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Abstract

This paper gives an overview of energy harvesting techniques for generating electrical
power from ambient energy such as vibration, heat and light. Typically, the electrical power
is used to energise sensing systems and their associated communication channels, which are
often wireless in nature. The amount of electrical power generated is in the region of tens
of micro watts to hundreds of milli watts. The use of assets in service generally results in
some form of ageing as a consequence of elevated temperature, chemical degradation,
absorption of energetic radiation, mechanical wear, etc. and, as a consequence, as time
progresses, the probability of failure increases. In some situations, it may be acceptable on
grounds of cost and consequent impact to accept periodic failure and asset replacement
while, in many others, such a strategy is unacceptable such that regular maintenance,
condition assessment, life prediction and pre-emptive replacement must be carried out. A
clear example of this is in connection with mass transport, notably aviation, where the
impact of catastrophic failure can be dire. Condition assessment may be achieved through
periodic examination or by continuous monitoring but, in many circumstances, the latter
approach has much to recommend it. This commonly involves the measurement of relevant
parameters and the subsequent export of data for decision making. Such systems require
sensors, data logging, communications hardware, etc. plus a source of energy. A broad
overview of energy scavenging techniques is presented, along with an assessment of useful
materials for each mode of harvesting.

1. Anintroduction to energy harvesting systems

Energy harvesting is the process of translating ambient energy (heat, light, kinetic etc.) into
electrical energy that can be used to power devices or systems. In some applications the
ambient energy is available continuously, whereas in others it is intermittent. A classic
example of the latter is the use of solar cells, which do not receive light during the night and
hence require a secondary storage device to retain the electrical energy during times when
the input is low or non-existent. Common forms of secondary storage elements include
rechargeable batteries, capacitors or supercapacitors, which can typically provide more than
10 times the energy per unit volume than the electrolytic equivalent. A variety of examples
of harvesters is shown in Figure 1. Typically, the amount of power generated is limited to a
small fraction of a watt and is used for activities such as sensing and signal transmission. The
main types of harvesting mechanism will be discussed further.
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Figure 1. Examples of energy harvesting mechanisms. (a) thermoelectric generator, (b) photovoltaic
generator, (c) triboelectric generator, (d) model of a linear, inertial kinetic harvesting generator, (e)

radio frequency energy harvesting.

1.1 Thermal

Thermal energy is harvested by exploiting the thermoelectric effect, in particular, the
Seebeck effect. This is also often used for temperature sensing in the form of
thermocouples. It occurs when a junction of dissimilar metals, or semiconductors, is at
different temperature to that of the open ends. For thermoelectric generators, it is typical
to have an array of semiconductor junctions in order to maximise the electrical power




output, as shown in Figure 1 (a). The Seebeck coefficient, a, relates the voltage produced to
the temperature difference between the ‘hot’ and ‘cold’ sides of the generator. A figure of
merit, Zr, describes the performance of thermoelectric generator and is given by:
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Where ¢ is the electrical conductivity (S/m) and k is the thermal conductivity (W/m-K).
Hence for a fixed value of a, Zr is maximised for materials that possess good electrical
conductivity but poor thermal conductivity and there are very few materials with such
properties. The value of the Seebeck coefficient is related to the material selected. Typical
metals and metal alloys (copper, constantin, iron etc.) have values of up to 100 pV/K.
Semiconductors (silicon, germanium) have Seebeck coefficients with values up to 1000

uV/K). These values are often traded off against a deterioration in the value of ¢ and/or k
and hence optimising Zr is not a trivial task.

Additionally, maintaining the temperature difference across the thermoelectric generator
(TEG) is often an issue and requires the use of a heat sink, which can occupy a similar
volume to that the thermoelectric device. This means that the overall energy density is
considerably reduced if the volume of the heat sink is considered. Practical thermoelectric
generators are therefore often bulky and generate power levels of a few hundred micro
watts per cm? for temperature differences of around 10°C.

1.2 Photovoltaics

Photovoltaic cells are very popular consumer devices that can be used to supplement the
electrical supply in domestic scenarios, often capable of generating kilo watts of electrical
power. Photovoltaic cells convert natural sunlight (or occasionally artificial light) into
electricity by the absorption of photons onto semiconducting substrates, which can use the
energy to release electrons (and hence produce current) via the photovoltaic effect as
shown in Figure 1 (b). Power densities of a few hundred mW/cm? can be produced in bright
sunlight, but this can drop dramatically in poor light conditions. Hence, they have limited
use in energy harvesting applications where there is a need to embed the sensor/harvester
within a structure (i.e. with no access to a light source).

1.3 Triboelectrics

The triboelectric effect refers to the generation of electricity from two materials, which
have been in contact with each other. One of the materials will have a tendency to gain
electrons, whilst the other will lose electrons. Friction between the two materials (typically
polymers such as polyimide, PTFE, PDMS etc.) will produce charge, which can be collected
on electrodes. It is often seen in everyday life when experiencing static cling when removing
clothes or stroking a cat’s fur. Although the triboelectric effect was first discovered over two
hundred years ago, its use as an energy harvesting technique has only been exploited within
the past decade or so. In terms of energy harvesting, the term TENG, or TriboElectric Nano
Generator is often used, indicating that many devices are based on nanomaterials. There
are several ways to operate these devices, such as vertical contact separation (Figure 1(c)),
lateral sliding or single electrode mode. Typical power densities range from 10 -100
mW/cm3.



1.4 Kinetic energy

Perhaps the most advanced commercial method of energy harvesting is that which exploits
the use of kinetic energy. The Seiko Kinetic watch (1988) [1], is an early example of how the
motion of the human arm can be used to power a watch, requiring only a few tens of micro
watts to function. The same principles can be adopted to generate differing power levels in
different scenarios.

1.4.1 Theory of kinetic energy harvesting

Most examples of kinetic energy harvesting are tailored towards the use of ambient
vibrations, which can be converted into electrical power. The vibration energy is coupled to
an inertial frame, which transmits the vibrations to a suspended inertial mass. There is a
relative displacement between the mass and the reference frame and the overall system
therefore has a resonant frequency, which must be matched to that of the vibrations. This
can be modelled as a classical spring, mass and damper linear system as shown in Figure
1(d).

The electrical power is generated according to the transduction mechanism employed
within the damper. The maximum power that can be extracted when operating at the
resonant frequency, wn is given by [6]:
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Where m is the value of the mass, A is the applied acceleration and {7 is the damping ratio of
the transducer (damper). This demonstrates that the idea harvester would have a large
mass, be excited at a high acceleration level, have a low resonant frequency and a low
damping ratio. For practical generators, there will obviously be limits on size, weight and
structural geometry impositions.

Essentially, there are three main methods that are commonly used to extract the electrical
signal: electromagnetic, piezoelectric and electrostatic as shown in Figure 2. These will be
discussed below.

1.4.2 Electromagnetic

This method is based on the principle of electromagnetic induction discovered by Faraday in
1831 and involves the generation of current as a result of a conductor (likely to be a coil)
moving in a magnetic field. The amount of electricity generated is a function of the strength
of the magnetic field, the velocity of the relative movement and the number of turns in the
coil. Many structures comprise a resonating cantilever beam with attached permanent
magnets, which act as the seismic mass, positioned around a coil [2].

1.4.3 Piezoelectric

The piezoelectric effect, discovered by J and P Curie in 1880, is found in certain materials
that become electrically polarised when they are subjected to mechanical strain.
Conversely, the materials deform when subjected to an applied electric field. Piezoelectric
materials are available in many forms, including single crystal (quartz, Rochelle salt),



piezoceramic (barium titanate, lead zirconate titanate (PZT)), and polymer materials such as
polyvinylidenefluoride (PVDF). Hence, such materials have been investigated for their use in
kinetic energy harvesting; of particular interest are those materials exhibiting a high values
of charge coefficient, for example the piezoelectric coefficient d, which describes the charge
produced per unit applied force (C/N). Applications studied include human-powered
systems using piezoelectrics in shoes [3], cantilever-based vibration harvesters [4] and
wave-powered harvesting eels [5].

1.4.4 Electrostatic

Many electrostatic harvesters are based on the principle of moving an electrode configured
as part of a parallel capacitor structure. If a voltage exists between the electrodes, then
there is an electrostatic force across the capacitor. Hence an external mechanical force can
overcome the electrostatic force and result in an increase in the voltage (or charge). There
are three main types of structure used in such harvesters: an in-plane varying area of
overlap, an in-plane varying gap, or an out-of-plane varying gap [6]. The main drawback of
electrostatic generators is the requirement for an initial applied voltage, which means that
they require an external energy source before they produce their own electrical output. The
advantage of using these harvesters are their broadband responses at low and high
frequencies of excitation.

1.4.5 Electrets

An electret is a dielectric material that has a quasi-permanent charge and hence there is an
analogy to that of a permanent magnet. Early types of electret were made from wax, which
had been melted and polarised under a high dielectric field and allowed to cool to room
temperature. Modern electrets are made from types of polymer, glass and ceramics. Micro-
Electro-Mechanical Systems (MEMS) electrets can be made from silicon nitride and silicon
dioxide. To make a functioning electret, charges need to be implanted into the material.
This is usually achieved by applying a high voltage across the sample, often by a corona
discharge technique. Electrets can be used as the transduction mechanism in kinetic energy
harvesting systems in a similar way to those modes adopted with electrostatic techniques
[7]. For example, if the underside of a beam (non-piezoelectric) shown in Figure 2(b) was
coated with a metal electrode layer and an electrode were to be mounted in a fixed position
underneath, then a variable gap device is developed.
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Figure 2. (a) electromagnetic, (b) piezoelectric, (c) electrostatic and (d) electret energy converters.

1.5 Ambient electromagnetic

There are two main types of ambient electromagnetic harvesting: wireless charging and
radio frequency harvesting. The former has been used as the principle for charging electric
toothbrushes for many years. Modern day wireless technologies, such as those used for
charging mobile phones, operate over relatively short distances (a few cm). Closely coupled
inductive systems require a time-varying magnetic field in one coil to induce a currentin a
second coil. Additional capacitance is added so that the two coils have the same resonant
frequency, thereby ensuring maximum efficiency. Typical charging distances are limited to a
few centimetres, but there are some commercial systems that claim to be able to charge
over several metres.

Radio frequency (RF) energy harvesting is the process of converting ambient
electromagnetic energy into electrical power as shown in Figure 1 (e). An antenna is
required for collecting the electromagnetic radiation from the environment and the signal
can then be rectified, using an ultrafast diode to convert it to DC. The physical size of the
antenna and the need to align it with the transmission source can often pose significant
limitations on positioning the systems being powered. The addition of a power management
circuit is often need so that the voltage can be regulated and boosted to an appropriate
level for powering the associated electronics. The received power varies inversely with
distance squared, hence transmission distances are often limited. Pinuela et al [8] describe a
series of experiments undertaken within an urban or semi-urban environment for
frequencies ranging from 0.3 to 3 GHz in the spectrum. They conclude that 50% of the 270
London underground stations could provide sufficient RF energy to power an electronic
system, obtaining several uW/cm?3.

Table 1. Summary of the power output from energy harvesting devices in e-textiles, non-wearable and large-scale
applications.

Energy harvesters Power output of Power output of non- Power output of non-
e-textile devices textile devices (small textile devices (large
scale applications) scale applications)
Ferroelectricity 5.6 uW/cm? [30] 214 uW/cm? [31] n/a
Piezoelectricity 1.1-5.1 pW /em? [32], 64.9 UW /cm? [34] 24 W [39]
1.9 uW/em’ [33]




Triboelectric 1.88 mW/cm? [35], [36] 120 mW/cm? [37] 50 mW/cm?[40]

Thermoelectric 44.4 pW/em?*[38] 600 pW/cm? [38] 1000 W/m?[41]

Electromagnetic 8.7-2100 uW/cm’ [42] 100-300 pW/cm?3 [43] 0.05 W/cm? [44]
Electrostatic 0.5-100 pC/cm’K [45] 9 uW/ cm? [46] n/a
Radio Frequency PCE=50.5%, at 0.25 PCE=50% at 0.22 n/a

uW/cm?, at 820 MHz uW/cm?, at 2.4 GHz [48]
[47]
Photovoltaics PCE=10%, 10 uW /cm? PCE=47.1%, 47.1uW /cm? 1000W/m?[51]
[49] [50]

Table 1 provides a summary of a variety of different types of energy harvester. Three
scenarios include body-worn (e-textiles), off-body and larger scales devices. PCE refers to
the Power Conversion Efficiency.

2. Energy Harvesting for Next Generation of Aircraft Systems

The desire to build lighter and more efficient aircraft systems in order to reduce fuel
consumption and maintenance, has led to an increase in the need for structural health
monitoring. Self-powered sensors with energy harvesters can help to reduce weight,
maintenance costs and the energy drawn from the aircraft power system. Currently, one
way of providing power sources for the electrical component is by using a rotational
generator and harvesting the kinetic energy from a gas turbine. To provide flexibility, reduce
cabling, and increase the wireless sensing capability inside the aircraft, other forms of
energy harvesters have also been studied.

Two categories based on the power level, low-power (uUW to mW) and high power (mW to
kW) output are considered for aircraft energy harvesting. Thermoelectric, radio frequency
[9], piezoelectric [10], electrostatic, triboelectric, electromagnetic induction, variable
reluctance [11], and photovoltaic are examples of low-power output sources; regenerative
braking and electromagnetic rotational generators are examples of high-power output
sources. Low-power output energy harvesters can be used for self-powered sensing and
condition health monitoring [12], while high power energy harvesters can be used for
propulsion and actuation.

2.1 Energy Harvesting for Aircraft Condition Health Monitoring

Thermoelectric generators (TEGs), which convert heat energy into electricity using the
Seebeck effect, have been studied more than other energy harvesters for aviation
applications [12]. Although these harvesters are compact and robust, they currently have
low efficiencies and low power densities. For example, a power density of 5.26Wcm™2 is
achieved with a 500°C temperature difference between hot and cold sides [13]. Under the
ambient temperature variation, the maximum output power can reach 0.6 mW, which
corresponds to a power density of 37.5uWcm™2 [14]. The power density is proportional to
AT?(where T is the temperature difference) and hence the use of thermoelectric generators
in aircraft has been limited to powering wireless sensor nodes, which can be used for
structural health monitoring [15,16].
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Figure 3. (a) Schematic of a TEG device proposed for energy harvesting and installed close to the front left door
of an aircraft for testing during flight [14] (b) Bismuth-telluride TEG from KE-Technologie with internal oil
cooling. To simulate the environment inside the aircraft engine, the TEG is tested inside a chamber surrounded
by hot oil and it is placed on a hot plate and tested for a simulated flight from London to Frankfurt [15].

Figure 3 shows the example of TEGs being tested for aircraft wireless sensing. Two novel
techniques have been adopted to maintain temperature gradient for the TEGs, using a
phase change material (PCM) as a heat storage on the hot side (Figure 3(a)) and oil
circulation used for bearing lubrication and cooling to cool down the colder side (Figure
3(b)). The PCM is capable of storing and releasing a large amount of heat, which can create
temperature difference from transient temperature variation [15]. These examples show
that by improving the integration of the TEGs in different applications the overall system
efficiency will be increased along with advancement in improving the TEGs figure of merit
Zr.

2.2 Energy Harvesting for Aircraft Propulsion

The concept of the electric aircraft offers many potential benefits but also challenges for the
design and overall efficiency of the aircraft. Electrical systems on aircraft have traditionally
been powered by hydraulic, mechanical, or pneumatic power sources. By increasing the
number of electric components in hybrid, and full electric aircraft, the need for providing
energy at different power levels is becoming paramount.

Kinetic energy harvesting has the potential to be used for low-power (UW to mW) and high
power (mW to kW) applications. Energy harvesting from regenerative braking has enabled a
vehicle’s kinetic energy to be converted back to electrical energy during braking or
deceleration resulting reduction in fuel consumption [17]. In railway applications,
regenerated electricity is fed back to the power supply after being stored in a battery or a
supercapacitor [18]. In aviation, regenerative breaking can be achieved by using landing
gear-based motors during the braking phase or by using propellers as a windmill [19]. The
energy generated upon landing can be stored in rechargeable batteries for later use in
providing a source for motive power to the aircraft wheels for taxiing and ground
manoeuvres of the aircraft [20]. Due to variation in temperature, degradation because of
frequent charging and discharging, and limited life of batteries, the maintenance and
replacement procedure for the batteries are the limiting factor and more studies are
needed to certify these systems. This is one of the main reasons why a technique from



automotive industry cannot directly be applied to aerospace industry and more tests are
needed for certification.

Electric taxiing is the concept of avoiding the use of the main aircraft engines on airport
taxiways. Instead of burning fuel unnecessarily, the aircraft uses small onboard electric
motors to drive the wheels [21]. This is advantageous for airlines, since it can reduce fuel
burn by four percent (for the Airbus A320[22]), reduce expenses and carbon dioxide
emissions as well as reducing operating demands from human and material resources. An
electrical generator can harvest the excessive power generated by the propeller that is not
needed for propulsion during flight. The regenerative possibilities can be achieved by
reducing the propeller pitch to use them as wind turbines while flying in rising air currents
[23]. A similar concept has been adopted in electric propelled gliders [24]. Electric machines
that can perform as a motor and generator can be integrated to the propellers or to be built
into the hub of the main gear wheel for regenerative braking by using landing gear-based
motors [25]. Permanent magnet machines and switched reluctance machines can operate
as either a motor or generator.

Another approach to capture the mechanical energy of propellers as windmill is piezo-

windmill excited by rotating magnets as shown in Figure 4. The piezo-windmill has been
fabricated and tested for low-speed applications such as wind energy harvesting [26].
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Figure 4. Structure of the piezo-windmill [25], where piezo-cantilevers are excited by the interactive repulsive
force between the two magnets, which are located on the rotating part and attached to the piezoelectric
device.

In comparison to electrical generators that can produce W to kW range power, the
piezoelectric-windmill will generate power in the range of mW to W. The challenges are the
integration of the technology and the robustness of the piezoelectric beams under load
variations during the life cycle of the energy harvester. However, in comparison with
electromagnetic and thermoelectric harvesters, piezoelectric materials are not affected by
the change in altitude.



Currently energy harvesting technologies at kilo to megawatt power levels are being
researched to identify, capture, store and re-use the energy during flight, braking, and
taxiing [27]. Energy harvesting technologies can be developed for hybrid-electric propulsion
although issues with electromagnetic interference, partial discharge, and thermal losses
need to be studied for high power energy harvesting. Research indicates that emissions
within the aviation industry are mainly CO, and NOy and these can contribute to
environmental issues such as global warming. Hence, one of the primary challenges facing
the aviation in the coming decades is achieving net zero emissions [28]. Advancement in
technologies such as energy harvesting is required and is as important as the development
of high-power density batteries and fuel cells, where recyclability and safety aspects are still
of concern.

3 Energy harvesting for condition monitoring in the rail industry

Over the past few years, monitoring of the rolling stock and rail tracks using MEMS has
become prevalent for monitoring in rail transportation systems, particularly because of their
low-power consumption requirements. There is ample vibration energy on the stock and
tracks that can be used to power such monitoring systems. A useful location for a vibration
harvester is on the axle of the rolling stock, as such devices can be mounted retrospectively
and in a simple fashion. A drawback is that running cables to the harvester can be quite
tricky and hence wireless techniques for signal transmission need to be adopted. The
generators can also be subjected to several tens of ‘g’ shock levels and hence need to be
carefully designed and engineered to survive these, but yet they need to be responsive to
the typically milli ‘g’ levels of vibration that can be used to produce the desired electrical
power.

3.1 Case study: Perpetuum Ltd.

Perpetuum Ltd. (www.perpetuum.com) is a spin-out company from the University of
Southampton, UK and produces vibration energy harvesting systems mainly for rail industry
applications. In the summer of 2020, the company was acquired by Hitachi Rail.
Perpetuum’s story began as a result of a research project titled “Self-powered
microsystems”, which was funded from 1999 to 2002 by the UK Engineering and Physical
Sciences Research Council (EPSRC). At that time, the phrase “energy harvesting” was not in
common use and the research project aimed to assess a variety of different techniques that
could be used to energise and obtain a signal from a microsensor system. Wireless sensing
protocols such as Bluetooth, ZigBee, LoORaWAN etc. were not commercially available at that
time, but the take-up of these has clearly had a major impact on the whole energy
harvesting arena. The research project largely focused on the use of piezoelectric and
electromagnetic generators, which can produce electrical power from low levels (<1 m/s?)
of vibration. The preferred solution was an electromagnetic generator capable of producing
sub-mW levels of power [29]. The design concept was patented and after obtaining
additional investor funding, Perpetuum Ltd. was established in 2004. The initial
electromagnetic generator is shown in Figure 5. The generator comprises a cantilever
(spring), two pairs of magnets attached at the free end of the cantilever (mass) and a fixed
coil (damper), which fits between the magnets. The device also has an adjusting screw that
allows the length of the beam to be varied and hence provides a way of varying the
resonant frequency of the harvester. The device has now been engineered into a
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commercial product that will last for over 10 years without maintenance within a
temperature range of -40°C to +85°C and is coupled to a wireless sensing system. The
system can be easily retrofitted onto rolling stock and can monitor the wheel, bearing and
track condition. The harvesters weigh around 1kg and can produce 20 mW of average
power from 2 m/s? of vibration.

Moving magnets Fixed coil

Cantilever

Adjustable screw

Figure 5. A prototype electromagnetic vibration harvesting system with a tuneable resonant
frequency.

4 Conclusions

This paper has reviewed a variety of energy harvesting techniques that have studied by
researchers with the aim of generating electrical energy from other forms of ambient
energy. Some have not progressed beyond the laboratory, but others have found use in
commercial applications. We have also focussed on two application areas that have,
hitherto, not been fully exploited: aerospace and rail. Energy harvesting can contribute
towards zero carbon targets within these industries, as either alternative forms of power
generation or by energising condition monitoring systems that can be used to improve
efficiencies in existing equipment or machinery.

The ambient energy cannot always be assumed to be available continuously and hence a
secondary storage element is often required. This can take the form of a capacitor, a
supercapacitor or even a rechargeable battery. Each of these will occupy a finite volume and
hence careful consideration must be given as to whether or not the energy harvesting
solution is actually a better use of the available space compared to that of a primary source
such as a lithium-ion battery.
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