = I; x R;, measured in volts (29)

where the current at the load I, is equal to the circuit current I. The electrical
power generated by the module at the load can then be found by:

P = I% x Ry measured in watts (30)
or by using:

P; =V x I}, measured in watts (31)
The efficiency 7 of the thermoelectric module can be found by:

_ b

n (32)
Q;
The cooling power at the hot side of the thermoelectric module Q), can be found by:
P(Rn) ,
Qy, = (a)IT), — (T; — T,)(Ky) — —=—= measured in watts (33)

The efficiency # of the thermoelectric module can now be found by:

2
) (T
7= {(Rm)‘f'RL)} RL (34)
- 2
(@n)IT), — (Te — Ty)(K,p) — En)

The thermoelectric figure-of-merit Z7 can be found using:

A0 m
Zr = 7 (35)
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where a,, is the module’s average Seebeck coefficient, o, is the average electrical
conductivity, and 4,, is the module average thermal conductivity, at a specific
operating temperature.

2.4 A numerical analysis of a thermoelectric power generation module

If we consider a thermoelectric module, [12] have published some general
material properties data for a 127 thermoelectric couple module. For the purpose of
this analysis, we will use a hot side temperature T of 400 K, and a cold side
temperature Tc of 300 K. The Seebeck coefficient and module resistance is tem-
perature dependent, hence, their values should be calculated at the average module
temperature T, given by:

T T
T, =" + measured in kelvin
T _ 400 + 300 (36)
m f

T,, = 350 Kelvin

According to [12], with an average module temperature of 350 K, the
module thermoelectric parameters are; a Seebeck coefficient a,, of 0.05544 V/K;
a module resistance Ry, of 4.6491 Ohms; and a thermal conductivity Ky, of
0.4422 W/K.

2.4.1 The thermoelectric module open-circuit voltage V.

The thermoelectric module open-circuit output voltage V,. can be found by
using (Eq. (26)) as:

Ve = o (T, — T.) = 0.05544 x (400 — 300)
Voo = 5544V

2.4.2 Connecting a load vesistor Ry, across the output terminals of the module

If we set the load resistance R;, to the value of the internal resistance of the
thermoelectric module Ry, of 4.6491 Ohms, the load resistance becomes:

R; = 4.6491Q
2.4.3 The closed-circuit voltage V
The open-circuit voltage V,, was calculated in 2.4.1, and in this case, when a load

resistor Ry, is connected across the output terminals of the thermoelectric module,
the closed-circuit voltage V is:

V =5544V

2.4.4 The circuit curvent I

With a load resistance R, connected across the output terminals of the module,
the current I can be found by (Eq. (27)) as:
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I v 5.544 5544
" Rm+R, 4.6491+4.6491 9.2982
I=0.59 A

2.4.5 The load current I, and the voltage generated at the load V),
The load current I; is the same value as the circuit current I, hence:

I =059 A

The voltage generated at the load can be found by (Eq. (29)) as:
Vi =1 x Ry, = 0.596 x 4.6491
Vi =2.7710V
2.4.6 The electrical power generated at the load Py,

The electrical power generated by the module at the load can now be found by
(Eq. (30)) as:

P, =TI} x R, = 0.596” x 4.6491
P, = 1.6514 W
or by using (Eq. (31)) as:

PL = VL X IL =2.7710 x 0.596
Py, = 1.6515W

2.4.7 The efficiency of the thermoelectric module n

The cooling power at the hot side of the thermoelectric couple Q, can be found
by (Eq. (33)) as:

I*(Ry)
2

Q.= (O‘M)ITh — (T, - Th)(KM) -

~ 0.596%(4.6491)

Q;, = ((0.05544) x 0.596 x 400) — ((300 — 400)(0.4422)) 5

0.3552 x (4.6491)

Q, = 13.2169 — (—100 x (0.4422)) — 5

Q, = 13.2169 + 44.22 — 0.8257
Q, = 56.62W

Hence, the efficiency of the thermoelectric module # can now be found by
Eq. (32) as:

_ P, 16515

17Q,” 5662
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Table 1.

Summary of performance characteristics of a 127 couple thermoelectric module obtained by theoretical
calculation.
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Thermoelectric module efficiency with a temperature difference AT between 0 and 100 K (theovetical vesults).

n = 0.0292

orn = 0.0292 x 100 = 2.92%

2.4.8 Numerical analysis of the 127 couple thermoelectric module configured for
thermoelectric power generation with a temperatuve difference AT varied between
0 and 100 K

A summary of the performance characteristics of the 127 couple thermoelectric
module obtained by theoretical calculation is shown in Table 1. The temperature
difference AT, which is equal to Ty—T¢, has been varied between 0 and 100 kelvin,
in 10 kelvin steps, and the results calculated. The thermoelectric module’s power
generated at the load P;, voltage Vi, current I, and efficiency #, is shown in
Figures 5-7 respectively. The results demonstrate the theoretical electrical power
generated by a 127 couple thermoelectric module is typically in the mW to watt
range when the module is subject to a temperature difference from 10 to 100 K.

3. Thermoelectric power generation and energy harvesting system

Thermoelectric power generation systems have typically needed to have a very
high temperature gradient across the thermoelectric module(s) in order to achieve a
useful electrical power output. This limitation has been a barrier to the successful
application of this technology for power generation, and limited the technologies
use to mainly niche applications, for example, in deep-space spacecraft power.
However, with parallel developments in the area of electrical energy storage in
supercapacitors, and low power DC to DC converters and boost converters, it is
possible to develop a thermoelectric energy harvesting system that will operate
from very low temperature gradients of around 1 K and be able to output useful
power levels. This was previously very difficult to achieve and would have required
several thermoelectric modules to be connected electrically in series, and thermally
in parallel, increasing the overall system weight, size, and cost, and would only
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achieve relatively small levels of power generation unless a significant temperature
gradient could be achieved across the modules.

The thermoelectric output voltage generated by a standard thermoelectric mod-
ule can be boosted to a useful and stable level by using a low power boost converter
and DC to DC converter. If the electrical power output from the DC to DC con-
verter is then accumulated and stored for future use in a supercapacitor, it is
possible to increase the potential output current of the system, and hence the overall
power output of the thermoelectric energy harvesting system. A simplified block
diagram of a thermoelectric energy harvesting system is shown in Figure 8,
highlighting the five main stages of the system. The energy stored in the
supercapacitor can be accumulated over time and released to the load when
required. In some applications, it may be advantageous to use a voltage regulator
after the supercapacitor in order to maintain a stable output voltage to the load.

In general, the duty cycle of the electrical load is a critical factor in determining
the design of a thermoelectric energy harvesting system. As highlighted earlier, the
output power of a single thermoelectric module is often too low to power other
electrical and electronic components directly unless a significant temperature dif-
ference or gradient is available, or several thermoelectric modules are connected
together electrically in series and thermally in parallel. The use of temporary elec-
trical storage in supercapacitors leads to a focus on the duty cycle of the load, as it is
necessary to ensure the capacitor can be recharged before the load becomes active
to ensure repeatable and reliable operation.

3.1 Thermoelectric energy harvesting circuit

A thermoelectric energy harvesting circuit to power an electronic load is shown
in Figure 9, and is based around a Linear Technology LTC3108 step-up DC to DC
converter. The thermoelectric module output voltage is in the mV range when the

_ DC to DC DC Output
Tht'.TI'I.1D1.'|'.".'!Hl: Boost Converter and Storage Voltage )
Generator Converter Signal Supercapacitor Typically 5V,
Ouiput Violtage Conditioning 1.1V, 3.3V,
’ 235V and 2.2V
Figure 8.

Simplified thermoelectric enevgy harvesting block diagram [14].
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_ _ Gl o L IF L T4 = 1:100 turr
Thermoelectric fransformer
Module -ve terminal

Thermoelectric Module | Boost Converter and DC o DC Converter Supcrcapacitorl Load

Figure 9.
Thermoelectric energy harvesting civcuit [14].
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module is subject to a small temperature difference, and is boosted to a useful level
by the LTC3108 step-up converter. The LTC3108 uses a boost converter, in the
form of an external step-up transformer, an internal MOSFET and associated cir-
cuitry within the DC to DC converter, to increase the voltage from the thermoelec-
tric module. Within the converter, a MOSFET switch is used to form a resonant
step-up oscillator using an external 1:100 turn transformer and a small coupling
capacitor C3 of around 330 pF. The frequency of oscillation is determined by the
inductance of the transformer secondary winding and is typically in the range of
10-100 kHz. The AC voltage that is developed on the secondary winding of the
transformer is boosted and rectified using an external charge pump capacitor CI of
1 nF and the internal rectifiers within the DC to DC converter. The DC to DC
converter itself is powered via the internal VAUX circuitry, from the input voltage
supplied by the thermoelectric module, and when the VAUX supply exceeds 2.5 V,
the main output of the DC to DC converter V,,, becomes operational and can be
programmed by the user to one of four regulated voltages of; 2.35; 3.3; 4.1; and 5 V
[13]. The converter operates at very low input voltages of 20 mV, which can be
achieved when a 1 K or higher temperature difference exists between the ‘hot” and
‘cold’ sides of the thermoelectric module. Dependent on the input power received
from the thermoelectric module, the DC to DC converter output V,,, will be
charged over time up to its regulated voltage [13], and in this case, the 1F
supercapacitor will charge up to 5 V at a maximum current of 4.5 mA.

3.2 Evaluation of the thermoelectric energy harvesting system

For the purpose of evaluation, a Melcor CP1.4-127-045L thermoelectric module
and HX8-202-FM heat sink is connected for power generation, with a hot side
temperature Ty of 323 K, and a temperature difference between both sides of the
module AT of 9 K, the thermoelectric module’s open-circuit voltage is 310 mV. An
LTC3108EDE step-up DC to DC converter evaluation board, configured to output
5V on the V,,; pin, was connected to the thermoelectric module output terminals as
shown in Figure 9. When the thermoelectric module is connected to the LTC3108
converter, the module’s output voltage and current is 116 mV at 30 mA. The boost
converter and DC to DC converter increase the thermoelectric output voltage and
supply a stable voltage of 5 V at 0.4 mA to the 1F storage supercapacitor, charging
the supercapacitor. The 1F supercapacitor reaches maximum charge after approxi-
mately 3 h [14]. Increasing the temperature difference across the thermoelectric
module, and therefore increasing the thermoelectric module’s output power, would
have the effect of increasing the output current of the DC to DC converter, up to a
maximum of 4 mA, reducing the capacitor charge time significantly.

If an electrical load is connected across the supercapacitor output terminals, the
supercapacitor will discharge and supply electrical power to the load. For evaluation
purposes, a number of different electrical loads have been tested, and successfully
operate from the electrical power delivered from the supercapacitor during dis-
charge including; a piezoelectric buzzer; light emitting diode (LED); humidity
sensor; pressure sensor; low power microcontroller; DC motor; and a miniature
electronic water pump.

The piezoelectric buzzer, LED, humidity sensor, and pressure sensor can be
powered for a considerable amount of time before the 1F capacitor becomes
discharged. For example, a Maplin electronic KU58 piezoelectric buzzer operates
between 3 and 12 V with a maximum input current of 2.38 mA at 5 V, and success-
fully operates above 3 V for 18 minutes, and is still audible for in excess of one and a
half hours when connected to the 1F supercapacitor. The miniature electronic water
pump, DC motor, and low power microcontroller operate successfully from the 1F
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supercapacitor, however, the evaluation system would benefit from scaling the
storage 1F capacitor appropriately to enable stable operation for significant periods
of time. Notwithstanding this, and focusing on the miniature electronic water
pump, an RS components 702-6894 electronic micropump that has an operating
voltage of 1.2-6 V was connected to the output terminals of the of the 1F
supercapacitor. The pump inlet and outlet tubes were connected together to form a
10 cm length of plastic tube, filled with water, and was seen to successfully pump
this water around the tube for approximately 1 min and 30 s. Once the water pump
minimum supply voltage of 1.2 V was reached during the first 35 s of the
supercapacitor’s discharge, the pump continued to operate, although at a reduced
flow rate than observed earlier. The water pump draws a maximum input current of
72 mA at 5V and can achieve a maximum flow rate of 150 ml per minute [14].

In general, a device with a; low input voltage; low current consumption; and a
wide operating input voltage range; can be powered for a considerable amount of
time directly from the supercapacitor. It should be noted that the performance of
the two test circuits can be improved, with the addition of a resistor in series with
the load in order to limit the current drawn by the load, or by using a voltage
regulator after the supercapacitor, with an appropriate output capability, which
would supply a stable output voltage to the load [14].

4, Discussion

The electrical output power obtained from a standard thermoelectric module is
relatively small and in the mW range unless a significant temperature gradient can
be achieved across two sides of the module, however, in common with other energy
harvesting technologies, if the output voltage of the thermoelectric module is
boosted to a useful level, i.e., to common battery supply voltages of; 5; 3.3; 1.5V
etc.; by using low power boost converters and DC to DC converters, and electrical
energy storage in supercapacitors, practical thermoelectric energy harvesting sys-
tems can be realized which can output sufficient electrical power to operate low
power electrical and electronic systems. This approach leads to a focus on the
electrical load’s duty cycle. Systems that rely on boost conversion and energy stor-
age require the storage capacitor to be recharged in periods of load inactivity to
enable continuous operation over an extended period of time. If the electrical load
requires continuous power to operate, and the output power of the thermoelectric
module is too low to power the load directly, the storage supercapacitor will
eventually discharge completely and be unable to continuously power the load.
However, in many applications the load does not need to be continuously
powered—electronic sensors, microcontrollers, and RF networks often only need to
make periodic readings, processing, and transmission cycles, and can be put into a
low power ‘sleep’ mode when not in operation, drawing only a low quiescent
current until ‘waking-up’ and drawing full current, allowing the supercapacitor
time to recharge to a fully charged state. Applications where the electrical load
is powered intermittently have become a focus for implementing low power
thermoelectric energy harvesting systems.

The contemporary focus on low power energy harvesting systems will enable
new thermoelectric applications to emerge and be realized. Thermoelectricity is
commercially successful, having previously found applications in power generation
for deep-space spacecraft power, military, and other niche applications. Recent
focus has enabled thermoelectricity to replace or recharge batteries in low power
electronic systems.
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The short-term challenge for thermoelectric energy harvesting is to become a
cost effective and practical solution to replace batteries in mainstream applications
where access to temperature gradients or differences is available. Commercial suc-
cess is often found in niche applications where there is a definite need and advan-
tage, as the direct comparison with standard battery powered systems can highlight
disadvantages of cost, size, weight, and complexity. However, as high volume
thermoelectric applications emerge and are realized, the direct comparison with
batteries will improve. Furthermore, with appropriate scaling and development,
electrical rotating machines such as low power motors and pumps can be powered
by a thermoelectric energy harvesting system, opening new applications and indus-
tries for exploitation.

The long-term challenge is to improve the efficiency and output power of ther-
moelectric modules, to develop new thermoelectric materials and module fabrica-
tion technologies, to reduce the cost of thermoelectric modules and energy
harvesting systems, and to develop thermoelectric energy harvesting systems from
low power to low-to-medium power applications.

5. Conclusions

Thermoelectric energy harvesting systems can be implemented to generate suf-
ficient electrical power from naturally occurring or man-made heat sources to
provide power to low power electrical and electronic components and systems. The
duty cycle of the electrical load is, in general, a critical factor in determining the
feasibility of implementation as, without the addition of power electronics and
electrical energy storage, the output power of a single thermoelectric module is
often too low to power other electrical and electronic components directly unless a
significant temperature difference or gradient is available, or several thermoelectric
modules are connected together electrically in series and thermally in parallel. To
overcome this limitation, energy harvesting systems typically employ a low power
boost converter and DC to DC converter to increase the thermoelectric module’s
output voltage to a useful level, i.e., 5, 3.3, or 1.5 V, and use a supercapacitor for
temporary electrical energy storage and to provide power to an electrical load. The
use of temporary storage in supercapacitors leads to a focus on the duty cycle of
the load, as it is necessary to ensure the capacitor can be recharged before the
load becomes active again to ensure repeatable and reliable operation. Successful
applications have tended to be where there is a distinct need and advantage for
implementation, and by replacing or recharging a battery in remote locations which
are difficult to maintain and service. The short-term challenge for thermoelectric
energy harvesting is to become a cost effective and practical solution to replace
batteries in mainstream applications where access to temperature gradients or
differences is available, and to be scaled to provide sufficient electrical power, and
for the required duration, to enable electrical rotating machines such as low power
motors and pumps to operate. The long-term challenge is to improve the efficiency
and output power of thermoelectric modules, to develop new thermoelectric
materials and fabrication technologies, to reduce the cost of thermoelectric modules
and energy harvesting systems, and to develop thermoelectric energy harvesting
systems from low power to low-to-medium power applications.
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Chapter 3

Energy Harvester Based on
Magnetomechanical Effect as
a Power Source for Multi-node
Wireless Network

Jerzy Kaleta, Rafat Mech and Przemystaw Wiewiorski

Abstract

This work is focused on the development of new kind of energy harvesters that
could be used in various applications including industrial, aerospace, or customer
markets. The main aspect to consider is transformation of different sources of
energy (that in normal conditions is wasted such as temperature, vibration, shock,
etc.) into the usable electric power. The goal was to prepare wireless subsystem
based on energy-harvesting technology which will aid different areas. The energy-
harvesting devices are shown as small harvesting devices with power output from
10 mW up to 5 W. Proposed solutions might be used in applications such as low-
power microprocessor systems, ultrasonic continuous power supply for low-power
wireless network systems, and multi-node harvester systems that allow to collect
more electrical power for critical structural health monitoring (SHM) applications.
The main purpose was to obtain from harvesters the sufficient values for supply-
ing the chosen 32-bit microcontroller systems. Additionally possible application in
mechanic for the other than magneto-based solid harvesters is described.

Keywords: magnetomechanical cross effect, smart magnetic materials,
magnetostriction, Terfenol-D, magnetostrictive actuators, frequency response,
energy harvesting, harvesters

1. Introduction

The chapter describes the results obtained in the field of energy harvesting
(hereinafter referred to as EH, also known in the literature as power harvesting or
energy scavenging). EH is a set of methods that allow obtaining electricity from
sur-rounding sources, such as mechanical, thermal, solar, and electromagnetic
energy, salinity gradients, etc. [1, 2]. Energy harvesting is the use of sources com-
monly found in the environment (the so-called background energy), which are
undesirable and usually suppressed (e.g., noise, shocks and mechanical vibrations
of devices and structures, electromagnetic smog, heat as a result of friction and
combustion, current flow, cooling engines, etc.) or widely available (sunlight, wave
energy, salinity differences, biochemical processes, e.g., in plants), as well as those
related to human biology (movement, body heat, etc.), for example [3]. Currently,
it is assumed that EH can be an effective source of “cost-free” energy (after omitting
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the installation costs) for powering low-power devices (e.g. electronic devices, sen-
sor systems, etc.). Hence the growing interest in civil and military applications. The
area of use of EH concerns numerous civil and military applications and includes
such disciplines as medicine, transport (cars, aviation, pipelines), construction
structures (bridges, buildings), mechanical structures, sports and rescue equip-
ment, and many more.

Energy harvesting creates new opportunities today, especially in the field of the
so-called self-powered microsystems. This is a consequence of the progress in the
field of materials and technologies enabling the recovery of energy from the so-
called background, i.e., from known sources, but so far omitted, which in turn was
due to the low efficiency of transforming energy and the high cost of producing the
necessary devices for this purpose (the so-called harvesters). The decreasing energy
consumption of these microsystems is also of key importance, which causes power
sources with a power of a mile or even microwatts to acquire practical significance and
allow to eliminate traditional power systems using cable systems or batteries or accu-
mulators. A particularly promising area of EH applications is systems for continuous
monitoring of inaccessible structures or biomedical implants, as well as distributed
systems for the detection of threats on large surfaces (e.g., fire protection systems in
forests or detection of chemical or radioactive contamination). It is predicted that
in the near future the power of EH systems will increase significantly and will also
have significance in industrial power engineering. A better solution is to take energy
from the surroundings unlimited in time. It is assumed that in the future EH will be a
source of high-power energy by creating appropriately extensive harvester networks.

The paper describes the main directions of EH research based on magnetic
transducers and characterized numerous own constructions, including harvesters
with magnetic processing using the Faraday effect and modal resonance, with a large
increase in voltage under the influence of coil movement, with a moving core of
austenitic steel and magnetostrictive core. In particular, the construction, selected
characteristics, and possible areas of harvester use are described. The issue of minia-
turization of the harvester’s construction and modification of the magnetostrictive
core was undertaken. Magnetographic field measurements were also carried out
outside the harvester. In addition, harvesters using mechanical shock and a dedicated
inverter as well as a low-power electronic system were presented. A method has been
developed for the use of harvesters and actuators for the wireless transmission of
energy and information using Smart Ultrasonic Resonant Power System (the so-called
SURPS system), an autonomous system of diagnostics of environmental and operat-
ing parameters’ multi-degree-of-freedom (Multi-DOF) and the so-called wireless
harvesting nodes. The directions for further research have been defined at the end.

Authors recommend energy-harvesting solution to go (Figure 1), as an indis-
pensable development system in EH applications. This is a versatile device from
Wiirth Elektronik demonstrating the capabilities of EH and power supplies based
on various sources of energy. There are two built-in subassemblies for obtaining
energy: using a thermoelectric effect and photovoltaic panel. The electronic site
consists of a series of inverters dedicated to EH by linear technology and EFM32
Giant Starter Kit (Silicone Labs) equipped in addition to the microcontroller includ-
ing LED display and light sensor. This harvester provides the option of changing the
configuration of connecting [4-6] power sources. This solution shows a multitude
of potential power options using EH, which will be described later in the work.

1.1 Influence of smart materials on energy harvesting

Describing smart magnetic materials and taking into account their properties,
it is difficult not to undertake in their own research the issues of their application in
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Energy-harvesting solution to go.

the field of energy recovery (EH) and—as discussed further—wireless transfer of
energy and information. It can even be said that the development of EH is possible
thanks to the advances in science and engineering in the field of smart materials,
including those stimulated by a magnetic field. From a wide group of them, materi-
als with a giant magnetostriction (GMM) were considered to be particularly worth
the attention and acceptance as an object of research in the field of EH. The GMM
properties are crucial here. A typical example is Terfenol-D. Materials with gigantic
magnetostriction can convert magnetic energy into mechanical and vice versa.
Thanks to such properties, these materials can be used in the construction of sensors,
actuators, and harvester. GMMs obtain much larger deformations (Terfenol-D up to
70 times) than traditional magnetostrictive materials, and to achieve this effect, not
very high magnetic field strength H is required. There is also the opposite effect.

Relatively small deformations generate relatively high magnetic field and
therefore the induced electric current (in comparison with other ferromagnets). A
very important feature of these materials is the wide range of operating tempera-
ture, as well as their low inertia (small hysteresis loop field), which facilitates their
use in various conditions. The Curie temperature for Terfenol-D is 653-693 K, while
the working temperature can reach up to 473 K. Examples of GMM applications in
the EH range include aviation, road transport, stationary mechanical structures,
medicine, sports and tourism equipment, and many more. The aim of the research
is mainly to increase the efficiency of converting mechanical energy into electric-
ity, miniaturization of harvesters, and reduction of their price. Solid Terfenol-D,
despite its many advantages, has several disadvantages that hinder its wider applica-
tion in the field of EH. A significant drawback is, above all, the high brittleness,
which is associated with low tensile strength. Another limitation is eddy currents of
considerable value, which limits the effective frequency of operation of the devices
to several kilohertz. An important parameter is also the price of Terfenol-D, which
remains at the level of 1 $/1 g. These disadvantages are the reason for searching for
new solutions. One of them is magnetostrictive composites, which can also be used
in the construction of harvester.

1.2 Wireless energy and information transfer through energy harvesting

The use of harvesters increasingly requires solving the problem of unconven-
tional energy and information transfer by solid, liquid, and gas media. Therefore,
it was considered important to characterize the state of the art in this area and
undertake own research. Smart materials in this case can be effectively used for
wireless energy and information transfer using ultrasonic vibrations. Most often,
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piezoelectric and magnetostriction transducers are used for this purpose. There are
many ways of wireless power transmission (WPT) using various couplings, e.g.,
inductive (most popular today since the pioneering work of N. Tesla), capacitive
coupling, microwaves, optical coupling, and sound waves, including ultrasound.
This last opportunity has been known for over 40 years. In 1970, the first paper

[7] appeared, indicating the possibility of using ultrasounds not only for medical

or engineering research but also as an energy carrier in transmission through solid
bodies. The ease with which ultrasound passes through the solids was then observed.
In 1998, using the given idea, a special heart stimulation electrode was patented for
arrhythmia [8]. The biomedical application of ultrasound for energy transmission is
intensively developed. Particularly noteworthy here is, for example, work [9], which
shows the way of powering, using ultrasound, an actuator placed in the human body.
The idea of this type of power lies in the fact that in the receiver, the energy of ultra-
sonic waves and vibrations caused by them are not converted back to the electrical
voltage at all, but through the arrangement of vibrating elements—they directly
supply the actuator. Other interesting studies in this area are described in [10, 11].

Much attention is devoted to energy conversion efficiency using piezoelectric
transducers. The most frequently cited are works [12-14]. The last of them showed
efficiency at the level of 50% in the transmission of ultrasound in the air ata
distance of 70-80 m. Equally spectacular achievements are the Dutch team [15, 16].
Another interesting example is the transmission of data with the help of ultrasound
over the plane [17, 18]. It should be noted that very intensively developed activities
are aimed at mastering the effective transfer of energy and information through
thick metal barriers, mainly using piezoelectric harvester. These works, initiated
in the United States by Saulnier in 2006 [19], gained interest in the navy due to the
possibility of sending energy and information through the thick walls of subma-
rines. Particularly significant results were published in the dissertation of Lawry
[20] and in a dozen or so publications after its defense, e.g., [21, 22]. The last two
indicate that the state of knowledge allows the use of such relays on submarines
today. The continuous supply of approximately 50 W of electricity, along with
12.4 Mbps of data through 2.5-inch (over 6 cm) metal walls, is an ideal system for
use in submarines that require avoiding leakage and high safety. In [23], it is also
pointed out that the system can also be used in ships, unmanned vehicles, armored
personnel carriers, tanks, and airplanes.

Another large American project funded by the National Aeronautics and Space
Administration (NASA) is research conducted by the team of Sherrit from the Jet
Propulsion Laboratory. The research, begun already in 1998, concerned the pos-
sibility of generating and reading ultrasound signals using piezoelectric actuators
and generators [23]. In 2005-2008 this technique was constantly improved. In
2005, the theoretical basis for energy transmission by flexible materials of thickness
over 1.5 cm [24] using piezoelectric actuators was described and then—to improve
efficiency—using special graphite “patches” attached with thin layers on both sides
of the wall [25]. Obtained results were promising, and it was decided to do the first
trials with use of mentioned above technology in the vehicles of the NASA. The
team’s many years of work have been summarized in a comprehensive publication on
the physical basis of ultrasonic harvesting [26] with the use of piezoelectric receivers
and transmitters. Recently, a team led by Sherrit has developed a method for feeding
the stepper motor through the metal wall of the vessel [27]. Thanks to the uniform
power transmission, it is possible to continuously control the motor by the generated
ultrasonic waves. Interestingly, this wave is not converted here to electricity and
again to the mechanical energy of the engine, but the vibrating elements cause the
motor to move directly by picking up ultrasonic waves. A broader literature analysis
in the field of power transfer using ultrasound was carried out in [28].
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2. Review of EH methods capable of supplying wireless harvesting nodes

Currently, there is a trend to create autonomous power supply systems for
low-power consumer electronic devices (including the so-called toward zero-power
information and communication technology (ICT)) or a variety of sensor systems
and monitoring systems (e.g., structural health monitoring (SHM)), e.g., [6]. Itis
assumed that even the use of batteries in these cases is not an optimal solution, e.g.,
due to the troublesome replacement of batteries and their recycling.

The development of the physics of cross-field phenomena, in which one field
(e.g., mechanical, thermal, magnetic) enables energy to be obtained in a different
form (e.g., electricity), progresses very quickly and is supported by achievements in
the field of material engineering. This results in the fact that there are an increasing
number of materials usually called smart, which can be effectively used to build
harvester.

The number of physical phenomena that produce electric current is significant,
e.g., [29-32]. You can include here:

* Piezoelectric effect

* Reverse magnetostriction (Villari effect)

* Faraday electromagnetic induction phenomenon
e Thermoelectric effect (Seebeck effect)

* Static electricity

* Differences in superconductor parameters

* Pyroelectric effect

* Ionization using an electromagnetic field

EH can also be realized using double cross fields, for example, first heat and
then electric current. The interdisciplinary nature of the issue, which is energy
harvesting (physics of cross effects, material engineering, mechanics, electronics),
stimulates the development of science and the economy. It should be emphasized
that, despite numerous works undertaken mainly in the last decade in the research
centers of the most developed countries, the subject of EH and the various smart
materials used for this purpose is still very topical in terms of science and applica-
tion. Leading economies and research centers allocate significant resources to basic
and applied research in the field of EH.

Due to scientific goals and interests, further work was focused on the use of
methods increasing the parameters of harvester, mainly energy conversion effi-
ciency, using the acquired experience in the field of magnetomechanical cross
effects, smart materials, strength of materials and mechanical structures, and
measurement methods. The extent of the subject matter required the imposition
of restrictions. Therefore, magnetostrictive harvesters using GMM-type materials
were recognized as key. Thanks to their application, instruments that were able
to recover energy from sources not yet explored such as mechanical impact were
obtained. An important limitation of the magnetic core harvester is its size and
weight. Installing piezoelectric harvesters is a lot simpler than a magnetic core
harvester that requires a complicated mechanical construction, premagnetization,
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Figure 2.
Determining the dominant issues taken from energy harvesting.

and prestress. However, the current-voltage performance of magnetostrictive
harvester is an order of magnitude larger than other types of harvester. That is why
this type of harvester was considered to be particularly interesting. Further designs
will include further miniaturization of the instruments. Current and future inter-
ests in this area are characterized by the graph presented in Figure 2. The following
examples of implemented harvesting technologies are only briefly presented, the
broader discussion of which will take place later.

In the field of low-power technique, the definition of harvester as the power sup-
ply of a single microprocessor was adopted, which after powering wirelessly sends
data in accordance with its operating algorithm (program code) to the receiving and
processing unit. A single harvesting system is a node in a larger structure managed
from a central site. Individual configurations of harvester can make it easier to tune
the harvesting power for specific phenomena that trigger its operation.

2.1 Harvester as an electric generator

The obtained power in laboratory harvesters became bigger; hence these devices
were treated as (source) an electric generator. Due to the physical phenomenon
used for the EH effect, construction, the principle of work, the conditions in which
the harvester works, and characteristics of the source, harvesters can be divided, as
follows:

* Constant voltage (e.g., harvesters based on a thermoelectric effect)

* Variable voltage (e.g., harvesters based on the Faraday effect, e.g., as Piezo
patch)

* Impulse (e.g., solid-state harvesters, e.g., top core coil magnet (TCCM)
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The pulse supply differs from the voltage-variable frequency of the occurrence
of force and the instantaneous value of the generated current. Voltage supply is
characterized by frequencies similar to the electricity in the electrical network
(50/60 Hz). The generation of the voltage in the impulse supply occurs rarely and
for a very short time, but the amplitude is very large. Due to the characteristics of
the harvester circuits, they can be divided into:

* Current sources (Faraday generator, magnetostrictive harvesters)

* Voltage sources (Piezo patch type)

2.2 Types of electrical circuits due to the type of energy source

The essence of EH is to create new concepts of current generators, using cross
effects, including more often magnetomechanical phenomena. It is assumed that
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even for small power and efficiency, it can be a valuable power source. The develop-
ment of the technology of constructing harvester, with similar electrical parameters
as chemical cells, may reduce the production of the latter for ecological reasons.

As harvesters acquire energy in a nonparasitic manner, i.e., they process energy
considered as a by-product (“junk”) process, they increase the efficiency of the
system as a whole.

Both electricity and electric voltage must have the parameters necessary to
supply both the sensors themselves and the built-in processor with the transmitter
adapted to it, as well as the communication unit. Another problem is the conversion
and conditioning of the voltage/current from the generator (Figure 3) [33, 34].
Designing electrical circuits for harvester requires knowledge of the device’s operat-
ing characteristics.

Only harvesters based on a thermoelectric or photovoltaic effect generate DC
current. Harvesters recovering energy from vibration, magnetostrictive, and piezo-
electric, as well as based on the Faraday effect, are on the other hand alternating
current sources. Harvesters powered by impact impulse are a special case [35]. The
generation of electricity in pulsed power takes place for a very short time, but the
current amplitude is very high. Harvesters “powered” by mechanical shock generate
a variable voltage waveform and are characterized by a strong current pulse, and
in the generated signal, there are frequencies related to magnetic resonance of the
core-coil system magnetostrictive core.

3. Magnetic-based effects of solid-state energy harvesters

Electricity can be generated by operating on a coil with a variable magnetic field.
Such a field can be induced by another coil, in which a variable current flows, we
are talking about the mutual induction of coils. This is how the transformer works.
By definition, a harvester should be designed so that it does not require additional
power supply. Materials that can be used to generate a variable magnetic field are:

* Permanent magnets (e.g., neodymium NdFeB), which are a source of constant
magnetic field. In order to be able to recover energy through a coil, a source
of an alternating magnetic field is necessary, which means movement of the
magnet-coil system against one another.

* Materials with gigantic magnetostriction (giant magnetostrictive material—
GMM): Work on new materials has led to the development of materials with
gigantic magnetostriction, which undergoes the action of force, deforming,
while generating a variable magnetic field. If harvesters based on these meth-
ods are subjected to mechanical vibrations, which are a side effect of a certain
process, they can be considered a “free” source of alternating electric current,
resulting from the appearance of a variable magnetic field generated in the
coil, obtaining the best energy conversion parameters [36-40].

As part of our own research, we selected a group of smart materials for harvest-
ing applications and developed many solutions and harvesting methods predestined
for the SHM [28, 41] application. The scope of works on magnetic harvester is
presented in Figure 4 [42]. Harvesters with a smart magnetic core can be used as:

* Impulse power supply operating under the influence of mechanical impact

with energy adjusted to the size of the harvester core, conditioning its electri-
cal power
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3.1 Harvester construction: core modification

In the next step, it was considered advisable to undertake the task of miniatur-
izing the harvester structure by modifying the harvester core. The magnetic circuit
of the core consists of a set of permanent magnets coupled with magnetostrictive
elements, which in turn are cores made of Terfenol-D, solid, as well as in the form of
compressed flakes, which makes it possible to reduce eddy currents. Proper selection
of parameters related to prestress and magnetization of the magnetostrictive mate-
rial ensured the supply of the microprocessor even with much smaller dimensions
than the one described in [33]. In addition to the typical design assumptions, it was
necessary to formulate assumptions from the electrical and functional side, which
would ensure a total possibility of working in the mode of actuator-harvester [33].

Previously, harvesters with magnetic processing have been described. The subgroup
of magnetic harvester is top core coil magnet (TCCM) harvesters and its variants,
double top core coil magnet (DTCCM) and TCCM model 2 [36]. In the work [36], it
was shown that harvesters have low electric power yields in relation to dimensions and
weight. Further work was aimed at developing a new harvester structure capable of
miniaturizing the device without compromising performance and electrical efficiency.
The schedule of work on the development of the structure is presented in Figure 5.

In order to develop a miniature harvester, the following assumptions were made:

1. As a core solid Terfenol-D must be used.

2. The core of Terfenol-D will be wrapped with foil, which will protect it against
crumbling.

3. Alignment will be followed by a “cone-hole” pair.

4. An NdFeB magnet will be placed inside the coil, which will increase
the obtained results with the Faraday effect under the influence of core
magnetostriction.

Figure 6 shows a comparison of the TCCM structure currently developed based
on two solid Terfenol-D cores. The fact that two external NdFeB magnets have been
placed inside nonmagnetic oscillating cones is noteworthy.

The prestress of the core is determined by tightening the thread between the
clamp and the body. A hole has been made in the aluminum cover in which a
cylindrical-shaped ring is received, which receives vibrations. Between the clamp
and the washer, there is a rubber ring, which acts as a shock absorber for transmit-
ted vibrations and determines the prestress. By changing the mutual position of the
clamp and body, the force at which the polyurethane ring is compressed is influ-
enced, which acts on the core-coupled washer as shown in Figure 7.

The harvester body is made of steel; it acts as a seismic mass, affecting the core
through a cone embedded in the hole at its bottom. A hole has been made in the body
with a diameter suitable for the coil with magnetostrictive cores and a supply opening
for the coil wires. The advantage of the body is that it shields the magnetic field from
the magnetic circuit. All elements and assembly of the harvester are shown in Figure 7.

3.2 Review of prototypes of harvester with a smart magnetostrictive core

The above described only selected own works which allowed to create a palette
of harvesters. The type of work and power range of the harvester are shown in
the graph below (Figure 8):
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A view of prototypes developed in the Laboratory of Dynamics WRUT (a) and (d) low power harvesters,
(b) high power harvester, (c) “Tactical grade” type harvester.

The electric power obtained by harvesters depends on the type of material and
dimensions of the core. A separate group consists of solutions based on the method of
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Harvester type View from Dimensions [mm] Mass [g] Power in the
Figure 9 impulse [mW]
Miniature — $50 x 35 200 2000
Low power (A,D) $50 x 50 300 5000
High power (B) $50 x 150 1000 10,000
“Tactical grade” ©) $80 x 250 1500 10,000
Table 1.

An overview of the prototypes of harvesters together with the most important parameters.

demagnetizing magnets, in which neodymium magnets subjected to strong mechani-
cal stimulation, sometimes to its destruction, are used as the core. They differ in the
amount of Terfenol-D used in the magnetic circuit and provide the possibility of screw-
ing into the structure. The view of made harvesters is shown in Figure 9 (Table 1).

4. Harvesters based on mechanical impact and electronic converters for
small power applications dedicated for them

Generators of special characteristics are the explosive-driven ferromagnetic
generators (EDFMG) producing an electromagnetic wave that arises as a result
of immediate demagnetization of the magnet by a stroke following an explosion
or other strong force impulse. The magnet then loses its magnetic properties but
generates a strong pulsed magnetic field around it. During the impact it is possible
to even destroy the magnet, but the amount of energy that will be induced in the
coil is large, and it is enough to charge high-voltage capacitors with a large capacity.
This issue is the subject of intense research, especially in the last decade, and their
goal is applications, mainly military [43, 44].

One of the proposed methods of generating electricity directly from the impact
was the impact demagnetization of NdFeB permanent magnets [35, 36]. Justasa
spring has its constant, which is a measure of energy accumulated in it, the magnet
has similar storage properties. Large diameter springs have large solid, strong mag-
nets and have a high energy density. Permanent magnets containing components of
rare earth have the highest energy density (see Table 2). This applies to the genera-
tion of electricity for the instantaneous supply of microprocessor systems from
the impact demagnetization of permanent magnet-type NdFeB. Currently, NdFeB
magnets are the most powerful permanent magnets. The advantages of NdFeB
permanent magnets in impact harvesting:

* The largest—of all permanent magnets—BH energy, up to 600 kJ/m’

* Strong magnetic flux at a surface of upto2 T

* High hardness of the structure with simultaneous resistance to cracking
The disadvantages of neodymium magnets include:

o Poor resistance to thermal changes—high temperature has a destructive effect
on the BH parameter.

o Oxidation of the outer layer of the magnet makes it necessary to use chromium
as the outer layer.

45



A Guide to Small-Scale Energy Harvesting Techniques

Material Energy density [kJ/m’] Bhmax MGsOe Remanence kGs Coercion kOe
N27 199-223 25-28 10.2-11.0 Min. 9.6
N30 223-247 28-31 10.8-11.5 Min. 10.0
N35 263-286 33-36 11.7-121 Min. 10.9
N38 286-302 36-38 121-12.5 Min. 11.3
N40 302-326 38-41 12.5-12.8 Min. 11.6
N42 318-342 40-43 12.8-132 Min. 11.6
N45 342-366 43-46 13.2-13.8 Min. 11.0
Table 2.

Magnetic parameters of permanent magnets NdFeB divided into classes.

Through the use of NdFeB magnets, harvesters feature the smallest possible
external dimensions. The process of releasing energy through a surge load has
become a determinant for the construction of a new generation harvester.

The limited availability and increasing price of rare earth elements are the
reason for reducing their share in the composition of permanent magnets. At the
same time, this is the reason for intensive research on improving the operational
performance of magnets, with a significant reduction in manufacturing costs. On
the other hand, you can see that, despite the popularity of the so-called neodymium
magnets, not all of their capabilities have been noticed and fully used. There is
little work on the use of NdFeB magnets as energy storage sources, which are used
if necessary due to demagnetization as a result of mechanical impact. Due to the
“longevity” of magnets, you can store “programmed energy” in them much longer
than in typical alkaline batteries or accumulators. Of course, the amount of stored
energy is much smaller than in typical lithium batteries, but in the case of energy
recovered from magnets, there are no limitations in the type of leakage current,
causing self-exhaustion of batteries. It is also possible to recycle magnets after fully
demagnetizing them. Assumptions adopted during the construction of the impact
harvester:

* Neodymium magnet with “stored” energy (BH) max can be treated as a ware-
house with energy that can be used with impact demagnetization.

* The harvester can be stored in conditions much less favorable than typical
batteries, even in seawater.

* The visible trend of reducing rare earth elements will result in a decrease in the
cost of producing the harvester; however, a NdFeB magnet should be used as
the method of standard.

* In the magnetic circuit, the simplest construction of the magnetomechani-
cal magnetic circuit should be used (application of pre-pressure, magnetic

screens).

* Energy “recovered” from a permanent magnet can be used to power a low-
power sensor system.

* Electronics used in the input stage supplying microprocessor elements should
have a minimum starting voltage of several mV.
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There are examples of ferromagnetic generators which, thanks to the impact
(explosion) against the neodymium magnet, obtain instantaneous powers reaching
MW; however, in the energy-harvesting application, there is no need to destroy
the magnet but only a “light” impact that would not cause its rapid destruction.
The way to convert energy into electricity is to place the magnet in the induction
coil, just as it is placed in it and other materials, e.g., in electromagnets or in the
case of Terfenol-D [2]. Due to the wave phenomena resulting from the stroke, the
coil must have a special construction, also due to the polarity of the NdFeB mag-
net. In the case of a wave transition, a large number of windings are not required
(Figure 10).

Due to the pulsed energy release, too high inductance of the magnetic circuit
causes the reduction of the recovered current due to the increase of the substitute
output impedance. The winding should be permanently attached to the magnet.
One of the most important information about a magnet that cannot be omitted
is the shape and arrangement of the zero line. The winding should be made only
at one of the poles, N or S. This means that the magnet should have the largest
possible height to diameter ratio but at $ > 10 mm. Currently a 0.6 ratio is assumed
to be the standard; however, there are solutions with a proportion close to 1. Be
careful about the arrangement of the zero line, which shifts under the influence
of demagnetization, and do not combine magnets in NSNS cascades, because
the resulting relaxation of the NS transition results in a dramatic reduction in
the performance of the magnetic circuit. A good chance to improve the perfor-
mance of the recovered current is to use the Halbach matrix as the object to be
demagnetized.

Harvesters using the mechanical impact phenomenon generate a variable voltage
waveform. At the same time, it is characterized by a strong current impulse, and in
the generated signal, there are frequencies associated with magnetic resonance of
the core-coil system. Next, a new method of acquiring electric current is presented
as aresult of demagnetizing neodymium magnets in a circuit with a magnetostric-
tive core.

4.1 A dedicated low-power electronic system for impact harvesters

The use of a small number of coils around the magnet enables the “capture”
of rapid change of the magnetic flux and the generation of electricity directly
from the magnet impact. However, a very low voltage level at a very high current
requires the use of specialized electronic transducers capable of delivering the
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Figure 10.

The scheme of MFT harvester construction together with the description of the velevant parameters.
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Lincar Technology LTC 3901 in bipolar mode can be used with magnetic circuits
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Application of linear technology LTC3109 as a power conditioner for the microprocessor.

appropriate voltage level to power the microprocessor system. The linear tech-
nology LTC3109 system dedicated to thermoelectric applications operating in a
bipolar configuration was used in an original way, which, as it turned out, enables
voltage processing from low-impedance magnetic circuits. The obtained results
demonstrated the usefulness of the system to resonant frequencies close to 70 kHz.
The most important features of the harvester with the LTC3109 system are shown
in Figure 11.

Thanks to the LTC3109 system, which enables the capacitor to be charged for
the shortest possible time (the dynamic resistance parameter (ESR)), the operat-
ing time of the microprocessor is extended. It is estimated that the harvester
subjected to a stroke with a 1 ms force impulse at the energy storage capacitor
100 nF manages to extend the microprocessor operating time to 6 ms. This effect
is presented in Figure 12, and the view of the prototype impacts harvester system
on Figure 13.

It should be borne in mind that the estimated efficiency of transforming the
impact of the magnetization of the neodymium magnet to electric current is only
0.02%. Therefore, the key challenge is better transformation of energy, which
requires changes in the harvester construction. An important aspect is the stan-
dardization of the harvester, in terms of their geometric dimensions, conditioned
by the application requirements. It is possible to create their series of types, from
miniature versions to powers of several watts, as well as relatively large ones (e.g.,
with neodymium magnets @100 mm diameter) for applications in, for example,
mining. Further works should also consider the possibility of replacing relatively
expensive neodymium magnets with their counterparts lacking rare earth elements.
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(a) An example diagram obtained as a result of stimulation of a harvester by mechanical shock, (b) waveforms
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View of the impact havvester with the ball as the element receiving the impact.
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5. The use of harvester with magnetic processing for simultaneous
transmission of power and information through the supra-acoustic
wave

The use of smart materials for wireless power transmission (and information)
proved to be practical, and the results obtained during the research indicated
the high efficiency of this method. Following further work, the project of Smart
Ultrasonic Resonant Power System (SURPS) was created, which provides for the
possibility of such transmission via various media and through various transmitter-
receiver configurations. Diagrams are shown in Figure 14.

The mechanism of energy transmission consists in “sending” mechanical
energy through the actuator in the form of a pure, sinusoidal ultrasonic wave and
then its “pickup” by the harvester through the magneto- or electrostatic material
that is in it. In this way, energy (along with information) can be transmitted not
only through different types of centers but also at different distances. The type
of frequency modulation (FM) was used for transmission of information, which
for the needs of various types of structures was modified so that the data transfer
was less than the resonant frequency of the structure. This method worked well
during laboratory tests, and a flow chart is shown in Figure 14. Figure 15A shows
a schematic diagram of data sent by an actuator based on Terfenol-D (AT) or
piezoelectric material (AP). Figure 15B in turn shows the signal that is obtained
on a harvester with a core of magnetostrictive material. Figure 15C illustrates the
result of the operation of the station with two magnetostriction rails and transduc-
ers from Figure 16. A sinusoidal carrier frequency with small harmonic distortion
(in the below 23 kHz case) generated by an actuator for data transmission to a
harvester-powered microprocessor is modulated in the “on-off ” mode, that is, in
some time fragments, the actuator does not work by temporarily disconnecting the
power supply of the harvesting side. Due to the fact that the harvester power supply
has been equipped with a bank of capacitors with a capacity of 0.5 s microprocessor
operation without harvest rami support, satisfactory results have been achieved
even when transmitting many bytes of information encoded in accordance with
ASCII signs.

Simultaneous supply of the sensory system was obtained, based on an industrial
32-bit microprocessor system and data transmission in half-duplex mode at the
speed of about 1000 bps with the recovery of energy from mechanical vibrations
with an over-acoustic frequency. A technique for feeding the microprocessor system
from harvester machines combined with various configurations at carrier frequen-
cies depending on the natural frequency of the structure containing dedicated
actuators and harvester units with electromagnetic and magnetostriction transduc-
ers was developed.

Figure 16 shows a view of the assembled rail system with magnetostriction
transducers with the possibility of powering the microprocessor system on the
harvester side and transferring data in both directions.

actuator harvesler
RX TX
A [T f>20KHz “Rx | H
55
waveguide
Figure 14.

A schematic diagram of power transmission through ultrasonic vibrations.
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Diagram of data sent (A) and received (B) by elements of the SURPS system. AT/B, actuator based on
Terfenol-D/piezo material; HT, harvester based on Terfenol-D.

One of the main assumptions of the two rails’ system was to set the required pre-
stress, within a single structure, obtained by means of plastic elements, separately
with each magnetostrictive transducer. This resulted in mutual mechanical coupling
of the actuator and harvester and the possibility of adjusting the resonance fre-
quency lying in the over-acoustic band.

Figure 17 shows the difference in the structure of the actuators based on mag-
netostriction and piezoelectric transducers. The characteristic differences relate
to the way of generating the signal that powers the given actuator. In the case of
magnetostrictive devices, in which the induction coil is loaded, the basic problem
is to obtain a sufficient level of magnetostriction at a current that does not overheat
the magnetic circuit with the core. Piezoelectric actuators require a voltage of
200VRMS, which is obtained through a bandwidth transformer with a primary
winding matched to the power level based on the M-type metal-oxide semiconduc-
tor field-effect transistor (MOSFET) configuration in the H-configuration. During
the development of the SURPS system, a structure of certain stages of electro-
magnetostrictive actuators and harvester was developed.

Based on the assumptions described above, as well as the current state of knowl-
edge in the field of ultrasonic, wireless power transmission, a complete transceiver
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Figure 16.
View of the system of two rails with marked actuator and a unit recovering energy from mechanical vibrations
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Figure 17.
Specification of the individual sections of the actuator: magnetostrictive (A), electrostatic element (B).

system was designed based on a suitable microcontroller, attendance modulators, as
well as dedicated software.
The main features of the SURPS system are:

* Operation of piezoelectric actuators/harvester and magnetic processing.

* Finding and generating the resonance frequency of mechanical construction.
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* Scanning of a given frequency range using the actuator-harvester system with
real-time performance readout.

* Reading the current root mean square (RMS) voltage from the harvester.

* The system is equipped with the possibility of generating signals for two
actuators generating vibrations of the same frequency but shifted in phase
with each other.

e Data transmission between the actuator and return harvester sections (Tx, Rx).

* Frequency range from 0.1 to 50,000 Hz, 0.1 Hz (used direct digital synthesis
generator (DDS) Analog Devices AD9851).

Figure 18 shows the frequency response of the mechanical structure of
Figure 16. It is noteworthy that the highest performance (highest voltage) is in
the over-acoustic range (above 20 kHz). The “SW” zone means an acceptable
range of resonance frequencies lying near 20 kHz. On the characteristics with
a dashed line, the 2.5 V voltage value is marked to guarantee the start of the
microprocessor system. The points “A” and “B” marked on the waveform cor-
respond to the most favorable ranges of carrier frequencies; it means that there
are more frequencies capable of powering the system, and depending on the
needs, the desired ranges of carriers can be selected. It is also possible to work
more microprocessors connected to the same harvester but activated by a strictly
defined frequency. The latter option allows the described solution to be used in
SHM applications.

As amodel microprocessor system, a Silicon Laboratory solution called Gecko
with a 32-bit Cortex-M3 processor with the designation EFM32TG840 was used.
In all applications, this type of set was used, and the solution had to guarantee
the ability to supply this system as typically industrial with simultaneous half-
duplex transmission (data transmission in one direction at a time in a bidirectional
channel).

Data transfer is carried out using our algorithmy which we called frequency
double frequency amplitude modulation (F2F-AM). As a result, the flow of infor-
mation is much lower than the resonant frequency caused by ultrasounds or the
structure itself and can get up to 1000 bps. Higher information flow rates can be
obtained by using other types of frequency modulation.
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Figure 18.

The frequency response of the double bus system.
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Figure 19.
View and frequency response of the system for simultaneous power transmission through the wall of a hermetic
glass container with a wall thickness of about 10 mm.

Thanks to the observations made, it was found that the use of solutions
based on the SURPS system developed under the author’s guidance enables the
transmission of energy over long distances without using cables but only through
inaudible mechanical vibrations. However, the location of the harvester in differ-
ent types of construction cannot be arbitrary. It is closely related to the medium
in which the transmission takes place, as well as the length of the ultrasonic
carrier wave.

A prototype of a simultaneous supply and data transmission system to the
microprocessor sensory system was also created by the hermetic tank wall as a result
of ultrasound wave stimulation, which is shown in Figure 19. Although its structure
is similar, the frequency responses differ due to the different resonant frequency of
the piezoelectric harvester. In this case, the actuator was a broadband magnetostric-
tive actuator. Behind the harvester, a piezoelectric cone transducer with a natural
frequency of 38 kHz is placed.

6. Autonomous system of diagnostics of environmental and operating
parameters named Multi-DOF

Multi-node harvesting systems for simultaneous energy recovery from many
sources, including:

Multi-node harvesting structures based on miniature harvester machines with
magnetostrictive cores

Wireless monitoring of the parameters of the harvesting node using
micro-electro-mechanical systems’ (MEMS) sensors for SHM applications
(Figure 20)

* Microprocessor systems powered from harvesting sources

* Autonomous monitoring system Multi-DOF
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In the field of low-power technology, the definition of harvester as a single
microprocessor power supply (uC) was adopted, which after wireless feeding sends
data in accordance with its operating algorithm (program code) to the receiving and
processing unit. A single harvesting system is a node in a larger structure managed
from a central site. Individual configurations of harvester can allow tuning the
harvesting power supply to specific phenomena that trigger its operation. Figure 21
shows a schematic diagram of a harvesting structure consisting of several harvest-
ers activated as a result of an external stimulus.

Harvesters which in their principle of work use cross effects, more and more
often are based on magneto-mechanical phenomena. It is assumed that even in the
case of low power and efficiency, they can be a valuable source of power supply.

Multi-node harvesting structure can be used in structural health monitoring
(SHM) applications to recover an electric power from the wasted energy generated
mostly from vibrations. Magnetic harvester also might be used as a power source in
SHM systems which are monitoring large mechanical structures. Our latest system
presents this solution. It uses 14 MEMS sensors which designated 14 degrees of
freedom (DOF) (3D accelerometer, 3D gyroscope, 3D magnetometer, barometric
pressure sensor, microphone, temperature T, humidity R, light intensity). The
structure of the system was shown in the Figure 22. The software designed by
authors allows to monitor the parameters provided by 14 sensors via web page or
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Figure 20.
View of a single electronic wiveless node powered from a harvesting source.
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Activation of harvester by physical phenomenon.
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in service mode. The software is designed to support such systems as ADIS16488
module and other components of one of the most precise Analog Devices iIMEMS
2016 (IMU). In order to process data received from the 14DOF sensors, which
include not only measuring the certain physical value but also monitoring the level
of recovered energy, the proper microprocessors had to be chosen (an important
factor is a power consumption).

Figure 23 shows three typical sources of low-frequency energy harvesting:
mechanical shock wave (Figure 23A), low-frequency mechanical resonance
(Figure 23B), and energy transmission though ultrasonic resonant vibrations
(Figure 23C). Properly selected conditioning circuit provides the harvesting system
with a useful current and voltage capabilities. The creation of a wireless node to
measure certain physical quantities and to monitor the level of recovered energy
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The structure of a wireless harvesting system with a 14DOF block.
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Energy-harvesting sources and their power requivements: (A) mechanical impact, (B) low-frequency
mechanical resonance, and (C) energy transmission by ultrasonic vibration.
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Figure 24.
Prototyping of the multi-DOF wireless sensor platform: main communication station and the Multi-DOF
software.

requires selection of an appropriate hardware platform such as a microprocessor
and wireless transmission system. The use of smart materials in wireless power
transmission turned out to be effective. For this purpose, a SURPS system for
simultaneous power and data transmission was developed. It ensured transmis-
sion through various media (solid, liquid) and with various transmitter-receiver
configurations [X].

After matching the sensor-microprocessor configuration with a suitable energy
harvester, the whole packets, together with a wireless communication system, were
placed in the nodes. Due to the fact that every node is equipped with the same wire-
less communication system, different types of sensors can be easily substituted or
put together by the user, thanks to the dedicated software shown in Figure 24.

Properly selected conditioning circuit provides the harvesting system with a cer-
tain current and voltage output. The creation of a wireless node to measure certain
physical quantities and to monitor the level of recovered energy requires selection
of an appropriate hardware platform such as a microprocessor and wireless trans-
mission system.

7. Conclusions and final remarks

The essence of EH is to create new concepts of current generators, using cross
effects, including more often magnetomechanical phenomena. The use of smart mate-
rials for wireless power transmission (and information) proved to be practical, and the
results obtained during the research indicated the high efficiency of this method.

A technique for powering the microprocessor system from harvester machines
combined with various configurations at carrier frequencies depending on the
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natural frequency of the structure containing dedicated actuators and harvester
units with electromagnetic and magnetostriction transducers was developed.
Satisfactory results have been achieved even when transmitting many bytes of
information encoded in accordance with ASCII characters. Simultaneous supply of
the sensory system was obtained, based on an industrial 32-bit microprocessor sys-
tem and data transmission in half-duplex mode at the speed of about 1000 bps with
the recovery of energy from mechanical vibrations with an over-acoustic frequency.

Thanks to the observations made, it was found that the use of solutions based
on the SURPS system developed by the authors enables the transmission of energy
over long distances without using cables but only through inaudible mechanical
vibrations. However, the location of the harvester in different types of construction
cannot be arbitrary. It is closely related to the medium in which the transmission
takes place, as well as the length of the ultrasonic carrier wave.
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Chapter 4

Small-Scale Energy Harvesting
from Environment by
Triboelectric Nanogenerators

Jie Wang, Linglin Zhou, Chunlei Zhang
and Zhong Lin Wang

Abstract

The increasing needs to power trillions of sensors and devices for the Internet
of Things require effective technology to harvest small-scale energy from renew-
able natural resources. As a new energy technology, triboelectric nanogenerators
(TENGs) can harvest ambient mechanical energy and convert it into electricity for
powering small electronic devices continuously. In this chapter, the fundamental
working mechanism and fundamental modes of a TENG will be presented. It can
harvest all kinds of mechanical energy, especially at low frequencies, such as human
motion, walking, vibration, mechanical triggering, rotating tire, wind, moving
automobile, flowing water, rain drops, ocean waves, and so on. Such variety of
energy harvesting methods promises TENG as a new approach for small-scale
energy harvesting.

Keywords: mechanical energy harvesting, triboelectric nanogenerators,
biomechanical energy, vibration energy, wind energy, water energy,
self-powered system

1. Introduction

With the rapid development of science and technology, Internet of Things (IoT)
plays an increasingly important role in the next evolution of the Internet through
turning data into information, knowledge, and wisdom [1]. More recently, multiple
type applications based on IoT have been developed, including health testing, safe
home, intelligent transportation, logistics supply, environmental protection, infra-
structure testing, and security [2]. Sensor nodes in the IoTs are widely distributed
and require independent, mobile, sustainable, and maintenance-free capabilities.
Under the current technologies, most sensors require an external power source to
drive their operation, wherein the battery is extensively applied. However, the life
cycle of the battery is limited, and replacing the battery for the massive sensors
is a huge project, which consumes a lot of manpower and material resources and
increases the maintenance cost. In addition, the regularly replaced battery generates
alarge amount of harmful substances, which seriously endangers the environ-
ment and human health. Therefore, a clean and sustainable power source should
be provided to satisfy the requirement of driving these small electronic devices
sustainably.
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Harvesting of the ambient environment energy, as an eco-friendly and renew-
able collecting energy method, is regarded as a promising and effective strategy
to realize continuous powering for these small electronic equipment [3]. Some
possible technologies have been exploited for collecting energy from surround-
ing environment, such as solar cells that collect energy from sunlight [4] and
thermoelectric generators that harvest energy from temperature difference [5].
However, as constrained by the intermittency nature of sunlight, the low output
of thermoelectric generators, these energy harvesting technologies cannot ensure
the continuous operation of electronic devices. Owing to its abundant reserves and
widespread, mechanical energy are increasingly utilized to extract and convert into
electricity based on different mechanisms, including electromagnetic generator
(EMG) [6], piezoelectric nanogenerator (PENG) [7, 8], and triboelectric nanogen-
erator (TENG) [9]. Considering the large-scale power generation of EMG and low
output power of PENG, TENG has been demonstrated as a promising approach
for harvesting ambient mechanical energy due to the desirable features of simple
structure, flexibility, low cost, light weight, high efficiency, and high power density
at low frequency [10]. The operation of TENGs is depended on triboelectrification
(or contact electrification) and electrostatic induction [11], and the fundamental
theory is according to Maxwell’s displacement current and change in surface
polarization [12]. Since the first invention of TENG in 2012, it has been extensively
investigated and well confirmed that the potential of wide application is ranging
from powering small electronic devices for self-powered systems, functioning
as active sensors for medical, infrastructural, human-machine, environmental
monitoring, and security [13-20]. Various types of wasted mechanical energies in
our daily life, such as human motion, vibration, wind, and flowing water can be
utilized by different TENG structures. Based on these characteristics, TENG can
be utilized as a small-scale energy harvester for driving mass electronic equipment
continuously.

2. Fundamental working modes of the TENG

TENGs are derived from the coupling effect of contact electrification and
electrostatic induction. Contact electrification, as known as static electricity and
contact charging, is a common phenomenon in many manufacturing environ-
ments and has been known for thousands of years. During the process of contact
electrification, the dissimilar material/surface becomes charged after contacting
with each other. After contacting, the opposite’s triboelectric charge is produced
on the surface of dissimilar materials with different electron affinities. Driven
by external mechanical motion, the materials will be separated resulting in
potential difference between the two electrodes on the back side of the materials.
To maintain the electrostatic equilibrium, the free electrons in the electrodes
will be driven to flow in external circuit to balance the induced potential differ-
ence, thus converting mechanical energy into electrical energy. According to the
different structure designs of electrodes or moving manners of the triboelectric
layer in TENGs, four different modes of TENGs have been build [9], as elabo-
rated as follows.

2.1 Vertical contact-separation mode

The mechanism of vertical contact-separation mode can be elaborated largely
by an example. As shown in Figure 1a, the simplest structure of TENG includes
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Figure 1.
The four fundamental modes of triboelectric nanogenerators: (a) vertical contact separation mode, (b)
in-plane contact-sliding mode, (c) single-electrode mode, and (d) freestanding triboelectric-layer mode [9].

two metal electrodes and a dielectric film, in which two metal films work as top
electrode and back electrode attached to dielectric film, respectively [21, 22]. When
mechanical movement is applied in the unit, the top electrode and dielectric film
will contact with each other, and thus the dielectric layer and electrode will get
positively charged and negatively charged, respectively, due to the triboelectrifica-
tion. Once they are separated by a short distance, the potential difference between
the two electrodes will be induced, which will drive electrons to flow from the back
electrode to the top electrode, resulting in a pulse current with an external circuit
connected. If they are brought into contact again, the electrons will flow back and
the current will be reversed.

2.2 Lateral-sliding mode

The basic structure of TENG in this model is the same as that of the vertical
contact-separation mode. The difference is from the motion mode of the top
electrode (Figure 1b). In the original state, the top electrode and dielectric film
fully overlap and intimately contact with each other, leading to the oppositely
charged surfaces. With the top electrode sliding outward, the contact surface
area will decrease gradually until the complete separation of the two surfaces.
The separated surface creates a potential difference across the two electrodes,
generating a current flow from the top electrode to the bottom electrode. When it
slides backward, then there will be a reversed current flow to balance the poten-
tial difference [23, 24].
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2.3 Single-electrode mode

As displayed in Figure 1c, the single-electrode mode TENG has only one bottom
electrode connected to the ground [25, 26]. After contact with the top material, the
two surfaces will get charged owing to the triboelectric effect. During the process of
an approaching and departing of top material, the local electrical field distribution
caused by charged surfaces will change. Then, there will be potential difference
change between the bottom electrode and the ground, and electrons exchange
between them to maintain the potential change.

2.4 Freestanding triboelectric-layer mode

As for the freestanding triboelectric-layer mode, it is the only one that the
motion part is a dielectric layer [10], as shown in Figure 1d. The dielectric layer and
two electrodes are in the same order, and the gap distance between the two symmet-
ric electrodes should much smaller than the size of dielectric layer. At the original
position, the state of dielectric layer and electrode is the same as what is in the
lateral-sliding mode. The dielectric layer and electrode will get oppositely charged,
respectively, once the motion occurs as before mentioned. When the dielectric
layer is sliding forward and backward, there will be a potential difference between
the two electrodes due to the change of overlapped area, which drives the electron
exchanges between them.

3. TENGs as small-scale power source

In order to satisfy the requirement of harvesting mechanical energy from mul-
tiple type motions, various TENGs have been fabricated based on the four modes
illustrated above.

3.1 TENGs harvesting energy from biomechanical

Given the collection features of small scale, low frequency, and irregularity,
human biomechanical motions are considered to be accessible, renewable, and the
most abundant energy sources. TENG can collect this energy and convert it into
electricity. Since it is first reported in 2012, TENG harvesting mechanical energy
from human biomechanical movements has been fully developed.

Compared to the discrete devices, complex integrated TENGs can perform
multiple functions with the merits of higher output performance, better adapt-
ability, and sustainably. Based on the high-efficient and sustainable TENGs, various
integrated TENGs have been developed for harvesting energy from human biome-
chanical movements. Zhu et al. introdued a packaged power-generating insole with
built-in flexible multi-layered TENGs that harvested mechanical pressure during
normal walking to power portable and wearable consumer electronics [27]. Bai
et al. developed a flexible multilayered TENG by intergrating five layers of units
on a zigzag-shaped Kapton substrate to gain pressure from normal walking [28].
Because of the unique structure and nanopore-based surface modification on the
metal surface, the instantaneous short-circuit current (Isc) and the open-circuit
voltage (Voc) can reach 0.66 mA and 215 V with an instantaneous maximum power
density of 9.8 mW/cm?” and 10.24 mW/cm’. Triggered by press from normal walk-
ing, the TENG attached onto a shoe pad was able to instantaneously drive multiple
commercial LED bulbs.
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For improving the output current, Yang et al. designed an integrated rhombic
gridding-based TENG to harvest vibration energy from natural human walking
[29]. The newly designed TENG consists of PTFE nanowire arrays and aluminum
nanopores with the hybridization of both the contact-separation mode and sliding
electrification mode. Herein, Voc of the TENG could be up to 428 V, and Isc was
near 1.395 mA with the peak power density of 30.7 W/m®” Moreover, based on the
TENG, a self-powered backpack was developed with a considerably high vibra-
tion-to-electric energy conversion efficiency of 10.62(+1.19)%. When a person
walks naturally carrying the designed backpack with a total weight of 2.0 kg, the
power harvested from the body vibration is high enough to simultaneously light all
the 40 LEDs.

Based on a high-output TENG, Niu et al. developed an universal self-charging
system exclusively driven by random body motion for sustainable operation of
mobile electronics [14]. In this system, a multilayered attached-electrode contact-
mode TENG is utilized to effectively collect the energy from human walking and
running (Figure 2a). The basic working principle of attached-electrode contact-
mode TENGs is shown in Figure 2b. The structure of multi-unit TEMG, shown in
Figure 2c, consists of 10-15 layered TENGs which used a Kapton film (a thick-
ness of 125pum) as the substrate and is shaped into a zigzag structure. A surface
modified thin aluminum foil and fluorinated ethylene propylene (FEP) layer are
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Figure 2.

(a) System diagram of a TENG-based self-powered system, (b) working mechanism of an attached-electrode
contact-mode TENG, (c) structure of the designed multilayer TENG, (d) photo of an as-fabricated TENG,
(e) triboelectric charge output, and (f) Voc output of the as-fabricated TENG [14].
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utilized as the triboelectric materials. Figure 1d displays the small volume and
lightweight of as-fabricated TENG (5.7 x 5.2 x 1.6 cm/29.9 g for a 10-layer TENG
and 5.7 x 5.2 x 2.4cm/43.6 g for a 15-layer TENG). As shown in Figure 2e,f,

a human walking can drive this TENG to generate about 2.2 uC short-circuit
transferred charge and about 700V voltage output when embedded the TENG in
the shoe insoles.

Shen et al. proposed a humidity resisting triboelectric nanogenerator to har-
vest energy from human biomechanical movements and activities for wearable
electronics [30]. The obtained HR-TENG is fabricated by a nanofibrous membrane
via electrospinning method. Under a relative humidity of 55%, the current and
voltage output of the self-powered unit can still reach as high as 28 pA and 345V,
corresponding to a power density of 1.3 W/m? with hand tapping. With the rela-
tive humidity raising from 30 to 90%, its electrical output still kept a relatively
high level. A wide-range of electronics such as an electronic watch, a commercial
calculator, a thermal meter, and a total of 400 LEDs has demonstrated to be suc-
cessfully powered from human biomechanical movements under different ambient
humidities.

Textile-based device is highly desirable for wearable electronics due to its
low-mass, durable, flexible, and conformable [31]. As the most efficient power
sources, textile substrate-based TENGs are fabricated for the features of simple
structure, wide material choices, and low cost [32-37]. Series efforts have been
made to develop fabric TENGs for harvesting mechanical energy induced from
body motions to sustainably drive wearable electronics [34, 38]. Lee et al. reported
an electrical response of a textile substrate-based TENG including nanostructured
surface provided by Al nanoparticles and polydimethylsiloxane (PDMS) [32]. The
obtained TENG can power wearable electronics using low-frequency mechanical
movements driven by human arm activity. Under the simple folding-releasing
stage of an arm near 90°, the output voltage and current of 139 V and 39 pA are
achieved, respectively.

To enhance the output performance, a highly stretchable 2D fabric was devel-
oped as a wearable TENG for harvesting footstep energy during walking to driven
wearable electronic devices [39]. The fabric-structured TENG composes by Al
wires and PDMS tubes with a high-aspect-ratio nanotextured surface with verti-
cally aligned nanowires. It shows a stable high-output voltage and current of 40 V
and 210 pA, corresponding to an instantaneous power output of 4 mW. The TENG
also exhibits high robustness behavior even after 25% stretching, enough for use in
smart clothing applications and other wearable electronics. Seung et al. reported a
fully flexible, foldable nanopatterned wearable TENG with high power-generating
performance and mechanical robustness [40]. Both a silver (Ag)-coated textile and
PDMS nanopatterns based on ZnO nanorod arrays on a Ag-coated textile template
are used as active triboelectric materials. A high voltage and current output with
an average value of 170 V and 120 pA, respectively, are obtained from a four-layer-
stacked wearable TNG under the compressive force of 10 kgf. Notably, there are
no significant differences in the output voltages measured from the multilayer-
stacked WTNG over 12,000 cycles, confirming the excellent mechanical durability
of WTNGs. Without external power sources, the fabricated wearable TENG can
drive the LEDs, LCD, and the keyless vehicle entry system, exihibting the potential
applications in self-powered smart clothes, health care monitoring and self-
powered wearable devices, and even personal electronics. Tian et al. demonstrated a
high-performance double-layer-stacked triboelectric textile (DTET) for harvesting
human motion energy [41]. Both the Ni-coated polyester conductive textile and
the silicone rubber are adopted as effective triboelectric materials. A high output
Voc of 540 V and an Isc of 140 pA can be obtained from the DTET with the size of
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5 x 5 cm?, corresponding to a high peak surface power density of 0.892 mW/cm”

at aload resistance of 10 MQ. The output peak signal of the DTET can be used asa
trigger signal of a movement sensor to design movement monitoring equipment.
With only the energy harvested from walking, running, or flapping, the DTET can
directly light up 100 LEDs connected serially and drive portable electronics, such as
competition timer, digital clock, and electronic calculator.

Owing to the high power density, stable cycle life, good safety, and potentials
in integration into flexible wear, introducing supercapacitors as energy-storing
devices into a fabric TENG show promising prospects. Pu et al. introduced a
self-charging power textile for harvesting human motion energy. The self-charging
power textile was fabricated by weaving the yarn supercapacitors together with
a fabric TENG into an individual fabric [42]. Based on the integrated system, the
motion-charging process is carried out by charging the yarn supercapacitors by
the contact-separation motions between the TENG cloth and a common cotton
cloth. The yarn supercapacitors and the fabric TENG endowed the excellent flex-
ibility and weaveability of the self-charging power textile. Chen et al. developed a
self-charging power textile, consisting of a fabric triboelectric nanogenerator and
a woven supercapacitor, which can simultaneously harvest and store body motion
energy to sustainably drive wearable electronics [43]. Utilizing traditional weaving
craft, contact-separation mode and free-standing mode FTENG are designed and
fabricated on a piece of textile by weaving the cotton, carbon, and PTFE wires.
Combined with the energy-storing component, utilizing RuO,-coated carbon fiber
and cotton threads, the obtained self-charging power textile can harvest energy
from common daily activities such as running and walking to drive the wearable
electronics, such as an electric watch.

For developing low-cost TENG, paper served as a supporting component for
preparing TENG for the first time [44]. Paper-based TENGs represent an low-
cost, light-weight, and environmentally friendly energy harvesting methodology.
Nowadays, different types of paper-based TNEG have been designed and prepared
for harvesting energy from human biomechanical movements [45]. Xia et al. pro-
posed a X-shaped paper TENG formed from a ballpoint ink layer coated by paint-
ing with a commercial brush pen for harvesting mechanical energy from human
walking [46]. In this design, paper served as both a component of the triboelectric
pairs and a supporting component. When a brush pen is painted on the paper, the
maximum values of current and voltage output can be achieved at 326V, 45pA, cor-
responding to a power density of 542.22 WW/cm”. The staked X-shaped paper TENG
is proposed to increase the output performance and harvest the mechanical energy
generated by motion of the human body, which can directly light up 101 blue high-
power LEDs with a working voltage of 3.4 V.

Additionally, various efforts have been made to promote the development of
TENGs for harvesting biomechanical energy based on external devices attached
to the human body. In them, human skin-based TENGs are developed for convert-
ing biomechanical energy induced from human body itself into electronic energy.
According to these series TENGs, human skin is used as one of the triboelectric
materials with the single-electrode-mode. With the contact/separation between an
area of human skin and a PDMS film, a Voc up to —1000 V; a short-circuit current
density of 8 mA/m”, and the corresponding power density of 500 mW/m” on a load
of 100 MQ were obtained from the skin-based TENG delivers, which could be used
to directly drive tens of green light-emitting diodes [47]. Due to its fantastic features,
skin-based TENGs are developed to transform physical parameters such as pressure,
sliding, and other physiological variables into electronic signals, which exploit poten-
tial application. For realizing visual-image recognition, a self-powered brain-linked
vision electronic-skin (e-skin) for mimicking retina is achieved from polypyrrole/
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polydimethysiloxane (ppy/PDMS) triboelectric-photodetecting pixel-addressable
matrix [48]. The e-skin can directly transmit photodetecting signal into brain for
participating in the vision perception and behavioral intervention. Besides visual-
image recognitio, more functional sensors including sliding sensor [49], touch screen
[50], pressing sensor [51], and motion sensors [52] are also deeply explored.

In order to satisfy the requirement of self-powered, highly stretchability, and
transparency of triboelectric skins, different materials including silicone rubber
[53], metal nanowire [54, 55], and conductive polymer [56] are widely studied.
To introduce the characteristic of instilling self-healing and further enhance the
performance of energy generation, stretch ability, transparency, and slime-based
ionic conductors were first used as transparent current-collecting layers of TENG for
harvesting mechanical [57]. The ionic-skin TENG consists of a silicone rubber layer
with a thickness of 100 + 10 pm, utilized as the triboelectrically negative material,
aslime layer (a crosslinked poly(vinyl alcohol) gel) with a thickness of 1 mm that
works as the ionic current collector, and a VHB tape with a thickness of 1 mm as the
substrate (Figure 3a). Figure 3b shows the photograph of the real highly transparent
ionic-skin TENG. As depicted in Figure 3c, the resulting ionic-skin TENG displays
a transparency of 92% transmittance for visible light. The mechanism of the ionic-
skin TENG is based on the single-electrode mode, wherein human skin and silicone
rubber serve as frictional layer, respectively (Figure 3d). Figure 3e shows the
digital photographs of the fabricated ionic-skin TENG suffering various mechani-
cal deformations including uniaxial stretching up to 700% strain as well as folding
and rolling. The produced slime exhibits high ionic conductivity due to the presence
of positive (Na*) and negative ions (B(OH)*"), which is measured using electro-
chemical impedance spectroscopy (Figure 3f). Thanks for the series of design, the
energy-harvesting performance of ionic-skin TENG is 12-fold higher than that of the
silver-based electronic current collectors. Besides, fabricated ionic-skin TENG can
recover its property even suffering 300 times of complete bifurcation, exhibiting an
autonomously self-healing capacity.
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( a§ Schematic diagram of the IS-TENG. (b) Digital photo of the highly transparent IS-TENG. (c)
Transmittance spectra of the slime (ionic conductor) and the IS-TENG with respect to a glass slide. (d)
Schematic illustration of the working mechanism of the IS-TENG. (e) Digital photos of the IS-TENG under
various mechanically deformed states such as axial strain up to 700%, rolled, and folded. (f) EIS measurement
of the slime (ionic conductor) [57].
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For versatile scavenging mechanical energy induced from arbitrary mechani-
cal moving objects such as humans, a new mode of triboelectric nanogenerator
is first demonstrated based on the sliding of a freestanding triboelectric-layer
between two stationary electrodes on the same plane [58]. With two electrodes
alternatively approached by the tribo-charges on the sliding layer, electricity is
effectively generated due to electrostatic induction. To reduce the direct friction
between triboelectric layers for energy loss, a linear grating-structured freestand-
ing triboelectric-layer nanogenerator (GF-TENG), consisting of a freestanding
triboelectric layer with grating segments and two interdigitated metal electrodes,
was developed for high-efficiency harvesting vibration energy from human walking
[59]. As shown in Figure 4a, 60 commercial LEDs (Nichia NSPG500DS) can be
lighted up instantaneously with the motion of hand sliding under a slow speed and
a small displacement. The GF-TENG can also havest energy from the monement of
car for powering electronic components on the vehicle (Figure 4b). Four identical
extension springs are used to suspend and anchore the triboelectric layer, as dis-
played in Figure 4c. Owing to the structure, the obtained GF-TENG can scavenge
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Figure 4.

A};gplimtions of GF-TENG for harvesting a wide vange of mechanical energy. (a) Harvesting energy from
sliding of a human hand. (b) Harvesting energy from accelevation or deceleration of a remote control car.

(¢) Device structure for noncontact GF-TENG. (d) Harvesting energy from people walking by noncontact
GF-TENG and the real-time measurement of Isc. (e) Total conversion efficiency of noncontact GF-TENG for
harvesting slight vibration under diffevent load resistances [59].
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the mechanical energy from people’s walking motion when it is bonded to human
legs (Figure 4d). An excellent stability and maxmiun energy conversion efficiency
of 85% are realized at a matched load resistance of 88 MU under the noncontact
mode (Figure 4e).

3.2 TENGs harvesting energy from vibration

Vibration, as a type of common mechanical phenomena, ubiquitously exists
in ambient environment in a variety of forms and wide range of scales. Therefore,
vibration can be regarded as a sustainable source of power for driving small elec-
tronics if it can be effectively collected. Contributing to the distinctive working
mechanism, TENG has been proposed recently and proved a promising approach
for scavenging mechanical energy from vibration, especially in the low-frequency
range. To date, a variety of device and machine-based TENGs have been applied to
convert mechanical energy induced from vibration into electric energy.

Chen et al. presented a harmonic-resonator-based TENG as a sustainable power
source and an active vibration sensor [60]. The harmonic-resonator-based TENG,
held a multilayer structure consisting of aluminum with nanoporous surface as
contact electrode and nanowire-modified PTFE as frictional layer, is the first TENG
that can harness random and tiny ambient vibration. It can effectively respond to
vibration frequencies ranging from 2 to 200 Hz with a considerably wide working
bandwidth of 13.4 Hz.

The above-mentioned harmonic resonator-based TENG with a simple structure
design can only scavenge vibration energy from a single direction. In practice,
vibrations in living environments generally display multiple motion directions.
With this in mind, a three-dimensional TENG (3D-TENG) was designed for
harvesting random vibration energy from multiple directions [61]. The 3D-TENG
has a multilayer structure with circular acrylic as supporting substrates, as shown
schematically in Figure 5a. The cylindroid core of the 3D-TENG lies at the center
of the acrylic substrate with a bottom diameter of 3 cm. On the top of the core, an
iron mass is mobile and suspended by three identical springs with an included angle
of 120° between each other. The designed structural symmetry ensures that the
whole system has a constant resonant frequency in arbitrary in-plane directions.

A layer of PTFE film as one contact surface is adhered onto the bottom side of
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Figures.
3D triboelectric nanogenerator: (a) schematic of a 3D-TENG, (b) SEM image of nanopores on an aluminum
electrode, and (c) a photograph of the fabricated 3D-TENG [61].
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circular iron mass with a deposited copper thin film as the back electrode. Attached
to the bottom acrylic substrate, an aluminum thin film with nanopore modification
plays dual roles as a contact electrode and the other contact surface. The scanning
electron microscopy (SEM) images of aluminum nanopores can be observed in
Figure 5b. A photograph of the real 3D-TENG device is shown in Figure 5c. Owing
to the conical-shaped spring structure, the 3D-TENG can operate in a hybridization
mode combining with the vertical contact-separation mode and the in-plane sliding
mode, which is beneficial to harvest random vibrational energy in multiple direc-
tions over a wide bandwidth.

For better sensitivity response to external disturbance, a suspended 3D spiral
structure was integrated with a TENG for energy harvesting and sensor applications
[62]. Operating in the vertical contact-separation mode, the desired TENG with
unstable mechanical structure can balance itself when be oscillated, which makes
it a superior choice for vibration energy harvesting and vibration detection. The
newly designed TENG has a wide working bandwidth of 30 Hz in low-frequency
range with a maximum output power density of 2.76 W/m” on a load of 6 MQ.

Beyond that, a spherical three-dimensional TENG (3D-TENG) with a single
electrode, consisting of an outer transparent shell and an inner polyfluoroalkoxy
(PFA) ball, was designed for scavenging ambient vibration energy in full space
[63]. By working at a hybridization of both the contact-separation mode and the
sliding mode, the 3D-TENG can deliver a maximal output voltage of 57 V, a maximal
output current of 2.3 pA, and a corresponding output power of 128 pW on a load
of 100 M€, which can be used to directly drive tens of green light-emitting diodes.
Moreover, the TENG is utilized to design the self-powered acceleration sensor with
a detection sensitivity of 15.56 V/g.

Besides multiple motion directions, ambient vibrations generally exhibit a wide
spectrum of frequency distribution. To solve this problem, a TENG with a wavy-
structured Cu-Kapton-Cu sandwiched between two flat nanostructured PTFE
films was designed for broadband vibration energy harvesting [64]. The core of
the wavy structure is composed of a set of metal rods (with a diameter of 1/4 in.),
as shown in Figure 6a. PTFE films are processed with inductively coupled plasma
(ICP) etching to produce the nanostructures shown in Figure 6b, which would
largely enhance contact electrification. The device structure is schematically shown
in Figure 6¢, accompanied by a magnified schematic in Figure 6d and a picture of a
real device in Figure 6e. This structure design allows the TENG to be self-restorable
after impact without the use of extra springs and converts direct impact into lateral
sliding. Based on the wavy structure, the TENG can harvest vibrational energy from
5to 500 Hz, and the generator’s resonance frequency was determined to be ~100 Hz
at a broad full width at half-maximum of over 100 Hz, producing a Voc of up to
72V, an Isc of up to 32 pA, and a peak power density of 0.4 W/m®.

After that, an elastic multiunit TENG was also realized to efficiently harvest
low-frequency vibration energy over a wide frequency range [65]. The obtained
TENG can provide a maximum instantaneous output power density of 102 W/

m’ at as low as 7 Hz and maintain its stable current outputs over a wide frequency
range (from 5 to 25 Hz). Besides, it can act as an active vibration sensor to monitor
the running status of equipment. Moreover, by combining the TENG with a power
management unit to form a self-charging power unit, the vibration energy harvest-
ing from ambient environment, such as an operating machine and running bicycle,
can sustain power electronics such as thermometers, humidity sensors, speedom-
eters, and a micro-meteorological instrument.

For improving the lower output current, a multi-layered stacked TENG was
reported as a cost-effective, simple, and robust approach for harvesting ambient
vibration energy [66]. The 3D-TENG has a multilayered structure with acrylic as
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Figure 6.

( a§ Schematic of the method to fabricate wavy Kapton films. (b) SEM image of the ICP-processed PTFE film
surface. (c) Schematic of the device structure. (d) Magnified schematic of the device, showing that the wavy
core is in periodical contact with the nanostructures on the PTFE films. (e) Photograph of an as-fabricated
TENG device before packaging [64].

supporting substrates, as schematically shown in Figure 7a. A photograph of an as-
fabricated TENG and SEM image of the PTFE nanowires is shown in Figure 7b-c.
With superior synchronization, the 3D-TENG produces a short-circuit current as
high as 1.14 mA and an Voc up to 303 V with a remarkable peak power density of
104.6 W/m®. As a direct power source, it is capable of simultaneously lighting up 20
spot lights as well as a white G16 globe light.

To reduce the direct friction between triboelectric layers, a liquid-metal-based
TENG (LM-TENG) was developed for high-efficiency vibration energy harvest-
ing [67]. Owing to an intimate contact between the liquid metal and the polymer
dielectric layer, the direct friction between triboelectric layers for energy loss is
effectively reduced, resulting in high effective contact, shape adaptability, and low
friction coefficient with solid. Therefore, the LM-TENG exhibits an output charge
density of 430 pC/m’, which is four to five times higher than that in the case if the
electrode is solid film.

On the other hand, soft electrode can effectively increase the contact intimacy
between the triboelectric layers [68]. Xu et al. reported a novel soft and robust
TENG made of a silicone rubber-spring helical structure with nanocomposite-
based elastomeric electrodes for harvesting arbitrary directional vibration energy
and self-powered vibration sensing [69]. The schematic diagram and a photo of the
S-TENG are shown in Figure 8a,c, respectively. As displayed, the TENG exhibits a
helical structure based on the integration of elastomer and spring. A mixing well
silicone rubber and carbon nanofiber, which can be stretched up to the strain of
133%, serves as the elastomeric electrode (Figure 8b). The working mechanisms
of the S-TENG under vertical and horizontal vibration are shown in Figure 8d,e,
respectively. Under external vertical vibration excitation, the distance between a
helical structure’s adjacent surfaces changes, forming a contact-separation mode
TENG. Under horizontal vibration excitation, the S.TENG’s helical structure’s
adjacent surfaces can contact on one side and separate on the other side, also form-
ing a contact-separation mode TENG. Under the resonant states of the S-TENG,
its peak power density is found to be 240 and 45 mW/m” with an external load of
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Figure7.
Three-dimensional triboelectric nanogeneratov. (a) Schematic of a 3D-TENG. (b) SEM image of nanopores on
aluminum electrode. (c) A photograph of the as-fabricated 3D-TENG [66].
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Figure 8.

(a) The device schematic of the S-TENG. Note that the gray silicone rubber layer containing a spring forms a
base on which other layers can be built, and the black silicone rubber layer along with the electrode layer forms
a contact-separation pair. Both top and bottom electrodes are made of carbon nanofiber-mixed silicone rubber.
(b) SEM image of the carbon nanofiber for preparing the elastomeric electrode. (c) Photo of the as-prepared
S-TENG. Working mechanisms of the S-TENG under (d) vertical vibration excitation and (e) horizontal
vibration excitation [69].
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10 MQ and an acceleration amplitude of 23 m/s’. Additionally, the dependence of
the S-TENG's output signal on the ambient excitation can be used as a prime self-
powered active vibration sensor that can be applied to monitor the acceleration and
frequency of the ambient excitation.

3.3 TENGs harvesting energy from water

Water energy deriving from rainwater, ocean waves, and waterfalls has been
regarded as an alternative renewable energy resource source without polluting the
environment. Energy harvesting from water has been further reinforced due to the
abundant reserves and little dependence on environmental conditions. Through
decades of exploration, a variety of wave energy converting devices and machines
based on TENG has been invented to harvesting energy from water.

Liquid-solid-mode TENGs for harvesting liquid-wave energy have drawn much
attention for the features of relatively stable output and durability [70-72]. For the
liquid-solid-mode TENG, contact separation is the main representative strategies
applied to scavenge water energy [73, 74]. A hydrophobic surface on water-solid
TENGs is beneficial for inducing separation at the interface of liquid and solid
[75]. Based on this, Zhu et al. reported a liquid-solid electrification-enabled TENG
based on a FEP thin film for harvesting energy from a variety of water motions [76].
Owing to the modification of aligned nanowires, the thin film with a property of
hydrophobicity can increase the contact area at the liquid-solid interface, leading
to enhanced surface charging density and thus electric output at an efficiency of
7.7%. Due to the creation of continuous contact separation between water and the
solid surface, a cylindrical water TENG was designed by using a hydrophilic surface
along with the hydrophobic surface to control the water flow inside a packaged
system for enhanced electrostatic induction [77].

Generally, an effective way of integrating a number of electrodes together to
make them area scalable is helpful for promoting output power density. On the
other hand, the electric power is highly affected by nanostructures at the solid/lig-
uid interface. According to this, a flexible thin-film TENG was reported for harvest-
ing kinetic wave energy [78]. Because of the integration method that use an array of
surface-mounted bridge rectifiers to connect multiple parallel electrode together,
the induced current between any pair of electrodes can be constructively added up,
leading to a significant enhancement in output power and realizing area-scalable
integration of electrode arrays. However, the thin-film TENG is only applicable to
regular water waves that interact with the TENG through a linear water level. For
improving the adaptive means of harvesting water energy, a networked integrated
TENG was fabricated for harvesting energy from interfacing interactions with
water waves of various types [79]. Additionally, interdigital electrode-based TENGs
were designed in the contact-sliding mode for the harvesting of triboelectric energy
from water [80], resulting in a higher output performance than those of one- and
two-electrode-based TENGs.

Beside liquid-solid-mode TENGs, other structure TENGs were designed for
harvesting water energy generating by flowing water, such as multi-layered disk
structure [81], floating buoy structure [82], radial-arrayed rotary structure [10],
and so on. Although many water-based TENGs have been fabricated, there is a
lack of effort in realizing TENG harvesting water energy directly on the fabric/
textile, due to the poor water resistance of the fabrics related to their intrinsic
hydrophilicity that can be ascribed to their abundant hydrophilic groups, and the
strong adsorption capacity because of their large specific surface area [83]. For
realizing the practical wearable device harvesting energy from water flow, Xiong
et al. reported a wearable fabric-based WTEG with additional self-cleaning and
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antifouling performance for the first time [83]. This is realized with the prepara-
tion of hydrophobic cellulose oleoyl ester nanoparticles by a nontoxic esterification
method and nanoprecipitation technology based on the microcrystalline cellulose.
In this study, PET fabric-based WTEG can generate the output power density of
0.14 W/m” at a load resistance of 100 MQ.

There are two parts to water wave energy including the electrostatic energy from
the contact electrification between water and surrounding media and the mechani-
cal impact energy. For simultaneously scavenging both the energy from water,
some works have been well done. For example, Su et al. presented an all-in-one
hybridized TENG based on the conjunction of liquid-solid interfacial electrifica-
tion enabled TENG and impact-TENG for harvesting water wave energy and as
a self-powered distress signal emitter [84]; Lin et al. designed a fully integrated
TENG for harvesting water energy and as a self-powered ethanol nanosensor,
which contained a water-TENG unit to collect the electrostatic energy of water and
a contact-TENG unit to collect the mechanical/kinetic energy of water [85]; Cheng
et al. developed a water wheel hybridized TENG, composed of a water-TENG part
and a disk-TENG part, for simultaneously harvesting the two types of energies from
the tap water flowing from a household faucet [86]. Based on a unique structure
design, the hybridized TENGs are shown to be suitable for harvesting multiple
types of energies from water.

During a working process, the acting surfaces of the above mentioned TENGs
will be exposed to ambient atmosphere, which will limit their applications in some
cases. The interface electrification was seriously affected by humidity, causing a
quick decline of the surface charge density [87]. In order to improve the performance
of TENGs under harsh conditions with the presence of water, fully enclosed or pack-
aged TENGs should be developed for tolerating the environment. So far, different
designs were developed based on packaged TENG such as wavy-shaped models
[88], fully packaged contact-separation configurations [89-91], and rolling spheri-
cal structure [92]. Wang et al. designed a freestanding, fully enclosed TENG that
encloses a rolling ball inside a rocking spherical shell for harvesting low-frequency
water wave energy [93]. An image of the fabricated TENG floating on water is shown
in Figure 9a. Figure 9b shows the schematic diagram of the freestanding structured
design that consists of one rolling ball and two stationary electrodes. To enhance the
electric output of the TENG, nanowire arrays are fabricated on the surface of the
Kapton film (Figure 9c) that provides a large contact area to generate more tribo-
electric charges on the surface. Through the optimization of materials and structural
parameters, a spherical TENG of 6 cm in diameter actuated by water waves can pro-
vide a peak current of 1 pA over a wide load range from a short-circuit condition to
10 GQ, with an instantaneous output power of up to 10 mW. This rolling-structured
TENG is extremely lightweight, has a simple structure, and is capable of rocking

Figure 9.

Device structure, basic operations of the freestanding-triboelectric-layer-based nanogenerator (RF-TENG)
with a volling Nylon ball enclosed. (a) Photograph of a rocking nanogenerator floating on water. (b) Schematic
diagrams of freestanding-structured design. (c) SEM image of nanorod structure on the Kapton surface [93].
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on or in water to harvest wave energy. Additionally, rolling spherical TENGs and
coupled TENG networks have been demonstrated to harness the water wave energy
because of the advantages of light-weight, small-resistance under the water wave
motions, and easy to be integrated [94, 95].

For enhancing the output current and enlarging the practical applications
of packaged TENG, introducing a spring structure into the TENG can store the
kinetic energy from water impact and later convert into electric power via residual
vibrations [96]. Combining the advantages of spring structure and integrated
multilayered structure, Xiao et al. demonstrated a kind of spherical TENG with
spring-assisted multilayered structure for harvesting water wave energy [97]. The
introduction of spring structure enhances the output performance of the spherical
TENG by transforming low-frequency water wave motions into high-frequency
vibrations, while the multilayered structure increases the space utilization,
leading to a higher output of a spherical unit. The structure of spherical TENG
designed with spring-assisted multilayered structure floating on water surface is
schematically shown in Figure 10a. Figure 10b displays a photograph of as-
fabricated spherical TENG device, and the inset shows the photograph of the
device in the water waves. The working principle of each TENG unit is dem-
onstrated in Figure 10c. The periodic movement of the mass block under the
triggering of water waves, which leads to the contact and separation between
two surfaces of the top aluminum foil and FEP film, produces periodic electric
output signals. Owing to its unique structure, the output current of one spherical
TENG unit can reach 120 pA, which is two orders of magnitude larger than that of
previous rolling spherical TENG, and a maximum output power up to 796 mW is
realized as triggered by the water waves.

(a)

(b)

Figure 10.

(a) Schematic diagram of the spherical TENG with spring-assisted multilayered structure floating on water,
and schematic vepresentation enlarged structuve for the zigzag multilayered TENG with five basic units. (b)
Photographs of the as-fabricated TENG device. (c) Working principle of each TENG unit of the spherical
TENG [97].
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3.4 TENGs harvesting energy from wind

Wind energy can be a renewable energy sources for energy harvesting on
account of widespread and absolute abundance. The practical application of tradi-
tional wind power in our daily life is largely limited by the extra-large volume, high
cost of installation, noise and geographical environment. In this regard, TENG is
one of the most alternative wind energy conversion strategies on accord of its small
scale, low cost, simple fabrication routes, and portability [98]. In order to harvest
wind energy, flutter-driven structure [99, 100] and rotational structure [101, 102]
are the two main methods for preparing wind-driven TENG.

Flutter-driven structure TENG for harvesting wind energy was realized by Yang
et al. for the first time [103]. As displayed in Figure 11, the TNEG is composed of
two layers of Al foils and a FEP film laying in midair of a cuboid acrylic tube. The
Al foils act as both triboelectric surfaces and electrodes, respectively. The FEP film
is fixed one side, leaving the other side freestanding. The FEP film will vibrate
periodically to contact the two Al foils inducing from wind, resulting in an output
signal in an external circuit. Output voltage and current about 100 V and 1.6 pA are
achieved, and a corresponding output power of 0.16 mW is realized under a loading
resistance of 100 MQ.

Although single-side fixed-based TENG exhibits good performance for scaveng-
ing wind energy, the stability of output performance is a challenge because of the
arbitrary fluttering of the FEP film. For solving the problem, an elasto-aerodynam-
ics-driven TENG, consisting of a Kapton film with two Cu electrodes fixed on two
ends in an acrylic fluid channel, was reported for scavenging air-flow energy [104],
where the flutter effect of Cu electrodes was induced to contact two triboelectric
materials of the PTFE films and the Kapton film to realize the output performance
of the device.

Based on flutter-driven structure, many other efforts have been made to enhance
the performance of TENG through optimizing the structure or the morphologies
of material surface design. A lightweight and freestanding flag-type woven TENG,
consisting of conductive belts of Ni-coated polyester textiles and Kapton film-
sandwiched Cu belts, was designed for scavenging high-altitude wind energy from
arbitrary directions [105]. When wind fluttering is applied in each woven unit,
wind energy converts into electrical energy induced by the interlaced interactions
between the Kapton film and a conductive cloth under wind-introduced fluttering
of the flag. Besides, a flutter-driven TENG, consisting of a flag and a counter plate
arranged in parallel with interwoven microstructure, was fabricated for harvesting
wind energy based on contact electrification caused by the self-sustained oscillation
of flags [106]. As shown in Figure 12, a flexible flag and a rigid plate are arranged in
face to face in order to prepare a wind-driven energy-harvesting system using flut-
tering behavior. Owing to the design, interaction between them can lead to a rapid
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Figure 11.
(a and b) The structure and photograph of the first veported flutter-driven mode WD-TENG [103].
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Figure 12.

Schematic diagrams of a wind tunnel and the structural design of a flutter-driven triboelectric generator
including surface characteristics of (i) a highly flexible flag, (ii) a counter plate, and (iii) the fabrication of the
counter plate [106].

periodic contact and separation, and that movement can be successfully employed
for converting the kinetic energy of the wind into electrical energy.

For rotational structure, wind cup is a main method for scavenging wind energy.
Deriving from the conventional wind cup structure, a rotary structured TENG
was presented for scavenging weak wind energy in our environment [101]. As
illustrated in Figure 13, the rotary structured TENG is composed of a framework,
a shaft, a flexible rotor blade, and two stators. When wind flowing is utilized in
the rotation of the shaft and the flexible rotor, a flexible and soft polyester (PET)
rotor blade with a PTFE film adhered at the end will periodically sweep across the
Al electrodes. In this process, a consecutive face-to-face contact and separation
between PTFE film and Al electrodes are produced, regarding as the basic process
for generating electricity.

Aiming to improve the robustness and lifetime of wind-driven TENG, a
freestanding disk-based TENG was fabricated to harvest wind energy through
automatic transition between contact and noncontact working states [102]. The
major structure of the disk-based TENG includes two parts: the rotational inner
acrylic barrel that connects with the freestanding rotor of the disk TENG and the
stationary outer barrel that connects with the stator of the TENG. Two bearings

Figure 13.
The schematic diagram showing the structural design of the R-TENG, with the enlarged picture showing the
nanowire-like structures on the surface of PTFE [101].
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are used to link the two parts and enable the relative rotation. Benefiting from the
unique structural design, the TENG can work in the noncontact state with mini-
mum surface wear and also transit into contact state intermittently to maintain high
triboelectric charge density.

Besides serving as a power source for running some electric devices, wind-
driven TENG is also expected to be utilized as various self-power systems by inte-
grating with other electric devices. Chen et al. introduced the first self-powered air
cleaning system focusing on sulfur dioxide (SO,) and dust removal as driven by the
electricity generated by natural wind, with the use of rotating TENG [107]. Another
common wind-driven TENG-based self-power system is the wind speed sensor. Kim
et al. prepared wind-driven TENG based on rolling motion of beads for harvesting
wind energy as a self-power wind speed sensor [108]. Wen et al. fabricated a blow-
driven TENG, acting as an active alcohol breath analyzer, which is featured as high
detection gas response of ~34 under an optimized sensor working temperature, fast
response time of 11 s as well as a fast recovery of 20 s [109].

3.5 Hybrid nanogenerator

Aiming to simultaneously harvesting multitypes of energies from various
sources, TENG has been hybridized with various other energy harvester strategies
from the environment. It is well known that solar irradiance is another clean and
renewable energy sources. To develop a practical method to simultaneously scav-
enge solar and mechanical energies, the concept of a hybridized energy harvester
integrating TENG and solar cell was presented [110, 111]. Based on lightweight and
low cost, fabric-based material is served as the ideal strategy utilized to fabricate
these kinds of hybrid generator [112]. Chen et al. presented a foldable and sustain-
able power source by fabricating an all-solid hybrid power textile with economically
viable materials and scalable fabrication technologies [34]. The wearable all-solid
hybrid power textile has a single-layer interlaced structure, which is a mixture
of two polymer-wire-based energy harvesters, including both a fabric TENG to
convert mechanical movement into electricity and a photovoltaic textile to gather
power from ambient sunlight, as schematically illustrated in Figure 14a,b, respec-
tively. An enlarged view of the interlaced structure is presented for both the fabric
TENG (Figure 14c) and photovoltaic textile (Figure 14d). Under ambient sunlight
with mechanical excitation, like human motion, car movement, and wind blowing,
the as-woven textile was capable of generating sufficient power for various practical
applications, including charging a2 mF commercial capacitor up to 2 V in 1 min,
continuously driving an electronic watch, directly charging a cell phone, and driv-
ing the water splitting reactions.

Aiming to largely collect the energy from mechanical motions, an integrated
TENG and an electromagnetic generator (EMG) for concurrently harvesting
mechanical energy are a promising way. By integrating two kinds of mechani-
cal energy harvesting units, the weight of the EMG can be reduced and the total
output power can be increased to expand the potential applications [113-117]. In
them, rotational structure is the typical strategy utilized to simultaneously convert
mechanical energy into electrical energy from one rotating motion. By integrat-
ing an EMG and a TENG, a rotation-based hybrid generator is first fabricated to
generate a high output that can sustainably drive a commercial globe light with an
intensity of illumination up to 1700 Ix [118]. As illustrated in Figure 15a, the main
structure of the hybrid generator consists of an EMG including the top and bottom
layers (1 and 5) and a TENG including the middle layers (2, 3, and 4) with the pla-
nar structures, where the rotator and the stator are composed of layers 1 and2 and
layers 3-5, respectively. The corresponding photographs of each layer are displayed
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Figure 14.

Structural design of the hybrid power textile. (a and b) Schematic illustration of the hybrid power textile,
which is a mixture of two textile-based all-solid energy harvesters: fabric TENG (a) and photovoltaic
textile(b). Enlarged view of the interlaced structure of both the fabric TENG (c) and the photovoltaic textile
(d) [112].

in Figure 15b. Based on the relative rotation between the rotator and the stator, the
hybrid generator simultaneously collects biomechanical energy from human hand-
induced rotating motions. In order to compare the two generators with each other
systematically, Guo et al. fabricated a water-proof triboelectric-electromagnetic
hybrid generator, including a fully enclosed packaging of TENG achieved by the
interactions between pairs of magnets as the noncontact mechanical transmission
forces [119]. Systematic study of the influences of the designed parameters, includ-
ing the segment’s number of the TENG, the rotation speed, and the arrangement of
the coils, on the electrical outputs of the WPHG were performed experimentally.
The result demonstrated that TENG can produce a stable voltage to power commer-
cial electronic device even under a low rotation speed compared with EMG.

Besides the above mentioned, other strategies have been applied to intergrate
with TENG for collecting other types of energies. Lee et al. presented a flexible
hybrid cell to simultaneously harvest thermal and mechanical energies from skin
temperature and body motion [120]. For fabricating the hybrid cell, ZnO nanowires
are grown on the sputtered-coated seed layer surface of a thin Al substrate. And
then, a 2-pm thick poly(methyl methacrylate) (PMMA) layer is coated on the
surface of the as-grown ZnO nanowires, and a thin Al substrate is stacked on the
PMMA-coated layer to be used as the top electrode. Owing to the structure design,
the hybrid cell can simultaneously harvest thermal and mechanical energies so that
the energy resources can be effectively and complementarily utilized for power
sensor network and micro/nanosystems. Addtionally, combining the TENG with
piezoelectric nanogenerator (PENG) is a alternative manner for concurrently
collecting mechnical energy. Guo et al. developed an all-fiber hybrid piezoelectric-
enhanced TENG that fabricated by electrospinning silk fibroin and poly(vinylidene
fluoride) (PVDF) nanofibers on conductive fabrics [121]. Contributing to the large
specific surface area of nanofibers and the extraordinary ability of silk fibroin to
donate electrons in triboelectrification, the hybrid nanogenerator exhibited an
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Figure 15.
(a) Schematic diagram of the designed hybridized nanogenerator. (b) Photographs of the hybridized
nanogenerator [118].

outstanding electrical performance, with a power density of 310 pW/cm?, so that it
can be regarded as a self-powered wearable microsystem for falling-down detection
and timely remote alarm.

4, Conclusions

In order to seek an intelligent life, trillions of electronic device for the Internet
of Things are requisite with higher personal, portable, complex, multifunctional,
and smart. Aiming to maintain the normal working status of these small electronic
devices sustainably, an effective technology to harvest small-scale energy from
renewable natural resources is highly desirable. Given the collection characteristics
of simple structure, flexibility, low cost, light weight, high efficiency, high power
density, and environmental friendly, the invention of TENG is served as an promis-
ing small-scale energy harvester who can convert mechanical motions into electric-
ity, even at low frequency. Futhermore, TENGs can also be utilized to transform
physical parameters such as pressure, sliding, and other physiological variables into
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electronic signals, which directly reflected the information of mechanical stimuli
and environmental conditions without an external power source. By extensively
investigating, TENG can effectively harvest mechanical energy in almost any form
based on the four fundamental modes, and thus can regard as the self-powered
sensors for a wide application under diffident mechanical triggerings. In the future,
the continuous endeavors on TENGs will lagerly enhance their output performance.
Based on deeply investigating the fundamental menchanism of triboelectrification,
it is possible to realize the ultrahigh charge density of TENG via material modifica-
tion, structure design, or condition optimization. Besides the output perfoermance,
the durability and output stability is the other bottleneck that limited the applica-
tion of TENG, especially comparing with the traditional generator. It might over-
come through fabricating new materials or coupling modes of operations. Based on
the above discussion and analysis, it can be anticipated that TENG will soon become
an ideal small-scall energy haverter with broad application as self-powered sensors
through the world wide efforts.
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Chapter 5

RF Energy Harvesting System and
Circuits for Charging of Wireless
Devices Using Spectrum Sensing

Naser Ahmadi Moghaddam and Alireza Maleki

Abstract

Recently, lots of works have been done on the optimal power management of
wireless devices. This leads to the main idea of ambient energy harvesting. Among
various energy harvesting approaches, one is to use radio waves existing in the ambi-
ent environment for battery charging, called RF energy harvesting. In this chapter,
in order to improve the RF energy harvesting performance, we utilize spectrum
sensing to allow the wireless devices to select the frequency band with maximum
power that exceeds a predefined threshold to charge the device (this power thresh-
old can be determined according to battery type and its required charging power)
and the device can use this power for battery charging. Also, a novel voltage multi-
plier circuit is proposed. By means of simulations and experimental tests, it can be
seen that after detection of our desired 1 mW RF signal, system output power is
about 5324 W and 450u W in simulation and practical situations respectively.

Keywords: energy harvesting, voltage multiplier, OFDM, spectrum sensing

1. Introduction

Recently, with the rapid growth of wireless communication systems, researchers
have studied various challenges about improvement of these systems from many
aspects such as performance, error optimization, hardware design and implementa-
tion and etc. with introducing the wireless sensor networks, Internet of Things
(IoT) and robotics, one of the main challenges appeared is the energy consumption
of these systems and how to provide reliable and low cost power supply to feed
these systems as long as possible with high durability. That is the main reason for all
of the researches conducted on energy harvesting. Various methods and approaches
are presented to tackle the issue e.g. improvement of batteries structure and their
capacity, piezoelectric materials and movement of human body part to produce
the required power mostly for wearable devices, or thermal and magnetic energy
harvesting approaches.

Mainly, there are two energy sources: mechanical and magnetic waves [1]. For
energy harvesting purposes, as in [2-5], natural sources like solar energy wind,
vibrations and movement of human body parts or magnetic waves can be exploited.
Here in this chapter, our focus is on a specific kind of electromagnetic source, Radio
Frequency (RF) signal, which is produced by the oscillation of photons in a certain
frequency and used for transmitting data and information in communication
systems.
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Examples of these transceivers in today’s world are Frequency Modulation (FM)
radio, Analog TV (ATV), Digital TV (DTV), mobile and cellular networks and
Wi-Fi. To have a more clear understanding of the issue and seeing RF signalsas a
energy source, in Figure 1, DTV and cellular signal spectrums for Tokyo City and
Yokohama City are indicated [6]. As it can be seen in this figure, for some certain
frequencies, the measured power is about 0 and -20 dB.

By saying RF energy harvesting, we mean that we capture the energy from the
RF signal existing in the ambient and transform this power into DC power and
using it for supplying battery. Passive ambient RF energy harvesting is exactly
defined as this procedure [7]. In this case, sources can be FM radio, Wi-Fi, DTV
or military communication transmitters [8] and the amount of energy harvested

from these sources is in the order of 1 to 10 ”—V\Z [9]. Also there is another type of RF

energy harvesting, i.e. RF energy harvestincgm from a dedicated source. In this sce-

nario, the amount of harvested energy is higher comparing to passive ambient case

and is in the order of 50 ”—V\; [9]. One example for this category is RFID chips [10].
cm

1.1 Preprocessing in energy harvesting system

Spectrum is a scarce source. In wireless communication systems, efforts have
been made to use frequency spectrum with policies and priorities in order to
maximize the spectrum efficiency. The main idea here is to allocate empty spectrum
holes over time, frequency and space to secondary users while the interference with
primary user is minimum. Several approaches are proposed for spectrum sensing,
such as energy detection [11-13], matched filter [11, 12, 14], cyclostationary detec-
tion [15, 16], spectrum sensing based on covariance matrix [17, 18] and wavelet
based spectrum sensing [19]. By studying energy detection, it can be understood
that this approach is based on detecting the signal power such a way that secondary
users detect the signal power received from primary users. Then they compare it to
some predefined threshold level and then decide whether they can use the primary
frequency band or not. Well, here is the novel preprocessing idea which we are
exploited in this chapter:

“In RF energy harvesting, we use RF signal power and convert it to DC power
for charging batteries. On the other hand, energy detection algorithms give us the
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Figure 1.
DTV signal spectrum measured in Tokyo City (left side graph) and Cellular signal spectrum measured in
Yokohama City (vight side graph) [6].
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ability to detect the ambient signal power and compare it to a predefined threshold
level. So, we do the same here as well. But with the goal of detecting a strong RF sig-
nal. In other words, by exploiting this preprocessing, we compare our received RF
signal power and if it is greater than a threshold, then we will decide that frequency
contains our required power for energy harvesting purposes and switch our circuit
to that frequency. In the simulation process, this threshold is set to 0 dBm which is a
reasonable and practical assumption based on Figure1.”

2. Proposed method

Our proposed system is indicated in Figure 2. As it is indicated in this figure,
by preprocessing stage, the frequency containing the high amount of energy is
selected. After that, this signal is selected as the input of matching circuit and recti-
fied. Then a DC-DC converter circuit is used to level up the DC signal and finally it
is fed to the battery for charging.

2.1 Battery model

For simulation stage and performance evaluation of our proposed system,
we must be able to model the battery that we intend to charge. There are various
battery models with different structures and complexities. Electrochemical mod-
els [20-22] are usually used for battery physical design, performance and power
generation optimization. Mathematical models [23-26], are much more effective.
Random events for predicting battery systematic behaviors like battery life time and
efficiency are discussed using mathematical equations. Electrical models [27-33]
are placed somewhere between mathematical and chemical models in terms of
accuracy and utilize the combination of voltage sources, resistors and capacitors.

\'\ .
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P —» Matching —® Rectifier —® > sing
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Figure 2.
Schematic of proposed system.
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Figure 3.
Battery model [34].
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For the goal of this chapter, an accurate and effective battery model is proposed
based on battery model proposed in [34]. This model provides an easy extraction
procedure, gives run time, static and transient responses and also contains all of
the electrodynamic characteristics of the batteries. Figure 3 shows this proposed
model.

3. Results

Simulation results and fabrication of our system is presented in this section.
Spectrum sensing, circuits and antenna are simulated using MATLAB, Advance
Design System (ADS) and Computer Simulation Technology (CST) software
respectively. We consider the frequency band 500 MHz to 1 GHz for maximum
power RF signal extraction. At the end, our fabricated charger circuit is tested in
laboratory environment.

3.1 Spectrum sensing simulations

We consider M random base stations in the aforementioned frequency band.
Using OFDM transmitter, the output signal is generated and by exploiting
energy detection, our desired RF signal for energy harvesting circuit is obtained.
Parameters of simulation are given in Table 1. Note that for digital to analog
converter, al3 th order Butterworth filter is used (normalized cut off frequency
equals to %)

2
RC pulse shaping time response is as follows [35].
cos ’m't>
sine(1)
Src(®) = smc(Tj) x 1_4{;—?2 (1)

where a and T are roll-off factor (takes values from 0 to 1) and symbol repeti-
tion rate respectively.

As it can be seen in Figure 4, there are four signals available in the spectrum
and in order to find the RF signal with maximum power, the area under each signal
should be calculated i.e. its power. After applying energy detection we find that in
this case, maximum power RF signal happened at 915 MHz. Therefore, the filter is
set to select this signal out of the spectrum.

Parameters Value (OFDM)

Number of sub-carriers 2048

Occupied of sub-carriers 1024

Sampling frequency (MHz) 20

Number of oversampling 4

Pulse shaper Raised cosine

Number of random frequency 4

IFFT length 4096

Bandwidth (MHz) 10
Table 1.

Stimulation parameters.
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After finding the frequency in which our desired RF signal exists, spectrum
should be fed to a filter with the central frequency of 915 MHz and the bandwidth
of 10 MHz. In Figure 5, filter characteristics in terms of frequency response is
given. Note that this filter has the ability to be tuned to select the maximum fre-
quency each time. Also, this filter should reject the rest of frequency band other-
wise we face some challenges such as power loss and circuit design complexity.
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Figure 4.
Frequency vesponse of OFDM transmitter in our frequency band with QPSK modulation in receiver end.
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Figure 5.
Frequency vesponse of Butterworth filter with central frequency of $915$ MHz and bandwidth of 10 MHz.
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Figure 6 shows power for filter, spectrum and the output of filter (Antenna
input signal). We use OFDM transmitter as mentioned earlier with QPSK
modulation.

3.2 Circuit design and simulation

In previous section, RF signal with maximum power is identified and extracted
from spectrum. Now, this signal represents the input of our charging circuit. We
assume al mW signal with the frequency of 915 MHz as our input to execute our
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Figure 6.
Frequency vesponse of power spectrum, filter and filter output for OFDM transmitter with QPSK modulation.
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Figure 7.
Proposed voltage multiplier circuit.
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simulation in ADS. First, we need to increase the DC level of our signal using a DC
voltage multiplier circuit as it is shown in Figure 7. Note that we have a 4-stage and
a 6-stage voltage multiplier in our proposed circuit. The connection between these
two multipliers results in increasing of the output voltage.

In Figure 8, Efficiency of the rectifier circuit is shown versus different values of P;,.
As it can be seen, when the input power is 0 dbm, highest efficiency is obtained at
the frequency of 915 MHz.
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Figure 8.
Rectifier circuit efficiency.
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Rectifier civcuit return loss (s 11) at o dbm input RF power.
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Figure 9 indicates the return loss (s1;) for different frequencies and minimum
return loss is obtained at 915 MHz frequency at a circuit input power of 0 dbm. This
is resulted from our designed matching circuit and shows its desirable performance.

In Figure 10, rectifier circuit output voltage and current are indicated with the

maximum at 915 MHz.

For frequencies of 580, 650, 760 and 915 MHz, the outputs of voltage multiplier
circuit are shown in Figure 11. As it can be seen, we obtain a 8.8 V DC voltage for

our input signal.
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Figure 10.
Rectifier civcuit output voltage and current.
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Figure 12 shows the higher efficiency of our proposed circuit comparing to three
other methods. That is because of exploiting a 10-stage voltage multiplier (a 4-stage
connected to a 6-stage).

Complete charger circuit is proposed in Figure 13. Output currents for afore-
mentioned four frequencies are given in Figure 14. Also, output voltages are
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Figure 12.
Output voltage versus input power.
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indicated in Figure 15. So knowing that power equals to current times voltage, we
obtain 5324 W output power for 915 MHz signal. It should be noted that voltage
drop in 915 MHz (8.8 V to 3.6 V) is because that by connecting battery to charger
circuit, battery charging process starts and in this process power must be constant,
so by increasing the current drawn by the battery, output voltage drops.

3.3 Antenna simulation

Receiver antenna is a broadband type with linearly polarized radiation.
Considering that our bandwidth is 500 MHz, according to previous experiences, we

160 r 1 1 . : . . . r
_ﬂmmuf
150 650 MHz
760 MHz ]
140k w— 015 MHz L]
E i i i i i i i i i
=
i
T T T T T T T T T
06t E

4950 4953 4960 4965 49D 4975 4980 4985 4950 4955 50.00

Time (ja)
Figure 14.
Output currents in 580, 650, 760 and 915 MHz.
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Figure 15.
Output voltages in 580, 650, 760 and 915 MHz.
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require an Ultra Wide Band (UWB) antenna (Figure 16). By means of simulation
and measurement, reflection coefficients of our designed antenna are indicated
in Figure 17. Note that because of the size of this antenna, we did not use it obtain
fabrication results. A challenge may be rise to decrease the size of UWB antenna
and improve our designed system performance in the future.

3.4 Charger circuit fabrication

Test results for our fabricated charger circuit are indicated in Figure 18. In terms
of experimental results, we obtain 6.89 V of output voltage at the frequency of 915
MHz (which obtained 8.8 V in simulation results), where our input signal isa 0
dbm generated by R&S®SMB100A signal generator. For a 10 k< resistive load, load
voltage is 2.12 V and we can calculate the output power as 450y W.

(a) {b)

Figure 16.
Designed U-shape UWB antenna.
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Figure 17.
Measured and simulated veflection coefficients of UWB antenna.
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)

Figure 18.
(a) Fabricated chavger circuit (b) Circuit test.

4, Conclusion

A novel approach for RF energy harvesting is presented in this chapter. Unlike
previous works, we exploit spectrum sensing as a pre-processing procedure to find
the frequency in which the maximum power more than a predefined threshold
exists. After that, using a filter, this signal with maximum power is fed to a charger
circuit. In simulation, a DC output voltage of 8.8 V is obtained using input RF
power of 0 dbm. In practice and as our experimental results, our fabricated charger
circuit test led to 4504 W output power for battery charging.
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Chapter 6

Thousand kW High-Temperature
Solar Furnace in Parkent
(Uzbekistan) — Energetical
Characteristics

Akbarov Rasul

Abstract

This chapter presents a method of calculation of the energetical characteristics
of the large solar furnace with a capacity of 1000 kW (LSF) taking into account
its real optical parameters. The technical characteristics of the LSF are presented.
The possible energy characteristics of the LSF based on numerical calculations are
analyzed. The energy characteristics of the total system with different inaccuracies
of the reflecting surfaces, energy contributions of certain shelves and groups of
heliostats, and the contributions of certain heliostats and shapes of their focal
spot are determined. Empirical formulas are proposed to describe the obtained
numerical results. The problem of implementing the possible energy modes of the
LSF with and/or without the inclusion of certain shelves and groups of heliostats is
analyzed. The problem of a day changes in the energy density distribution in the
focal spot of the LSF is considered.

Keywords: solar radiation, thermal power, furnace, concentrator, heliostat,
focal zone, energy distribution, numerical calculation

1. Introduction

One of the promising directions in the use of solar energy is materials science.
As is known, high-temperature heating by solar radiation has certain advantages,
e.g., the absence of pollution from synthesized materials, instantaneous heating, the
possibility to control the heating and cooling rate, a wide range of solar radiation,
etc. At present, high-temperature solar technologies are widely applied in many
areas of science and engineering. In this respect, concentrated solar energy is an
important component among the available material synthesis methods with a set of
specified properties [1-8].

The important characteristics of the technological processes are the capacity,
maximum and average energy densities, uniformity of the energy density distribu-
tion, focal spot size, character of the energy density distribution and its change in
time, duration of the process, start and stop mode rate, etc.

A characteristic drawback of solar concentrators is variability of the characteris-
tics of the focal spot with time. This is related, on the one hand, with the temporary
change in the direct solar radiation value, and on the other hand, with the condition
of the optical and mechanical elements of solar furnaces, i.e., the adjustment
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condition of the mirrors, angular inaccuracies of the light-reflecting mirrors,
reflection coefficient of the mirrors, condition of the solar sensors, etc.

The Materials Science Institute of the Academy of Sciences of the Republic of
Uzbekistan operates a large solar furnace of 1000 kW thermal power (LSF). Itis a
composite optical and mechanical complex with automatic control systems, com-
prising the heliostat field (62 heliostats), paraboloidal concentrator (with 1906 m?
midship section area-projection of the surface of the concentrator on the plane), and
technological tower. Highly concentrated solar radiation, with energy density up to
700 W/cm?, may be nowadays created in the focal region of the LSF, located in the
technological tower. A set of specialized testing facilities are developed at the LSF,
having not analogues in terms of a number of parameters either in home or foreign
practice. Note that the abbreviation BSF (Big Solar Furnace) is often used instead
of the LSF.

The LSF was put into operation as an experimental-industrial one, in the
summer of 1987 [9, 10].

During Soviet times this unique solar furnace was the leading facility of military-
industrial complex for testing of different materials and equipment to the action of
concentrated solar radiation and for development of advanced ceramic materials for
high-tech industry.

In connection with the change of research direction (from military to peaceful),
the fields of technology of engineering ceramics, fireproof materials of wide range
of applications, particularly for metallurgy, oil and gas complex, power engineering,
machine building, and chemical industries became the major directions of use
of LSF.

Scientists in Uzbekistan have achieved significant results in high-temperature
solar technologies. More than 150 compositions of various oxide materials having
unique properties and serving as the basis for functional, structural, and high-
refractory ceramics have been developed and synthesized at the LSF, and their
thermophysical and other characteristics have been studied. The LSF is a unique
instrument for field studies of high-temperature processes, i.e., on the synthesis and
heat treatment of materials and study of their properties.

Note that such a furnace was previously commissioned in Odeillo, France. This
1000 kW solar furnace was completed in 1970 (Figure 1). The furnace contains
63 orientated mirrors (heliostats), each of 45 m? surface, with 180 single mirror

Figure 1.
General view of the France furnace.
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panes (facets). The movement of this installation is guided by electronic controls
operated by reflected rays. The accuracy of the control is 1 min of arc, but due to
dispersion on the flat glass, 5 min of arc are obtained on the reflected rays. A solar
beam of constant energy is directly horizontally southward to a paraboloid reflector
of 2000 m” intercepted area. This paraboloid contains 9500 single glass panes, bent
by mechanical constraint and adjusted to reflect maximum radiation to the focal
plane, situated 18 m from the apex of the parabola [3, 4, 11].

Technological capabilities of the furnace are described in the works [2-5].

2. Main technical characteristics of the LSF

The LSF as noted above represents a complex optomechanical aggregate with
automatic control systems consisting of a heliostat field and paraboloid concentra-
tor, which form a high-density radiation flux in the focal zone of the concentrator.
The furnace is located 50 km from Tashkent, in the Parkent District. The geo-
graphical location is 41.32°N, 69.74°E; its altitude above sea level is 1050 m.

The LSF heliostat field is formed by 62 heliostats located on the smooth slope of
a mountain (slope 13°) in a checkerboard pattern arranged on 8 terraces. All 62
heliostats of the LSF have a similar structure and dimension. The reflecting surface
of the heliostat with dimensions of 7.5 x 6.5 m is flat and composite and consists of
195 facets with dimensions of 0.5 x 0.5 m and a thickness of 6 mm.
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Figure 2.
(a) Overview diagram of LSF and (b) general view of the LSF.
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The reflecting surface of the concentrator is a rectangular-stepped cutting of a
paraboloid of revolution with a focal distance of 18 m. The height of the midsection
of the concentrator is 42 m, and the width is 54 m. The total area of the midsection
of the reflecting surface is 19906 m” The concentrator consists of 214 blocks. 50
rhomb-shaped facets with sides of 447 mm and different apex angles are installed
on each block. The thickness of mirrors is 5 mm.

In total, there are 22,790 facets; the total area of the reflecting mirrors (facets) is
about 5200 m?; the heliostat field, process tower, and concentrator occupy approx-
imately 2 ha of ground area. Technical characteristics of the installation are also
described in the works [9, 10, 12, 13].

The general pattern of the device is shown in Figure 2a and the general view of
the installation were shown in Figure 2b.

3. Operating experience of the LSF

Some advantages of the LSF should be noted as compared with other solar
furnaces, resulting from the specific nature of the optical circuit of the furnace
and latest engineering developments used in the furnace’s operation: the heliostat
automated control system (HACS), computer vision system (CVS), photometers,
radiometers, melting furnaces of different designs, modern meteorological station
in the territory of the furnace, high-accuracy methods for arranging the furnace’s
reflecting mirrors, various tests and optical benches, etc [14-21].

Some projects have been implemented in recent years at the entity “Sun” of the
Academy of Sciences of the Republic of Uzbekistan, where the LSF is located; the
aim of these projects is to improve its operational characteristics and extend its
functional capabilities.

One of the most significant finished projects is the commissioning of the modern
meteorological station on the territory of the “Sun” entity in 2013 with the financial
support of the Asian Development Bank. This station is equipped with high-
frequency pyranometers and pyrheliometers to measure solar radiation. The station
measures global horizontal radiation and diffuse horizontal and beam normal solar
radiation [20]. As is known, beam normal solar radiation is important for the LSF,
and depending on its level, it is possible to implement certain high-temperature
processes. With the commissioning of the meteorological station, it is possible to
define more correctly and promptly the energy characteristics of the furnace using
the calibration coefficients. Certain types of operations, such as, preventive main-
tenance, adjustment and cleaning of the reflecting elements, regulation of the solar
sensors of the heliostats, different high-temperature processes requiring certain
process modes in the focal zone of the furnace, etc., are performed at the LSF
depending on the climatic conditions and solar radiation level. With the intensive
operation of the LSF, planning of the work on it is important, and the selection of
the type of operations is primarily related to the radiation environment of the
location. For example, according to long-term observations, many high-
temperature processes are carried out when the beam solar radiation has a value of
600 W/m? or larger. At present, various types of operations are planned in advance
at the LSF according to the time of day and season based on statistical processing of
meteorological data.

Efficient operation of the LSF significantly depends on the technical parameters
of the HACS for tracking the Sun due to the specific nature of its optical circuit. At
present, the capabilities of the existing HACS developed from outmoded element
bases do not meet modern requirements, although it functions. This is why a new
modern HACS has been developed at the LSF in recent years; this will make it
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possible to significantly extend its functional capabilities. The new HACS differs
fundamentally from the old one: modern microprocessor circuits are used in the
element bases, achievements in modern information technologies have been
implemented, reliable operation is ensured, and it has high accuracy and flexibility
for the required processing modes [19]. The operational efficiency of the new
system has successfully been tested on one heliostat, and efforts on transferring the
system to other heliostats are planned (2019-2020). As a result, the LSF will have
some new possibilities for practical use.

It should be noted that the third modernization of the control system of the
heliostats of the French furnace has also been completed recently [22].

Furthermore, any complex processing device without a system for monitoring
and measuring its operating parameters and characteristics cannot function
efficiently and reliably. In this respect, the LSF is equipped with modern devices to
measure the density of concentrated solar energy and the temperature of the
studied materials and devices to control the behavior of the high-temperature
processes. They include a high-temperature pyrometer for remote measurement
of the temperature of materials (IMPAC IGA 12, T}, = 3500°C), a thermal
imager (FLIR A655), various radiometers, photometers, digital thermometers, a
computer vision system (developments of the Institute of Materials Science - IMS)
and etc.

Thus, the LSF, in addition to an environmentally friendly melting furnace, is a
unique research tool for high-temperature studies, which has some important
advantages compared to other high-temperature solar furnaces:

1. High power of the furnace, up to 1 MW.
2. High levels of solar radiation concentration, =~ 4500-10,000.
3. Large size of the focal spot of the furnace, ~ 80-100 cm.

4.Sixty-two heliostats, which makes it possible to control the focal energy
distribution.

5. The HACS makes it possible to flexibly control movement of the heliostats.
6.Simulation of 62 aperture-specific concentrators.
7. Control of the behavior of technological processes.

8.The ability to measure and control the optical energy condition of the furnace.

4. Calculation of the optical-energetical characteristics of the LSF: the
general approach

In the helio-engineering practice, different techniques for evaluation of
energetical characteristics of mirror concentrating systems (MCS) are employed,
depending on the purpose, demanded accuracy, etc [23-29]. However, if a big MCS
as a solar furnace in Odeillo (France) or Large Solar Furnace near Tashkent
(Uzbekistan) is concerned, there are specific features which must be taken into
account.

An important feature of a big-scale MCS is the use of multi-heliostat system
to create illumination field on its focal zone. Thanks to this feature, there is a
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possibility of a flexible control upon flux density distribution by individual control
of each heliostat operation regime. This is a very important point for many techno-
logical processes and special investigations.

Exposure distribution of the whole system is the sum of individual exposure
distributions created by particular heliostats. Because of this fact, it is enough to
consider the problem of illumination distribution created by a particular heliostat
for arbitrary moment and given direction of beams reflected from the heliostat.

We will use the Cartesian coordinate system with axes: X (direction to Zenith),
Y (to West) and Z (to South); the center of this system is in the focus of the furnace.
Let the direction of beams reflected from the heliostat be characterized by a unit

vector K (Kx, K, KZ). Then the unit vector of the heliostat’s normal is determined
by the expression

- S+K
N,—_°>T%

oS
|

2 (1+ §I?)

where S is the coordinate of the Sun’s unit vector

Sy = sink; = cos @ cos§ coskt + sin ¢ sind
Sy = coshsinA; = cos J sinkt

S. = coshs cosA; = sin @ cosd coskt — cos ¢ sin§

where § is the declination of the Sun, k = 15 deg./k, ¢ is the geographical latitude,
and ¢ is time.
The angle coordinates of the heliostat A, and %,, are determined by expressions

Ny = sinhy,, Ny = cosh,cosA,, Ng = cosh,sinA,

It is well known that the energy density at arbitrary point A(x,, Va, z,) of the
receiver is determined by integration over the last reflecting surface according to
the formula [23]:

E:JBda,z —JBW(W N,) )

w

where N,,, normal to the surface at point M; dS, elementary area around point

M; N 4, normal of the receiving surface; B, energetical brightness in a reflected
beam.

A generalized approach for determining B is presented in [23].

Integration boundaries in this formula are determined by the coordinate of the

heliostat center position, direction of the reflected beams K , and asimuthal and local
angles A, and %,,, which determine the heliostat’s orientation.

As it is known in large-scale MCS, usually each heliostat illuminates the particu-
lar target area on the concentrator at the given moment [13]. It is easy to see that in
the case of rectangle heliostat, the projection of its borders onto the concentrator
midship section (a projection of concentrator surface into XY plane) will be differ-
ent ellipses. Determination of the integration boundaries is a rather difficult prob-
lem due to complicated shapes. That is why it is desirable to move to the coordinate
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system connected with the particular heliostat. In this case the integrating bound-
aries will coincide with the heliostat borders.

Let us determine the Jacobian of this transformation. The origin of the new
system O is placed at the heliostat’s center; axes OX; and OY} are directed along the
height and width correspondingly and the OZ, axis along the heliostat’s normal. To
determine the Jacobian transformation, we apply geometrical definitions. Consider
elementary area dS on the surface of the paraboloidal concentrator. For the normal

—

N,, at this point, we have

N —x y p
VAT YT+ pt Ayt Ay

where p is the focal parameter of the paraboloid.

A projection of the elementary surface on 4S along the direction of the vector K
at this point will be equal to

dSk :ﬁ

N,.K

In its turn a projection of this area onto the heliostat surface is determined from
the expression

dS, = dx;dy, = B _ as

N,k (N, K) (VoK)

On the other hand, the projection of the elementary area onto the midship
section of the concentrator dS,, has the form

dS,, =dxdy = 135

msz

From these relations we obtain the following expression for the Jacobian
transformation:

| R .

dSm

D=|-x
%

We note that the above presented vector expressions are written taking into

account unit normal of the vectors N, N,, and K. Substituting explicit expressions
for these vectors into the last formula, finally we get

(xKx + 9K, + pKz) (Kysin h, + K, cos h,cos A, +K,cos h,sinA,
P

D=

For the particular case, when K (0,0,1) we obtain obvious formula

D =|cosh, cosA,|
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Below we apply the developed approach to calculation of energetical brightness
at given point of the receiver taking into account errors of reflecting surfaces,
shadowing and blocking effects, etc.

At first the relation between the new and old variables should be determined.
Let us consider point G with coordinates (x1, 1, 0) on the heliostat’s reference
frame. Transformation of this point into the other reference frame FXYZ is
performed by the following expression:

xf X1 X0
Vr | =TiAn) Ta(=ha) | 31 | + | o
zf 0 20

where T; and T, are anticlockwise rotation matrixes around X and Y axes,
respectively [30], and (xo, Yo, 20) are the coordinates of the heliostat’s center in the

FXYZ frame. Now we have to find the intersection point of the vector K with the
surface of the paraboloid, i.e., solve the following set of equations
X —Xf 7y—yf 2=z
K. K, K.
x?+y? —pr+2pz=0

from which we obtain
x =xr +tKy, y :yf+tK, gz =zr +tKs,

where

t_—b—l—vbz—ac
a bl

a =Ky +Kj, b =x;Ky +yK, +pK,,c =xf +y; = 2p,

Exposure B at the given target point A is determined by the inverse ray tracing
method when a ray is directed from this point to the current point M on the
concentrator, then a normal to the reflecting surface at this point is determined,
and the ray reflected in the heliostat’s direction is found. After that the crossing
point of this ray with the given heliostat’s reflective surface and the corresponding
normal at this point is determined. Finally, the direction of the last reflected ray is
found, and depending on the fact, whether this ray hits solar disk (determine the
angle ¢) or not (B = 0), the energetical brightness is determined. Distribution of the
brightness over the solar disk is taken into consideration according to the Jose

formula [23]:
sin?(¢)
B, 1+15641,/1— 30
B(p) =123-2. (o)

Qg 2.5641 ’

where ¢ is the apparent angular size of the solar disk (16 min) and Ej is the
solar radiation.

During the ray tracing procedure, shadowing and blocking conditions of the
given heliostat by other heliostats, technological tower, and other installations are
taken into account.
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The real normal is given with reference to the vector N,,. For this purpose an
auxiliary Cartesian reference frame X'Y'Z" is introduced with the origin at point M

and Z axis, directed along the vector N, i.e.,
L= (L3x> LSya L3z) =N, (Nmm Nmy7 Nmz);
where (Ll,Lz,Lg) are directing unit vectors

The direction of unit vectors may be chosen in different ways, depending on the
character of deviation of the real vector from the ideal one. Let the unit vectors lay

on the meridional and sagittal sections. In this case the unit vectors L; and L, can be
determined via the vector product of previously determined vectors:

[ - —Ls3y, L3, 0
Ly (Lax,lyy,Ly;) = L3 x(0,0,-1) = %
L, +13,

Now, the unit vector L; can be determined using L, and L3:

N - N |:L3xL3za L3ZL3JI7 - (Lg_x + L%y)]
L1: L2 ><L3: ) )
\/ L3x + L3y

The angle between the ideal direction ﬁm and real normal y, which characterizes
angle errors of the surface, is unambiguously determined by two angles p and v,
which are actually its projections onto two mutually orthogonal planes, for example,
meridional and sagittal planes [23]. It is easy to see that the angle y is determined via
u and v, according to the following relation:

tgly = tg’u+ 1g’v (3)

Or if smallness of angles y and v is taken into account

N @)

Now the following expression may be written for components of the real
normal:

Ny =cosytgu, Ny =cosytgy, N =cosy

Error density distribution of BSF reflecting surfaces for angles 4 and v can be
determinate by experiments. Here we supposed that these errors are to be distrib-
uted according to the Gaussian function. For a set of random values y and v,
individually having Gaussian distribution with zero mean, a two-dimensional
probability distribution in the absence of correlations has the form [31].

1 1 (> V2
W(,uﬂ/) = T exp l—i (; + ;)] (5)
H=v v

H
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where 62, o, are dispersions of corresponding random values.

Generation of random numbers with a given distribution function is the special
issue. To obtain pseudorandom numbers with Gaussian distribution function, we
used (after thorough testing) the following expression:

E=a+ o[sin (27n) v/ —2In (712)}

where 5, and 7, are random numbers uniformly distributed over the interval
[0:1]. Note that high-level programming languages have such built-in functions.

Note that in the case of Rayleigh distribution, i.e., when 6, = 0, = 6, an explicit
expression for the distribution density (Eq. (5)) may be derived. Omitting simple
transformations we obtain the following result:

Y 7’
W(y) = 3 exXp <— 202) y>0 (6)

as this takes place

o, =+/Dy = V2

So, the distribution for deviations of the angle y does not obey the Gaussian law.
Experimental results obtained for mirrors of the BSF also indicate the non-Gaussian
character of error distributions.

Now the vector Kf, must be transformed to the basic reference frame:
me = leNxV + LZxNyV + L3xNzV: Nmy = Llnyr + LZyNyr + L3}/NZV)
Nz = L1zNyy + L2zNyr + L3zNzr

Real normals for other reflecting parts may be determined in the same way.

In the case when total errors have distribution law distinct from Gaussian,
direction of the real normal can be determined using the error density distribution
function [31].

It should be emphasized that in view of the character of the integrand function,
chosen approach to solution of the problem, specific features of the algorithm, and
possibilities of modern computers, it is desirable to calculate the integral (Eq.(1)) by
the statistical method (Monte Carlo procedure) [31]. Moreover, in the problem
under consideration, simultaneous determination of exposure values is possible in
all given target points (not only at one point) using one set of random numbers is
possible. In this way calculation steps are significantly reduced.

Corresponding software based on the above described technique has been
developed in Delphi programming language. Using these programs case calculations
of the BSF energetical characteristics are performed.

5. Characteristic features of the energy modes of the LSF
5.1 Preliminary notes and some assumptions
Analysis of the characteristics of the processing modes of material synthesis and

heat treatment, i.e., isochronic maps of the energy density distribution in the focal
zone of the LSF, shows that they are very different. When referring to the energy
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characteristics of the furnace, it is necessary to consider many factors, which are in
a certain temporary state. This is why, when specifically referring to the energy
state of the furnace, it is necessary to provide these factors with the corresponding
information. Despite this, some characteristic features of the energy parameters of
the LSF can be refined, and it is necessary to analyze a large amount of information
on the energy density distribution in the focal zone from certain heliostats, shelves,
and groups of heliostats for the various system conditions in order to determine
them.

The aim of this paragraph is a detailed analysis of the LSF energy characteristics
based on numerical calculations. The peculiarities of the methods for calculating the
LSF energy characteristics and their implementation for specific problems are given
in [25, 28, 29]. Some characteristic features of the LSF energy characteristics are
given in these works but with no detailed theoretical or design analysis.

Each heliostat illuminates a certain area of the concentrator in the normal oper-
ation mode of the device. A scaled circuit of the concentrator midsection with the
block circuits (solid line) and relevant heliostat zones (dotted line) is shown in
Figure 3. The numbers of the heliostats are given in the left angle of their zone. The
upper contour line of the building roof adjacent to the process tower, which insig-
nificantly blocks the light flux from the heliostats, is also shown in Figure 3. As is
clear from Figure 3, the heliostats 55 and 62 are most inefficient (less than 50% of
the heliostat area is used).

The LSF energy spot is formed from the energy contributions (irradiance/energy
density) of certain heliostats. The energy contributions of the heliostats depend on
the place of their location, reflection coefficient, mirror inaccuracy, adjustment
state, etc.

The authors developed a program to calculate the energy characteristics taking
into account the real influencing factors in order to study the peculiarities of the
LSF energy characteristics [25]. The program uses Monte Carlo method to calculate

TN el el e ] e | [ |-
| 1 ‘2‘ :3 ?I'I H : y:*.-.'.l:L-cL
B AR Ao :
........... E 2118 20, 1 2] 1.k
& | |® Al el | @ ® | |o] | & @
1 I i L. O - T LY N T OO WO &1 O . O
® lilal | o [e][m]|]|e |o [|al] |e
7 2 bl - %] | 2 = 7 =
wRHEEE 0 L (m ® = H B\
3= r yip T b BT i I
®|l|lal|le||m: @®||e|lAal]e
) . O LI 8 o - HEEIN %] 1%
oL Al le *— teo i 2@
a7 | i} kg = 5 5?_ | 53 54 |
oA FTTATTeTTe
o bl | =] = ol Jof L Je]
By M =%, . ' ’ ] 0 Hsek
Figure 3.

Midsection of concentrator of blocks of facets and corresponding zones of heliostats.
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the integral. Comparative analysis of the calculation results shows that the calcula-
tion accuracy is 2-4%. The intensity of the solar beam is determined by
backtracking of the beam path. The program interface is shown in Figure 4, along
with the layout of the heliostats and numbers of the heliostats of certain shelves.

The input parameters of the program are the beam solar radiation E, [W/cm?];
R, and Ry, are the reflection coefficients of the mirrors of the concentrators and
heliostats, the root-mean-square mirror inaccuracy of the heliostats o, and concen-
trator o,, the relative boundaries of integration of the heliostats, the number of
points in the focal plane, the number of playouts in the Monte Carlo method, etc.
The energy density distribution was determined for a flat receiver located in the
focal plane of the concentrator in all calculations.

In the solar energy problems, the reflecting properties of the real mirror are
characterized by the root-mean-square angular inaccuracy ¢ defined as a root-
mean-square value of deviations of the real normal from the ideal (y). It is assumed
in many calculations that the meridional (1) and sagittal (v) components of the
angle of deviation from the normal (y* ~ u* + v*) obey a Gaussian law for integral
paraboloid concentrators [23]. The sagittal component of deviation v is often
neglected. However, in the case of the LSF, due to the large sizes of the device, the
curvature of some concentrator facets (with dimensions of 45 x 45 cm in various
sections), especially the peripheral facets, is very similar and small; i.e., the facets
are almost isotropic reflectors. The reflecting surfaces of the heliostats also consist
of flat reflectors. For this reason, it is assumed in calculations that the probability
distribution of the deviation of the mirror normal y obeys a Gaussian law with
dispersion o. In other words, if the direction of the real normal relative to the ideal is
expressed by the formula

l, = sinycosg, I, = sinysing, I, = cosy,
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Figure 4.
Program interface.
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y varies according to a Gaussian law with dispersion ¢, and ¢ varies uniformly
within 0-2x.

This program was used to carry out some sequences of the numerical calculation
to determine the irradiance distribution (energy density) of certain heliostats,
shelves of heliostats, groups of heliostats, and the entire LSF with different inaccu-
racies of the reflecting surfaces of the heliostats and concentrator (1-10 angular
minutes).

5.2 Analysis of the results of numerical calculations
5.2.1 Analysis of the energy characteristics of the whole system

The scope of calculations is quite large, which is why some peculiarities of the
LSF energy characteristics are revealed from analysis of data, which are given
below.

Figure 5a shows the dependence of the focal irradiance Er on the mirror
inaccuracy of the heliostats ¢, and concentrator o (Eq = 700 W/m? R, = R, =0.6).

The mirror inaccuracies of the heliostats o, are measured on the horizontal axis.
Some individual lines correspond to various inaccuracies of the concentrator mir-
rors o,. It is easy to see that the change in focal irradiance is expectedly more
sensitive to mirror inaccuracies of the concentrator than the heliostats. However,
beginning with 2.5-3.0 angular minutes, the influence of the mirror inaccuracies of
the heliostats and concentrator on the character of the irradiance distribution does
not significantly differ and is approximately similar. In practice, we have the mirror
inaccuracies within 3-10 angular minutes. This is why, for decreasing (by an order
of magnitude) calculation variants, it is assumed that the mirror inaccuracies of the
heliostats and concentrator are similar (o, = 6, = 6). As mentioned above, it is
considered that these mirror inaccuracies obey a normal law of errors. Under such
an assumption, the dependence of the focal irradiance of the LSF on the mirror
inaccuracy will be a function of one variable, which can be represented as the
following empirical formula:

Erp

_ 43578EoRyRy w
~ 1-0.0340 + 0.02862 Lmz]

where o is the root-mean-square mirror inaccuracy per minute. The relative
error of this formula is no more than 1.2%. A diagram of this dependence is shown
in Figure 5b.

Let us consider the size of the focal spot in different cases. Usually, the value
where the irradiance is 10% of the focal irradiance is selected as the size of the focal
spot in solar concentrators. In the case of the LSF, for descriptive reasons and
convenience of analysis, various levels of irradiance within 3-11 W/ cm? were used
as the contour (isometric) line of the focal spot. The contour lines of the focal spot
for various mirror inaccuracies (Eq = 700 W/m?, R, = R, = 0.6) are shown in
Figure 6.

A certain idea of the character of the irradiance distribution for various mirror
inaccuracies can be obtained from this, taking into account the value Er from
Figure 5b. It can be seen that the shape of the focal spot is not round, but a bit
prolate along the horizontal axis. This is evidently related to the shape of the
midsection of the concentrator. It can be also seen from Figure 5b that beginning
from the second or third minute of the mirror inaccuracy, the character of the
energy distribution (extension of the spot contour line) varies gradually and
relatively uniformly as a function of o.
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Figure 5.
(a) Dependence of focal irradiance Er on the mirvor inaccuracy of the heliostats 6, and concentrator 6, and
(b) dependence of focal irradiance Er on the mirvor inaccuracy (case o, = o).

Thus, as follows from the given analysis and without violating the generality of
the results, the characteristic parameters of the LSP can be calculated, and its
energy characteristics can be analyzed on their basis. On the basis of this data, the
energy characteristics of the furnace can also be estimated for its other parameters.
The following values were used as the characteristic parameters of the LSF:

Eq = 700 W/m? is the beam solar radiation, and R,, = iz = 0.6 is the reflection
coefficient of the mirrors of the concentrator and heliostats; the mirror inaccuracies
of the concentrator and heliostats are 6 = 7 (¢ = 6, = 7,) angular minutes.
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Figure 6.
Contour lines of focal spot.

Figure 7 shows the dependence (in the section) of the irradiance distribution in
the focal zone of the LSF for the specified parameters with various inaccuracies of
the reflecting mirrors.

Figure 8 shows the energy density distribution in the focal zone of the LSF in the
form of isometric lines with equal irradiances and its three-dimensional
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Figure 7.
Irradiance distribution in the section of focal zone of LSF.
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Figure 8.
(a) Energy density distribution from total system (isometric lines) and (b) energy density distribution from total
system (three-dimensional).
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representation specifying the irradiance levels. The maximum energy density at the
center of the spot is 506 W/cm?. The asymmetry of the focal spot can be also seen in
the quantitative measures in Figure 8.

It should be noted that the furnace power in the selected parameters has a value
of Wy = 0.600.6¢700 W/m?¢1906m? = 480.3kW. To check the correctness of the
calculations, the amount of light energy per unit time (power) arriving at the focal
zone of the LSF is determined in all calculations, and it was compared to the W,
value. It turned out that the difference between these values does not exceed 2-3%.

5.2.2 Representation of the calculated data by empirical formulas

Calculations are carried out to select the empirical formulas for the best approx-
imation of the two-dimensional calculated data. The selection of the different types
of functions shows that for this purpose, a two-dimensional Gaussian function
(with six parameters) gives the best fit, which is given by

1/x—x\> 1 Y=y 2
E(x,y) =Eo + A exp _i< > ——(—c> )

Wy 2\ w,

The LSF conditions with various inaccuracies of the reflecting mirrors are con-
sidered, and the parameters of the empirical formulas and standard root-mean-
square deviations of irradiance are determined for each case according to the fol-
lowing formula:

- F,-N_l(a ~E(s.,))’

N

where 7 is number of the current points, E; is the calculated data, and N is
point number, in our case, 2601. Table 1 gives the determined parameters of the
two-dimensional Gaussian functions and E, values for the various mirror inaccu-
racies of the heliostats and concentrator.

It is clear from Table 1 that with an increase in mirror inaccuracies, the empir-
ical formulas describe the calculated data better. Despite this, when using these
formulas, it is necessary to make certain in each case that it is possible to use them.
It should be noted that in all cases, the total power of the focal spot determined
using the empirical formulas almost coincides with the power value determined
by the calculated data. It also should be mentioned that in all cases, the sum of

6, MUH Eo A X, wy Ve w, E,

Cc=0g=2 4.71 1164.28 0.00006 0.074 0.00014 0.079 12.25
O¢=0g = 7.02 840.87 0.000095 0.084 —0.00022 0.09 8.21
G. =0y = 9.24 474.82 —0.00031 0.106 0.00015 0.115 7.34
0. =0y =10 10.53 290.26 0.0004 0.129 0.00058 0.139 6.10
G.=0g=12 11.03 217.65 0.00056 0.143 0.00031 0.155 5.35
Gc=7,05=5 8.79 572.7 0.00054 0.098 0.0004 0.106 7.97
G.=7,05=4 8.58 624.0 0.00039 0.094 0.000024 0.102 8.21
6.=505=3 7.24 841.64 0.00031 0.084 —0.00012 0.09 8.42

Table 1.

Parameters of empirical formulas.
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(E; — E(x;y;)) over all points is approximately zero. The empirical formulas were
determined using the OriginPro8 graphics package (www.originLab.com).

5.2.3 Analysis of the power characteristics of the focal spot and average concentration

The value of the spot power and average radiation concentration in certain zones
of the focal spot is important for some problems. The spot powers W in different
square zones with the center at the focus of the concentrator (d is zone diameter)
and average radiation concentrations E,,, in these zones are determined (Figure 9).

5.2.4 Analysis of the energy characteristics of certain LSF shelves

The energy characteristics of certain LSF shelves are also studied.

The three-dimensional irradiance distributions of certain shelves of heliostats
are given for comparative analysis in Figure 10. The irradiance levels are specified
in the belt lines. It is clear from Figure 10 that the contribution of shelf 1 is the
smallest from the viewpoint of the maximum irradiance, and the spot is more
prolate along the X axis (vertically). The irradiance distributions from shelves 2, 3,
and 8 have an approximately round symmetry. It is also seen that the focal spot of
shelves 4, 5, 6, and 7 is more prolate along the Y axis (horizontally). The focal
irradiance is maximum for shelf 4. The vertical section of the irradiance distribution
from certain shelves is shown in Figure 11. The maximum values of irradiance by
the heliostat shelves are as follows: 19, 41, 69, 93, 80, 80, 72, and 52 W/cm?, and
their sum is 506 W/cm?. The quantitative characteristics of the irradiance distribu-
tion of certain shelves can be determined from the diagram.

Note that inclusion or exclusion of some individual shelves of heliostats in the
tracking mode allows a certain set of possible irradiance distributions to be
obtained. It is easy to see that the number of variants of inclusion/exclusion of the
heliostat shelves N,, is 256. Actually,
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Figure 9.
Power and average concentration in different zones of focal spot.
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Figure 10.
Three-dimensional energy density distribution from certain shelves of LSF heliostats.

Figure 11.
Energy density distribution from certain shelves of LSF heliostats.

Figure 12 shows the dependence of the maximum irradiance (points in the
diagram) of the distribution on the number N of the variant of inclusion/exclusion
of the heliostat shelves. For example, the entry 01111111 means that all shelves
except for first are engaged. Transfer from the number of the variant N to such a
type of the entry is as follows: N is converted to the binary representation, and the
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Figure 12.
Variants of inclusion/exclusion of shelves of LSF heliostats.

obtained number is read in reverse order. For example, 254, = 11111110,, and the
entry (combination) has the form 01111111. In the figure, the line Example corre-
sponds to the required maximum density 325 W/cm?, and such energy density is
achieved using four variants: A, B, C, and D.

5.2.5 Heliostat rearrangement and its enevgy characteristics

Let us consider the energy characteristics of certain heliostats of the LSE. The
focal irradiances and character of irradiance distribution of the heliostats signifi-
cantly differ from each other. Analysis of the calculation results showed that the
relative focal irradiance (normalized to the focal irradiance of the LSF) of the
heliostats varies insignificantly with various mirror inaccuracies. In Table 2, this
data is presented for 33 heliostats, taking symmetry into account.

Note that the maximum contribution of the heliostat to the focal irradiance is
higher when the center of the heliostat is closer to the optical axis of the concentra-
tor. This is why the heliostats can be grouped according to this principle. It can be
expected that the shape of the focal spot of certain groups will be more symmetric.

No. % No. % No. % No. % No. %

1 0.67 2 0.56 3 1.05 6 0.45 7 1.38
8 112 9 2.06 13 0.44 14 0.79 15 2.18
16 1.74 17 3.21 22 0.79 23 1.04 24 2.96
25 2.41 26 4.34 31 0.93 32 12 33 3.45
34 2.25 39 1.02 40 0.97 41 3.39 42 217
47 0.8 48 1.04 49 2.96 50 2.34 55 0.25
56 131 57 1.24 58 2.55

Table 2.

The relative focal irvadiance of the heliostats.

130



Thousand kW High-Temperature Solar Furnace in Parkent (Uzgbekistan) — Energetical...
DOI: http://dx.doi.org/10.5772/intechopen.83411

Based on the analysis of illumination of the concentrator by the heliostats, four
groups of heliostats are distinguished. The heliostats with a close distance from the
optical axis of the concentrator are combined in each group. The numbers of
heliostats in these groups are as follows:

Group 1: 26, 34, 35, 42, 43, and 5 heliostats (1-5, rectangle).

Group 2: 16, 17, 18, 24, 25, 27, 28, 33, 36, 41, 44, 49, 50, 51, 52, 58, 59, and 17
heliostats (6-22, circles).

Group 3: 8, 9, 10, 15, 19, 23, 29, 32, 37, 40, 45, 48, 53, 57, 60, and 15 heliostats
(23-37, triangles).

Group 4:1, 2, 3, 4,5, 6,7, 11, 12, 13, 14, 20, 21, 22, 30, 31, 38, 39, 46, 47, 54, 55,
56, 61, 62, and 25 heliostats (38-62, rhombs).

The new number of the heliostats is given in brackets. In Figure 3, heliostats
belonging to one group are designated, respectively, by rectangles, triangles, circles,
and rhombs. As the analysis of the numerical calculations has shown, the shape of the
focal spot of certain groups of heliostats is almost symmetric, except for group 4,
where a slight asymmetry is observed. This is why the energy density distributions
from certain groups in the horizontal section (Y axis) are shown in Figure 13.

In the general case, to determine the necessary possible focal irradiance (or the
required irradiance), it suffices to construct a diagram of the dependence of the
cumulative sum of the focal irradiance on the number of the heliostat, i.e.,

yon) = S By n=1-62
i=1

This diagram is similar to that in Figure 12 in the character of construction; only
the new numbers of heliostats are measured on the horizontal axis. A diagram of
function y(xn) for such a new group of heliostats is shown in Figure 14.

5.2.6 Analysis of the focal spot of the individual heliostats

The authors performed a comparative analysis of the energy density distribu-
tions from certain heliostats. The focal irradiances of certain heliostats can be
determined from Table 2, knowing the total focal irradiance of the LSF, 506 W/ m?.
The isometric line corresponding to a value of 1 W/cm” is selected from the
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Figure 13.
Energy density distribution from certain groups of heliostats.
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Figure 14.
Increasing energy density from certain groups of heliostats.

two-dimensional diagram of the irradiance distribution from a certain heliostat
represented as isometric lines of a similar irradiance. It is clear that this isometric
line corresponds to the contour line of the focal spot of the considered heliostat.
The contour lines of the spots of certain heliostats (33 heliostats) are shown in
Figure 15a and b. For descriptive reasons, so as not to overload the diagram, the
heliostats are conditionally divided into two groups, central (left) and extreme
(right). The contour line of the focal spot of the selected heliostat can be accurately
traced from the diagram.

The character of the energy density distribution can be estimated if the
maximum irradiance and geometry of the focal spot of the heliostat are known.

5.2.7 Analysis of the changes of the energy distribution within a day

One of the most important problems is the change in the focal energy density
distribution within a day, occurring due to the daily variation in beam solar radia-
tion. As an example, Figure 16 shows a diagram characterizing the change in the
focal energy density distribution along the horizontal axis of the LSF. For the beam
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Figure 15.
Contour lines and orientation of focal spots of certain heliostats of LSF (Figures in contours - numbers of heliostats)
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Figure 16.
Variation in energy density within 1 day.

solar radiation, a clear sunny day is selected according to data from the Parkent
meteorological station: 18 June 2013. It can be seen from Figure 16 that within the
time interval of 10:00-16:00, i.e., within 6 h (13:00 is approximately midday), the
character of the energy density distribution does not change significantly. It should
be noted that a similar analysis should be carried out for other periods of time.

6. Conclusion

Let us note, lastly, that the performed theoretical and design analyses of the LSF
energy characteristics and their revealed features, general patterns, and presented
detailed data allow to correctly determine the configuration parameters of the LSF
for various required process modes in the focal zones of the furnace. The long-term
experience in application of the LSF for synthesis and thermal processing of various
high-temperature materials has shown that the accuracy in implementing certain
process modes significantly affects the final characteristics of the product. This is
why the obtained results have important practical value for efficient operation of
the LSF of the Academy of Sciences of the Republic of Uzbekistan.
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