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Executive Summary

The Sensors & Instrumentation Knowledge Transfer Network (KTN)
has considerable interest and activity in the area of wireless sensing
and wireless sensor networks. The powering of remote and wireless
sensors is widely cited as a critical barrier limiting the uptake of this
technology. Energy harvesting is a means of powering wireless
electronic devices by scavenging many low grade ambient energy
sources such as environmental vibrations, human power, thermal and
solar and their conversion into useable electrical energy. Energy
harvesting devices are therefore potentially attractive as replacements
for primary batteries in low power wireless sensor nodes.

This study briefly discusses the state of the art in energy harvesting
technologies and also critically questions its applicability in real
situations of interest to industry. Significant focus has therefore been
given to examining the barriers to application through consultation
with both developers and potential users of the technology.

The main focus of the study is on examining barriers to practical
adoption and therefore on a set of key questions or issues that the
potential user community have posed. These questions were arrived
at by consultation with the Industry Advisory Board of the Sensors &
Instrumentation KTN and others expressing an interest in
implementing self-powered wireless sensor networks. Issues explored
related to the themes of:

power consistency and impedance matching
absolute minimum power requirements

the power requirements of communications protocols
efficient power storage solutions

synergies between different harvesting techniques
graceful degradation

health and safety considerations

Other emergent issues from the developer community were:
recognition of cost of ownership versus that of batteries
matching user expectations with capability

the challenges of systems integration in bringing together an
energy harvester, power electronics and management, energy
storage, communications and a range of sensor types

The technical context for energy harvesting is reviewed. The power
requirements of a wireless sensor node are discussed and the
limitations of current and future generation batteries explored.
Similarly fuel based power generation and power transmission are
considered as alternatives. Energy harvesting is however the only
current option where long term, fit and forget, autonomous powering of
wireless sensor nodes is the vision. Within this context, power
management techniques and technologies are a critical enabler.

The report also reviews the various energy harvesting technologies
currently available or under development. These include mechanical
(electromagnetic, piezoelectric and electrostatic), light (indoor and
solar), thermal, electromagnetic flux and human powered. Each only
suits certain applications scenarios and some have yet to produce
useful amounts of energy for practical application. Several though
have been applied or piloted in industry and we assign technology
readiness levels to them.

The study identifies and where possible describes the main
commercial and academic centres of expertise developing energy



harvesting technologies. The emphasis here is on UK and Europe
although others are identified. Whilst a small sector and dominated by
academics and very small companies this is an area where Europe
leads in practical application as well as technology development. A list
of key patents is compiled to show which organisations are claiming
related intellectual property in the field.

Finally, the study makes recommendations aimed at improving or
achieving the goal of practical implementation of energy harvesting to
enable remote and wireless sensing in applications of interest to
industry. These include:

encouragement of greater user involvement in trials

technology developers and users should begin to coalesce
around a small number of standard designs

a challenge led approach through competitions to drive
innovation in key applications scenarios and sectors

more focus on power management specifically for whole
sensor nodes including energy harvesting devices

better performance evaluation tools and approaches

a more holistic approach to systems design and skills for
wireless sensor nodes incorporating energy harvesting
devices

a reassessment of the monitoring requirements that
maintenance engineers are seeking to address with energy
harvesting enabled wireless sensors in order to align
expectation with capability

exploration of the fundamental limits of MEMS devices to
assess whether scaling issues will ever allow useful quantities
of energy to be harvested

attention to auto-tunable or broadband vibrational energy
harvesting to widen the applications potential of the technique

a programme to highlight real practical applications of energy
harvesting to prevent hype and over expectation turning
potential users of the technology off



Introduction

The Sensors & Instrumentation Knowledge
Transfer Network

The Sensors & Instrumentation KTN is a network of more than 1700
organisations covering the whole of the UK’s sensing community and
supply chain, from technology developers, systems integrators,
instrumentation manufacturers through to end-users, research
councils and government departments.

The Sensors & Instrumentation KTN embraces sensing in its entirety —
from the principles of measurement and novel sensor technologies to
instrumentation, deployment and data analysis. It works with industry
and researchers to stimulate innovation in the development and
deployment of sensors and instrumentation.

The Sensors & Instrumentation KTN is financially supported by the
following organisations in recognition of the strategic importance of
sensing to the UK economy and quality of life.

Technology Strategy Board

Science & Technology Facilities Council

Biotechnology and Biological Sciences Research Council
Natural Environment Research Council

The United Kingdom Atomic Energy Authority

Action Group projects, which this study is one of, are an initiative of
the Sensors & Instrumentation KTN designed to examine and develop
new priority areas of focus. They aim to do so by engaging with both
the suppliers and users of technology to understand the limitations of
the state of the art and to address barriers to potential adoption. The
topics for Action Group projects are selected by the Industry Advisory
Board of the Sensors & Instrumentation KTN.

Background and Objectives

The Sensors & Instrumentation KTN has for some time now had
considerable activity in the area of wireless sensing and wireless
sensor networks (WSN). It has also founded a network within its
community to focus specifically on this topic — the Wireless Sensing
Interest Group (WiSIG). The powering of remote and wireless sensors
is widely cited within this group and elsewhere as a critical barrier
limiting the uptake of this technology.

Many of the advantages of wireless sensor networking disappear if
individual nodes require an external power source. Ongoing power
management developments enable electronic circuits to operate
longer for a given power supply however this has its limitations and
power harvesting/scavenging is a complementary approach. Energy
harvesting is a means of powering wireless sensor nodes by
scavenging many low grade ambient energy sources such as
environmental vibrations, human power, thermal sources, solar, wind
energy and their conversion into useable electrical energy. Energy
harvesting devices are attractive as replacements for batteries in low
power wireless electronic devices. The goal is to achieve power
sources that operate over a wide range of operating conditions and for
extended time periods with high reliability.



Although there is a considerable body of research into energy
harvesting technologies and many hundreds of published papers, this
is a rapidly growing area with many recent developments. In
particular, in recent years the technology has begun to gain
acceptance in some practical industrial applications. Nevertheless, a
number of limitations are evident when taking the state of the art from
the academic domain into commercial application. Therefore the
Industry Advisory Board of the Sensors & Instrumentation KTN has
supported an Action Group project to focus on this technology area
and particularly the barriers limiting its current uptake. It is intended
that this study becomes the basis for a concerted programme of
activity to be delivered by the Sensors & Instrumentation KTN and
other collaborating organisations.

The programme of work was designed to uncover the state of the art
but also to critically question its applicability in real situations of
interest to industry. Significant focus was therefore given to examining
the barriers to application. This was achieved by direct involvement of
industry in the project through an IAB steering group and detailed
discussions with a wider group of industry end users as well as
developers of technology and special interest groups.

The aims of the study are therefore to:

Investigate the state of the art in energy harvesting
technologies and identify the key centres of expertise

Uncover and explore barriers to uptake by critically
guestioning applicability in real situations of interest to
industry (both current and envisaged)

Develop a plan of action for the Sensors & Instrumentation
KTN to develop activity in this area

Determine recommendations for funding agencies on the
challenges that they could support

Bring some focus for the energy harvesting community of both
developers and end users in the UK to encourage further
collaboration and assist in the bringing to market of
appropriately developed technology

Scope and Limitations

The field of energy harvesting R&D is large and growing rapidly as is
evidenced by the significant increase in the number of organisations
presenting papers at the Power MEMS Conference in 2007, It is
therefore neither possible nor sensible to include a detailed technical
review of all aspects of energy harvesting technologies within this
report. Instead such information is provided in various reviews
referenced at the end of the report and by consulting with the
organisations described in the section on Centres of Expertise. This
report presents a less detailed review of the technology approach
options for energy harvesting.

The primary focus of the study is on the practical applications of
energy harvesting technologies in industry so most attention is
devoted to addressing industry’s questions and concerns. These
issues are those raised by a selected group of organisations that are
either involved in attempting to deploy energy harvesting technology
or are assessing it for specific applications. The question set
developed (see Section Key Issues: Barriers and Limitations) is only
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as representative as the diversity of the steering board and other
organisations consulted. The composition of this group is however
diverse and the consultation process specifically asked for input on
any major issues that weren't captured by the question set.

Methodology

The approach taken was driven by the focus on industrial application
and the perceived barriers to adoption. The initial activity was to form
a steering board for the project from those organisations on the
Sensors & Instrumentation KTN's Industry Advisory Board that had an
active interest in energy harvesting technologies. This board then met
and collectively developed a set of questions on key issues. These
issues/questions were further developed by consultation with other
interested organisations.

A programme of visits and telephone interviews was then used to
gather input structured around the question set and to provide
supporting information on the state of the art. In parallel, desk based
research was used to widen the technical and geographical reach of
the study. The initial findings were presented at a recent Wireless
Sensing Interest Group event (26 March 2008) in order to validate
both the questions and the interim set of answers. In developing the
report the community of researchers, core technology developers and
end users of the technology were engaged to validate the findings and
provide comment on the text as it developed through the various
iterations.

The report is therefore the collection of the views of the parts of the
energy harvesting community and the potential user community that
were willing and available to get involved in this study.

Who should read this?

The target audience for this report is primarily those with an interest in
applying energy harvesting technologies in practical applications.
These may be end-user organisations wishing to understand how
likely the technology is to be able to address their needs. They may
also be those energy harvesting technology developers wishing to
understand where the end user community sees barriers or issues
that they might then address.

The academic community most likely to be interested in this report will
be those involved in research on wireless sensor networks. This report
should help them to evaluate power options and to find collaboration
partners.

It is anticipated that the findings of this study will also be of interest to
the various funding agencies e.g. Technology Strategy Board, EC FP7
and UK Research Councils. It should inform them on gaps in R&D
coverage of relevance to their particular remits. Specific
recommendations will be prepared for each in separate summary
papers.

Structure of the Report

This document first introduces the technical context within which
energy harvesting technologies and their further development must
operate. It then briefly reviews the currently available energy
harvesting techniques. The core of the report revolves around the
review of the limitations of the technology and the barriers to adoption
as approached via the key question set from end-users of the



technology. The various centres of expertise are then highlighted with
a particular emphasis on UK and Europe and coverage of both
academic groups and companies developing and/selling energy
harvesting products. The report then concludes with a number of
recommendations. Further reference information is organised in
various appendices.
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The Technical Context

Sensor Networking Background

The purpose of this section is to place energy harvesting in context
with the technical issues of using it for powering wireless sensors and
nodes in a network and with the alternative approaches with which it
competes.

Recent advances in VLS|, MEMS, as well as in wireless
communication technologies have made it possible to build sensor
networks, enabling a paradigm shift in the science of monitoring —
whether of buildings, transport systems, soil moisture, industrial
equipment, healthcare, or myriad other applications. Sensor networks
can significantly improve the accuracy and density of scientific
measurements of physical phenomena because they can be deployed
in large numbers directly where experiments are taking place. These
networks consist of a large number of densely deployed nodes that
gather local data and communicate with each other and do not have a
fixed architecture. Their nodes integrate sensing, computational and
communication capabilities and as a result the resources scale with
network size.

Designing applications for sensor networks is challenging due to their
large scale, communication volatility, and power consumption
constraints at each node. Examples of experimental and commercial
nodes (aka motes) are depicted in Figure 1. Crossbow is considered
to be the most well established with major backing from Cisco
Systems and Intel Capital but a number of start-up companies such as
Picotux, Moteiv (now Sentilla), Gumstix, and Libelium also offer such
nodes in the market. In addition, many companies (e.g. GE Energy,
Pruftechnik, RLW) now design and build complete wireless sensor
systems from basic components including wireless chipsets,
microprocessors and sensors without using proprietary motes.

Figure 1 The evolution of nodes used to implement wireless sensor networks.

Some specific examples of wireless sensor networks include ExScal
(a 1000+ node wireless sensor network and a 200+ node peer-to-peer
ad hoc network of 802.11 devices in a 1.3km by 300m remote area in
FIorida)z, Argo (a global array of 3,000 free-drifting profiling floats that
measures the temperature and salinity of the upper 2000m of the
ocean)3 and GLACSWERB: a wireless sensor network to monitor
glacier behaviour®.

The design of the system architecture is crucial to the longevity of the
sensor networks, but the major constraints are introduced by the low
power characteristics of wireless sensor network components. These
low-power wireless sensor nodes provide a real incentive for
investigating novel types of power source.

"#$%& 1#  $'( ) %SH* +,



Powering up Sensors and Actuators

Typically, wireless communication systems aim for long range and
high bandwidth efficiency (more bits/second/Hz), while wireless
systems interfacing sensors and actuators aim at optimising a utility
function (more bits/£/Joule). Passive sensors measuring temperature,
humidity or motion (e.g. accelerometers and gyroscopes) consume
negligible power relative to other components of a sensor node. This
is also generally true for micro MEMS-based sensors whose
compactness and power consumption make them attractive in many
applications. However, active sensors such as gas detectors and
imagers can be large consumers of power.

The system architecture of a typical wireless sensor node is depicted
in Figure 2. The node is comprised of four components: a) a power
supply component, which includes a power source and the converter
that powers the rest of the node, b) a sensing component that links
the node to the physical world and consists of a set of sensors and
actuators, c) a computing component consisting of a microprocessor
or microcontroller that processes measurement data and stores them
in the memory and d) a communication component consisting of a
short range radio for wireless communication with neighbouring nodes
and the outside world.

Figure 2 Typical architecture of a wireless sensor node. The microprocessor
manages power to the sensor(s) and data acquisition and processing
elements, as well as issue or respond to commands from other devices.

Several factors can affect the power consumption characteristics of
such a wireless sensor node, the main of which are listed in Table 1
below.



Table 1 Factors affecting the power consumption of a wireless sensor node.

Power supply | - discharge rate

relaxation effect

battery dimensions

supply voltages

type of electrode material used

diffusion rate of the active materials in the electrolyte

Sensors | - physical to electrical signal conversion
complexity of supporting components5
signal sampling

signal conditioning

ADC | . sampling rate
aliasing
dither
Microprocessor . core operating frequencies

power proportional to process and computational load
ambient temperature

application code

peripheral utilisation

Radio | - modulation scheme

data rate

transmission range (determined by the transmission power)
operational duty cycle

Electrochemical Batteries

Currently, electrochemical batteries are the dominant source of
electrical power for compact, low-power systems, especially portable
electronic devices. Batteries are commonly described as either
primary (disposable) or secondary (rechargeable). Primary batteries
are designed to be used once only because they use up their
chemicals in an effectively irreversible reaction. In secondary batteries
the chemical reactions used are reversible so they can be recharged
by running a charging current through the battery (in the opposite
direction).

Electrochemical batteries offer a relatively high energy density at low
cost with no moving parts. The most important factor that affects
battery lifetime is the discharge rate or the amount of current drawn
from the battery. To avoid battery life degradation, the amount of
current drawn from the battery should be kept under tight control.

Table 2 below compares several different types of batteries.
Gravimetric density shows how many watts hour per kilogram can be
extracted from a typical battery for each type. There are several other
issues a system designer needs to take into account. For example,
while Li-ion batteries have a better energy density, they are difficult to
recharge. NiMH batteries have a better energy density than NiCd ones
as depicted in Figure 3. However, the internal resistance of NiMH
batteries is about 50% higher than for similar NiCd batteries. This
means, that when a current flows the heat dissipated in the battery is
higher for NiMH than for NiCd batteries. NiMH batteries can generally
be recharged in fewer cycles than NiCd batteries.




Table 2 Characteristics of commonly used battery types.

NiCd Lead NiMH Li-ion Reusable Li-ion
Acid Alkaline polymer
Commercial use 1950 1970 1990 1991 1992 1999
since
Gravimetric Energy 45-80 30-50 60-120 110- 80 (initial) 100-130
Density (Wh/kg) 160
Cycle life (to 80% 1500 200 to 300 to 500 to 50 (to 50%) 300 to
of initial capacity) 300 500 1000 500
Typical fast charge 1h 8-16h 2-4h 2-4h 2-3h 2-4h
time
Overcharge | moderate high Low very moderate low
tolerance low
Nominal cell 1.25v 2V 1.25v 3.6V 1.5V 3.6V
Voltage
Load Current
- peak 20c* 5C 5C >2C 0.5C >2C
- best result 1C 0.2C <0.5C <1C <0.2C <1C
Operating -40 to -20 to -20 to -20 to 0to 65C 0to 60C
Temperature 60C 60T 60C 60C

Figure 3 Comparison of the different battery technologies in terms of
volumetric and gravimetric energy density.7

Although new materials are improving various battery components,
their energy capacity improvements are slow. As a result, the
minimum required current consumption of sensor nodes often
exceeds the rated current capacity of most battery types, leading to
suboptimal battery lifetime. Several of the researchers consulted
claimed that the motes they used never performed to the claimed
battery life.

Since batteries wear out with time, regular replacement is an
inevitable part of maintenance. Replacing batteries becomes a major
time-consuming task that can also be uneconomical and
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unmanageable. There are also many applications where battery
changes are not practical, such as biomedical implants and structure-
embedded micro-sensors (e.g. corrosion sensors embedded in
concrete or strain sensors placed on an airframe). For example, in
hazardous environments it may be necessary to shutdown the plant to
change the battery. In a remote location (e.g. oil rig undersea) the
costs of battery changes are enormous.

Additionally, the size of batteries has only decreased slightly when
compared to electronic circuits that have decreased in size by orders
of magnitude. Thus, whereas a battery for an analogue transceiver of
the 1920’s may have occupied 5% of the device volume, the
Crossbow mica mote is powered by two AA size batteries that occupy
90% of the device volume.

Moreover, the increasing number of battery-powered sensor nodes is
driving a disposal problem with important environmental
conseqguences.

Improving the energy density (and other features such as cost,
number of charging cycles, and power density) of batteries has been,
and continues to be, a major research field, however, alternative
methods of powering the devices that make up the wireless networks
are desperately needed. The possible approaches to this challenge
are:

a) to use new fuels for local energy supplies,

b) to develop novel methods to distribute power to nodes from a
nearby active source, or

c) to develop technologies that enable a node to generate or
harvest its own power.

These approaches are discussed below. While significant efforts have
been made in relation to a) and b), the most promising solutions
appear to be in the area of energy harvesting, defined later in the
section.

Fuel-based Power Generation 8

Fuel-based power sources naturally do not overcome the recharging
requirement of batteries, but rather replace it with a (less frequent)
refuelling requirement. The use of fuel requires a conversion
mechanism, which will also impact on the system volume. Small scale
converters investigated so far include miniature turbine engines, but
the most researched and most promising to date are micro fuel cells.
Many combinations of fuel and oxidant are possible. A hydrogen cell
uses hydrogen as fuel and oxygen as oxidant. Other fuels include
hydrocarbons and alcohols. Other oxidants include air, chlorine and
chlorine dioxide.

Radioactive materials also provide a possible power source with high
power density and long lifetimes, and miniature power supplies based
on these have been demonstrated. The terms atomic battery,
radioactive battery, nuclear battery, and radioisotope battery are used
to describe a device which uses the charged particle emissions from a
radioactive isotope to generate electricity. Radioisotope
Thermoelectric Generators (RTG) are electrical power systems used
in space exploration because they can safely and reliably produce
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electricity for several decades in harsh environments. RTGs have two
key components: a heat source and an energy conversion system.
RTGs work by converting heat to electricity using a thermocouple.
Heat is generated from the decay of a small pellet of Pu-238 and a
thermocouple generates an electric current when one side of it is
heated and the other cooled. The largest RTGs, which are those on
the Cassini spacecraft, produce about 285W of electricity each,
however smaller versions have been used in pacemakersg.

Power Transmission

Power can be actively delivered, either continuously, periodically, or
on demand, using far-field electromagnetic radiation, or near-field
coupling. Wireless power transmission is not a new idea; Nikola Tesla
demonstrated it back in 1891. Such power supplies require the use of
infrastructure in addition to the powered device itself, and of course
the supplying source must in turn be supplied with power. However,
this can be a useful solution when the device to be powered is
inaccessible (e.g. implanted sensors) or when power is only needed
when information is extracted (e.g. passive RFID tags). Passive RFID
tags are powered from a high-frequency electromagnetic field
generated by the RFID reader and the phenomenon behind this
wireless-energy transfer is called inductive coupling. When the current
flows, it produces a magnetic field around the wires; the magnetic field
in turn induces a current in a nearby wire in, for example, an RFID tag.
The RFID tag is charging a capacitor that provides enough energy to
send back the data stored on the tag. Current research extends RFID
tags with simple sensing technology and the sensor data is read out
using a normal RFID reader. More recently researchers at MIT have
investigated the feasibility of wireless power transfer based on strong
coupling between electromagnetic resonant objects.10 They
successfully demonstrated the ability to power a 60 watt light bulb
from a power source that was 2 meters away at roughly 40%
efficiency.

Energy Harvesting

Unlike power sources that are fundamentally energy reservoirs,
energy harvesting (aka energy scavenging) is a means of powering
wireless sensor nodes by scavenging various low grade ambient
energy sources such as environmental vibrations, human power,
thermal sources, solar, wind energy and their conversion into useable
electrical energy. Energy scavenging sources are usually
characterised by their power density rather than energy density.
Energy reservoirs have a characteristic energy density, and how much
average power they can provide is then dependent on the lifetime
over which they are operating. On the contrary, the energy provided
by an energy scavenging source depends on how long the source is
in operation. ! Therefore, the primary metric for comparison of
scavenged sources is power density, not energy density.

Generally energy harvesting suffers from low, variable and
unpredictable levels of available power. Figure 4 depicts the amount
of power generated by an energy harvesting device and consumed by
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a mote at two duty cycles. However, the large reductions in power
consumption achieved in electronics, along with the increasing
numbers of mobile and other autonomous devices, are continuously
increasing the attractiveness of harvesting techniques. Consequently
the amount of research in the field, and the number of publications
appearing, has risen greatly.

Figure 4 Power generation from an energy harvester vs power consumption
of a mote at two different duty cycles (left). Current consumption of a mote in
active mode (receive and transmit) (right). (Graphs courtesy of Tyndall
Institute).

The current state-of-the-art in commercial off-the-shelf energy
harvesting technologies, for example in vibration energy harvesting
and indoor photovoltaics, yield power levels of the order of a milliwatt
in typical operating conditions. While such power levels may appear
restrictively small, the operation of harvesting elements over a number
of years can mean that the technologies are broadly comparable with
long-life primary batteries, both in terms of energy provision and the
cost per energy unit provided. Energy harvesting devices are
particularly attractive as replacements for batteries in low power
wireless electronic devices. The cost of procuring, storing and getting
someone to change a battery can easily cost as much as an energy
harvester. A recent study12 found that energy-harvesting systems are
broadly cost-comparable with systems using long-life primary
batteries, over a ten-year lifetime. Moreover, systems incorporating
energy harvesting will typically be capable of recharging after
depletion — a feature that is lacking in systems powered by primary
batteries. There are other advantages of using energy harvesting,
including the ability to monitor more closely the amount of energy
being used by a system and hence deliver an improved level of
energy-awareness, as may be required for state-of-the-art sensor
network management algorithms.

Power Management

Besides the improvement of the energy harvesting mechanisms, high
demands are made on power management. Power management is an
enabling technology for the use of energy harvesting power supplies.

I#$  *9; g L% I# (# O+
8/ 00 0
(B g C e



Much like in large power-generation and transmission systems, it is
crucial to convert and condition the energy that has been harvested so
it can be delivered in a useful form. Any inefficiency in the conversion
electronics associated with an energy-harvesting device can dissipate
that hard-won energy almost entirely. Improvements in the
performance of power management will result in expanding the
potential applications for energy harvesting. An important task is in
performing maximum power point tracking (MPPT) by providing an
optimal load on the transducer, or an optimal precharge voltage, in the
case of switched electrostatic systems.

There are several tasks the power management is responsible for in
energy harvesting power supplies. The first task is matching the
energy harvesting transducers voltage level with those of the
electronic circuit or system to supply. The next function is the
regulation of the supply voltage, to generate a constant voltage
independent of source or load variations. Furthermore, the power
consumption of the application devices has to be minimized by the
power management so that a maximum of functionality, performance
and operation time is achieved with the minimum of energy provided
by the energy harvesting module. Another task for the power
management is the management of the energy and the required
storage units such as capacitors or rechargeable batteries.

No matter the type of power source or energy harvesting mechanism,
careful integration of hardware and peripherals is crucial. A systematic
analysis of the power consumption in a sensor node is important to
identify power bottlenecks in the system, which can then be the target
of aggressive optimisation. Conventional low-power design
techniques13 only provide partial solutions which are insufficient for
these highly energy-constrained systems. Optimising the power
consumption in sensor networks is much more complex as the
reduction of the energy consumed by a single device can affect the
lifetime of the rest of the network."

Since harvested energy manifests itself in irregular, random, low-
energy bursts, a power-efficient, discontinuous, intermittent charger is
required to transfer the energy from the sourcing devices to the
battery. Referring to Figure 2, some of the most prominent ways to
realise efficient power management in the three major components of
a sensor node (ADC, microprocessor and radio are given) in Table 3.

Table 3 Power management techniques applied on sensor node components.

ADC | The efficiency factor associated with the converter plays a big
role in determining battery lifetime. A low efficiency factor
leads to significant energy loss in the converter, reducing the
amount of energy available to the other sensor node
components. Also, the voltage level across the battery
terminals constantly decreases as it gets discharged. As a
result, the converter draws increasing amounts of current from
the battery to maintain a constant supply voltage to the sensor
component, which leads to depletion in battery life.

Microprocessor Low energy processors and controllers have been designed
and used, especially in the area of embedded controllers and
devices. The choice of microprocessor is dictated by the
application scenario, to achieve a close match between the
performance level offered by the microprocessor unit and that
demanded by the application. Several modern processors
support scaling of voltage and frequency, avoiding external
oscillators where possible. Programmers can have a great
impact on power consumption based on their choice of
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Radio

operating system, middleware and applications. For example,
an application might be able to isolate and switch off certain
individual circuits if it knows it will not need it in the next time
period or instead run auxiliary hardware components from low
speed oscillators. Complex and common functions such as
encryption can be implemented in hardware to save
resources. The radio interface can also be switched off if it is
not used for an extended period of time. In other approaches,
data is aggregated within a cluster and then sent to the cluster
head that takes care of sending it to the appropriate recipient.
However, most of these solutions only work in certain
conditions, for specific types of algorithms, etc. and lack a
generic solution that can be used in a wide variety of
application domains.

Power management of the radio component is extremely
important since this is known to be a big power consumer
during system operation. Radios can operate in four distinct
modes: transmit, receive, idle, and sleep. An important
observation in the case of most radios is that operating in idle
listening mode results in high power consumption, almost
equal to the power consumed in the receive mode. There is a
trade-off between high data rates and low power consumption
and reducing the number of transmitted messages is not the
only way of saving energy at the nodes. Also as the radio’s
operating mode changes, the transient activity in the radio
electronics causes a significant amount of power dissipation
as well as a latency overhead. The key factors to low duty
cycle operation are to sleep the majority of the time, to
wakeup quickly, start processing and return to sleep. Power
level in wireless transmission also influences the range
(subject to the type of antenna), determines the level of
interference and also the routes. A plethora of power
management schemes have been proposed in order to
address the above problems. Below is a summary of the most
commonly used power management techniques used from
the application all the way down to the physical layer of the
hierarchical OSI networking protocol stack.

Application Layer

A technique known as load partitioning allows an application
to have power intensive computations performed at central
nodes rather than locally. For some applications though, i.e.
distributed detection, monitoring or tracking, it is better to
process locally because communication is generally more
expensive than processing. The wireless device simply sends
the request for the computation to be performed, and then
waits for the result. Another technique uses proxies in order to
inform an application about changes in battery power.
Applications use this information to limit their functionality and
only provide the most essential features. Other approaches
use 2-tier architectures, with more powerful nodes (which are
not necessarily centralised) or use context information, e.g.
completely shutting down the radio, when no activity is
expected.

Transport Layer

Techniques try to reduce the number of retransmissions
necessary due to packet losses from a faulty wireless link. In
a wired network, packet losses are used to signify congestion
and require back off mechanisms to account for this. In a
wireless network, however, losses can occur sporadically and
should not immediately be interpreted as the onset of
congestion.

Network Layer

Power management techniques at the network layer are
concerned with the design of routing protocols, and most
often routing through a multi-hop network. The simplest way
to reduce power consumption is to allow each node to
schedule sleeping periods. Moreover other techniques such
as data aggregation, overhead reduction, proactive and
reactive routing or data updates, (aka pull vs push
approaches) and cluster heads reduction can be used to
reduce energy waste.




Data Link Layer

The two most common techniques used to conserve energy
at the link layer involve reducing the transmission overhead
during the Automatic Repeat Request (ARQ) and Forward
Error Correction (FEC) schemes. Both of these schemes are
used to reduce the number of packet errors at a receiving
node. By enabling ARQ, a routing node is able to
automatically request the retransmission of a packet directly
from its source without first requiring the receiver node to
detect that a packet error has occurred. Other power
management techniques at the link layer are based on some
sort of packet scheduling protocol. By scheduling multiple
packet transmission to occur back to back, it may be possible
to reduce the overhead associated with sending each packet
individually.

MAC Layer

Energy efficiency is considered in several MAC protocols
employed in wireless sensor networks. Power saving
techniques at the MAC layer consist primarily of sleep
schedulers that are used to duty cycle a radio between its on
and off power states in order to reduce the effects of idle
listening. Other power saving techniques at this layer include
battery aware MAC protocols in which the decision of who
should send next is based on the battery level of all
surrounding nodes in the network. Power level information is
included in each packet that is transmitted, and individual
nodes base their decisions for sending on this information.
Sleep scheduling protocols can be broken up into two
categories: synchronous and asynchronous. Synchronous
sleep scheduling policies rely on clock synchronisation
between nodes all nodes in a network while asynchronous
sleep scheduling does not rely on any clock synchronisation
between nodes but on a number of extra preamble bytes to
guarantee that a receiver has the chance to synchronize to it
at some point. There are recent hybrid scheduling
approaches, which combine synchronous and asynchronous
approaches (such as SPC-MAC and *MAC).

Physical Layer

At the physical layer, proper hardware design techniques
allow one to decrease the level of parasitic leak currents in an
electronic device. These smaller leakage currents ultimately
result in longer lifetimes for these devices, as less energy is
wasted while idle. Variable clock CPUs, CPU voltage scaling
and flash memory can also be used to further reduce the
power consumed at the physical layer. A technique known as
Remote Access Switch (RAS) can be used to wake up a
receiver only when it has data destined for it. A low power
radio circuit is run to detect a certain type of activity on the
channel. Only when this activity is detected does the circuit
wake up the rest of the system for reception of a packet. A
transmitter has to know what type of activity needs to be sent
on the channel to wake up each of its receivers.

Another approach is to separate the hardware for data
communication and channel monitoring (PicoRadio). A
separate wake up radio monitors the radio and wakes up the
main unit when it detects activity on the channel. The
disadvantage is that it still consumes energy. Another
approach is to use the energy in the radio signals (radio
triggered wakeup). This is more like RFID type approach,
when the receiver is powered by inducted energy, but does
not require a powerful transmitter. The problem with these
approaches is that the low power radios operate over a
different range, typically only couple of meters.

Although significant research efforts in low power circuit
design and hardware power management have led to more
energy-efficient systems, there is a growing realisation that
more is needed - the higher levels of the system, the
operating system and applications, must also contribute to
energy conservation. Further improvements are to be
expected by comprehensive power management approaches
which span multiple layers.




Review of Energy Harvesting
Technologies

Main energy sources

An energy harvester generally comprises three main components: the
microgenerator which converts ambient environment energy into
electrical energy, the voltage booster which raises and regulates the
generated voltage, and the storage element which can be a
supercapacitor or a battery. The main sources of energy available for
harvesting are the following:

Mechanical Energy: from sources such as vibration,
mechanical stress and strain

Light Energy: captured from sunlight or room light via solar
panels, photo sensors or photo diodes

Thermal Energy: waste energy from engines, furnaces,
heaters, and friction sources

Electromagnetic Energy: from inductors, coils and
transformers

Human Body: a combination of mechanical and thermal
energy naturally generated from bio-organisms or through
actions such as walking

Other Energy: from chemical and biological sources

All the above sources of energy have received attention, in varying
degrees. In the sections below we introduce them for energy
harvesting. Since their relative advantages and disadvantages as well
as the design and performance of demonstrated devices have been
discussed extensively by various authors™ 171819 the specifics will
not be repeated here in detail. For industrial applications, the general
goal is to achieve power sources that operate over a wide range of
operating conditions and for extended time periods with high reliability.

Mechanical Energy

Mechanical energy harvesting devices produce electricity from
vibration, mechanical stress and strain of the surface the sensor is
deployed on. Energy extraction from vibrations is typically based on
the movement of a "spring-mounted" mass relative to its support
frame. Mechanical acceleration is produced by vibrations that in turn
cause the mass component to move and oscillate (kinetic energy).
This energy can be converted into electrical energy via a magnetic
field (electromagnetic), strain on a piezoelectric material or an electric
field (electrostatic). Most vibration-powered systems rely on
resonance to work, which implies there is a peak frequency at which

Bug /) s 1 9 /% /# (s # * 3
& L) +,
®u9 /84 - )8 19°7) # ($ #
* s v 4 45 +, 3371 I+,
Yeyar 12+« $ % J Lo « I
# 2 B 37 3743 54 +.6
Bol 5w oo (# I 3 %. 35>. 6 7
Yeyr 9. ¢ ) 0%9%% 2

B 0 33 ) <=5, 543*. +, 7



the system derives most of its energy. Resonance of a cantilever type
vibration energy harvester is affected by the amount of bending
caused by the intrinsic stress in the cantilever. Therefore the stress
level in the layers deposited on the oscillating structure is an important
parameter for maximization of the power output of a vibration energy
harvester. Some devices are able to work slightly off resonant peak in
applications where there is excess energy available. There is also
some evidence that researchers are turning their attention to both
auto-tunable devices and to non-resonant energy harvesting
techniques.

In electromagnetic energy harvesting, a magnetic field converts
mechanical energy to electrical. A coil attached to the oscillating mass
traverses a magnetic field that is established by a stationary magnet.
The coil travels through a varying amount of magnetic flux, inducing a
voltage according to Faraday's law. The other and more
advantageous ways is to move the magnetic structure (which is
inherently massive) and to keep the coil fixed. Hence increasing the
power output and making the electrical connections more reliable.
Perpetuum's PMG17 harvester can generate 6V from only 25mg
(RMS) vibration over a 2Hz bandwidth. The voltage can then be
regulated down to convenient storage or usage levels.

Piezoelectric energy harvesting converts mechanical energy to
electrical by straining a piezoelectric material, a phenomenon
discovered in 1880. Strain, or deformation, in a piezoelectric material
causes charge separation across the device, producing an electric
field and, consequently, a voltage drop proportional to the stress
applied. The oscillating system is typically a cantilever-beam structure
with a mass at the unattached end of the lever, since it provides
higher strain for a given input force. The voltage produced varies with
time and strain, effectively producing an irregular AC signal.
Piezoelectric energy conversion produces relatively higher voltage
and power density levels than the electromagnetic system.

Electrostatic (capacitive) energy harvesting converts mechanical
energy to electrical by moving part of the transducer against an
electrical field and relies on the changing capacitance of vibration-
dependent variable capacitors. A variable capacitor is initially charged
and, as vibrations separate its plates, mechanical energy transforms
into electrical energy. The most attractive feature of this method is its
integrated circuit-compatible nature, since MEMS variable capacitors
are fabricated with relatively mature silicon micromachining
techniques. A comparison of the three primary types of mechanical
converters is given in Table 4.

Table 4 Main advantages and disadvantages of the three primary mechanical
energy converters.

Mechanism

Advantages

Disadvantages

Piezoelectric

no voltage source is
required

more difficult to
integrated in
microsystems

Electrostatic

easier to integrate in
microsystems

separate voltage
source is required

Electromagnetic

no voltage source is
required

difficult to operate at
optimum conditions
when scaled down

Apart from vibrations, mechanical energy harvesting can rely on
natural sources from the environment such as wind and water flow.”
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At large scale, windmills and turbines are well documented and can
operate near the maximum theoretical power. This is not the case for
miniature devices, which operate at a much higher speed and low
Reynolds number?'. Scientists from CEA/Leti-Minatec in France have
developed a system that recovers the vibration energy from raindrops
falling on a piezoelectric structure. The system works with raindrops
ranging in diameter from 1-5 mm. Simulations show that it is possible
to recover up to 12 mW from one of the larger "downpour" drops.

Case Study: The VIBES generator

The power delivered by vibration energy harvesting is affected by fluctuating vibration
levels and, especially in the case of microscale devices, unlikely to offer a consistent
supply of sufficient magnitude to continuously power a wireless sensor system. A flexible
energy aware power management system was developed in the EU funded VIBES project
(see Appendix 1) that provides an example solution to many of the challenges involved.
The VIBES generator was an electromagnetic device, 150mm? in size, delivering ~50n\/
in the form of a 50Hz AC signal of ~1V peak to peak magnitude. This was demonstrated
powering a wireless vibration sensor that simulated a typical industrial machine

monitoring application.

The power management sub-system employed a passive voltage multiplication circuit (a
five stage Dickson circuit) that stepped the voltage up to 2.2V and rectified the output.
The DC output of the voltage multiplier circuit was used to charge up a 0.047F
supercapacitor. This value was selected because it was able to store sufficient energy to
perform a sensing and transmission cycle without significant voltage drop, nor did it take
too long to charge up. The wireless sensor system was designed to operate at 2.2V and it
was controlled by a low power microcontroller (Microchip PIC16F676). The
microcontroller was programmed to periodically measure the voltage on the
supercapacitor and only activate the sensor system when sufficient energy was available
on the supercapacitor. One nuance with this approach is that the internal voltage
reference on the microcontroller is directly linked to the supply voltage, i.e. the voltage on
the supercapacitor. Therefore an external voltage reference is provided by the voltage
drop across a diode and this is compared to the supercapacitor voltage. Another aspect to
consider is the behaviour of the system from a cold start (uncharged supercapacitor). As
the energy harvester charges up the supercapacitor the microprocessor starts to draw
current at around 1V which prevents the operating voltage from being reached. Therefore
a cold start circuit was implemented using a Torex XC61C (power consumption ~1.4 m\/)
voltage level detector with a specified switching voltage of 2V being used to control a
CMOS switch which gated the power supply to the microcontroller.

The VIBES system, shown in Error! Reference source not found. , successfully
demonstrated an energy aware wireless sensor node powered solely from vibrations. For
vibration levels at 0.6m/s? the system was activated and a peak acceleration reading was
transmitted every 3 seconds. As the driving vibrations fall in amplitude the sensing duty
cycle becomes longer and at vibration levels of 0.2m/s? the data is sensed and
transmitted every 12 minutes.

Figure 5 VIBES vibration powered wireless system

Source: University of Southampton
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Light Energy

Ambient light can be used by photovoltaic cells to produce electricity
either indoors or outdoors. They are often called solar cells after the
sun or "Sol" because the sun is the most powerful source of the light
to use. Photovoltaic cells convert light energy into electricity at the
atomic level. French physicist Edmond Becquerel first described the
photovoltaic effect in 1839, but it remained a curiosity of science for
the next three quarters of a century.

Basically, when light strikes the cell, a certain portion of it is absorbed
within a semiconductor material such as silicon, currently the most
commonly used offering better conversion efficiency than selenium.
The development of inexpensive, flexible (plastic) solar cells by
companies such as Konarka, lowa Thin Films, and Nanosolar is
changing this.* The energy of the absorbed light is transferred to the
semiconductor where it knocks electrons loose, allowing them to flow
freely. Photovoltaic cells also all have one or more electric fields that
act to force electrons freed by light absorption to flow in a particular
direction. This flow of electrons is the current which, by placing metal
contacts on the top and bottom of the photovoltaic cell, can be drawn
off for external use.

Photovoltaic energy conversion is considered to be a mature
integrated circuit-compatible technology23 with potentially long
lifetimes and higher power-output levels than other energy-harvesting
mechanisms (10 mW/cm? under direct sunlight)®*. Photovoltaic cells
are exploited across a wide range of size scales and power levels.
The challenge is to conform to small surface area and its power output
strongly depends on environmental conditions i.e. on varying light
intensity. Additionally, for different indoor light sources (incandescent,
fluorescent and diode) different emission spectra affect the conversion
efficiency for a given apparent light level or ‘lux’.The Networked and
Embedded Systems Lab (NESL) at the University of California, Los
Angeles for example has developed solar harvesting hardware called
Heliomote for the Mica motes. The design is open but commercial
versions have been made available by the spin out Atla Labs.

Thermal Energy

Thermoelectric energy harvesters exploit the Seebeck effect,
according to which electricity is generated from a temperature
difference between opposite segments of a conducting material.
Temperature differentials result in heat flow and, consequently, charge
flow, since mobile, high-energy carriers diffuse from high- to low-
concentration regions. Thermopiles consisting of n- and p-type
materials electrically joined at the high-temperature junction are
therefore constructed, allowing heat flow to carry the dominant charge
carriers of each material to the low-temperature end, establishing in
the process a voltage difference across the base electrodes. The
generated voltage and power are proportional to the temperature
differential and the Seebeck coefficient of the thermoelectric materials.

In general, thermoelectric devices require a large and sustained
temperature gradient between two surfaces in order to provide useful
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power. Temperature differences greater than 10°C are rare in a
microsystem, however, resulting in low voltage and power levels.
Thermal power, which is tricky to harness in most cases turns out to
be a rich source of energy in the context of aviation. Most
thermoelectric harvesters, such as those proposed for harnessing
energy from body heat, only have temperature gradients of 2T or
less to work with. A commercial aircraft, in contrast, can provide a
thermal gradient of 50C.

Thermoelectric power generation presents many advantages including
solid-state operation with no moving parts, long life (~ 20 years), and
high reliability. The drawbacks of existing thermoelectric generators
are low efficiency and large size. A new generation of nanostructured
thermoelectric energy harvesters has been introduced by companies
such as Micropelt offering the promise to greatly increase
thermoelectric efficiency. Because of this, there is new interest in the
commercial field with automakers such as BMW and General Motors
looking at thermoelectrics as a replacement for alternators thereby
improving fuel efficiency. In this scenario, the thermoelectric generator
could be wrapped around a car's exhaust pipe, to harvest the waste
heat and produce electricity.

Case Study: Micropelt's TE -Power-Bolt

TE-Power-Bolt is a voltage adjustable thermal energy harvester that uses excess heat to
generate electrical energy for devices that consume only a few milliwatts of power, such
as wireless sensor nodes. With its micro-thermogenerator that is built into a steel screw,
the Power-Bolt can harvest energy from surfaces and structures from 10-20 Celsius over
ambient temperature or directly from hot liquids. Output power can range from 0.2 to over
15mW dependent upon actual thermal conditions and is voltage stabilised by an
integrated DC-DC converter which can be set to fixed voltages between 1.2 and 5 Volts.

The TE-Power-Bolt is an easy-to-deploy self-sustaining energy supply that sticks out
about 2.2” (55mm) from its host’s warm or hot surface. Exposing the cylindrical 1.5”
diameter aluminium heat sink to continuous air flow multiplies the output instantly. Heat
can also be obtained from liquids by screwing the bolt into the threaded hole of a hot
liquid container or a pipe. The prototype design is depicted in Figure 6.

Figure 6 Micropelt thermoelectric power bolt.

Source: Micropelt

Thermophotovoltaics (TPV) is a competing technology for direct
thermal to electric energy conversion. TPV energy conversion is a
direct conversion process from heat differentials to electricity via
photons. A basic thermophotovoltaic system consists of a thermal
emitter and a photovoltaic diode cell.

The temperature of the thermal emitter varies between different
systems from about 900 T to about 1300 <C, althoug h in principle
TPV devices can extract energy from any emitter with temperature
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elevated above that of the photovoltaic device (forming an optical heat
engine). The emitter can be a piece of solid material or a specially
engineered structure. A conventional solar cell is effectively a TPV
device in which the Sun functions as the emitter, and TPV cells have
much in common with concentrator cells. The key difference is that for
normal TPV temperatures, the radiation collected is mostly at near
infrared and infrared frequencies, so that materials selected tend to be
low band-gap like GaSb or Ge, rather than the more common , wider
band-gap silicon, CdTe or GaAs.

One example of the few commercial companies working in this field is
JX Crystals, which has commercialised a self powered boiler for off
grid applications like yachts and cabins, and is applying similar
technologies for classical concentrator solar arrays. Spire Corporation
(USA) has been funded by DARPA to develop an InGaAs-based
approach. On the academic front, the group at Oxford led by Prof.
Nicolas is collaborating with CIP Ipswich, and IWE Cardiff under a
Technology Strategy Board-funded programme to develop InGaAs
based cells. Similar platforms are being developed by the Tyndall
National Institute, and there has been at least one FP5 programme in
this area.

Electromagnetic Energy

In cities and very populated areas there is a large number of potential
RF sources: broadcast radio and TV, mobile telephony, wireless
networks, etc. It is possible to collect parts of these disparate sources
and convert them into useful energy. The conversion is based on a
special type of rectifying antenna, known as rectenna, that is used to
directly convert microwave energy into DC electricity. Its elements are
usually arranged in a multi element phased array with a mesh pattern
reflector element to make it directional. A simple rectenna can be
constructed from a Schottky diode placed between antenna dipoles.
Rectennas are highly efficient at converting microwave energy to
electricity. In laboratory environments, efficiencies above 90% have
been observed with regularity. However, the energy levels actually
present are so low that no present electronic device can use them.
Researchers at the University of Strathclyde are working on
electromagnetic scavenging devices for deployment within electrical
substations or inside a high voltage plant. The intention is to harvest
sufficient electrical power to supply a new generation of wireless
condition monitoring sensors. The devices can be either electric,
coupling energy capacitively from a high electric field region%, or
magnetic, using inductive coupling to the magnetic field of busbars.
Although the environment is energy-rich, sensors must be located at
safe distances from high voltage conductors, which, combined with
the low (50 Hz) frequency of the system, poses challenges for
miniaturisation.

Energy from the Human Body

The human body continuously moves and radiates heat. Even at rest
the human body is emitting about 100 watts into the environment. It is
possible to tap into some of this energy to power wearable electronics.
One may distinguish between active and passive energy harvesting
methods. The active powering of electronic devices takes place when
the user of the electronic product is required to perform a specific task
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or work that they would not normally have carried out. The passive
powering of electronic devices harvests energy from the users
everyday actions, e.g. walking®’, breathing, body heat, blood pressure
and finger motion.

For example watches are powered using both the kinetic energy of a
moving arm?® and the heat flow away from the surface of the skin. The
gradient between the hand and the ambient temperature has been
shown to provide a thermoelectric gradient with maximum output
current of 18mA and an output voltage between 150mV and 250mV.
The maximum output power is approximately 3mW. The minimal
temperature difference that allows the systems to power the electrical
load is 5K. The thermoelectrical power supply output is 3.7V.%In
another example, researchers have designed an energy harvesting
backpack that has straps made of a piezoelectric material that can
convert the mechanical strain on the straps into electrical energy.30

DARPA has funded a number of efforts to harvest energy from leg and
arm motion, shoe impacts, and blood pressure for low level power to
implantable or wearable sensors. While energy harvesting from
human body may be useful as a source of backup or supplemental
power, it seems unlikely that it will be used as a prime source of power
for systems carried by soldiers requiring ~20 W.
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Key Issues: Barriers and
Limitations

Introduction to the Issues Examined

Whilst interested in understanding the state of the art in energy
harvesting technologies, the primary aim of this Action Group study
was to critically question the application of the technologies in real
situations of interest to industry. The focus is therefore on examining
the barriers to exploitation and adoption.

To address this need a steering board was drawn from members of
the Sensors & Instrumentation KTN’s Industry Advisory Board (IAB),
which was responsible for commissioning the report. The steering
board comprised those IAB members with particular interests in
wireless sensing technology and how this might be enabled by energy
harvesting technologies. The first major output of this group was a set
of questions or issues posed from the perspective of an end user of
the technology. These then formed the basis of the various interviews
carried out for the study.

The issues explored related to the following themes:
Consistency and impedance load
Absolute minimum power
Communication standards
Efficient power storage
Harvesting type synergies
Graceful degradation
Health and safety

The following sections attempt to summarise the key findings in the
range of answers received during a series of visits. The specific
guestions related to the issues are included below. Further input was
gathered during the editing process by requesting contribution or
confirmation from others active in the field. The intention in drawing
out additional issues is to provide motivation for future work.

Issue 1 — Power consistency and impedance
matching

What is the consistency of the amount of power generated by energy
harvesting devices and how can the source impedance best be
matched to the load under varying load conditions to get most efficient
energy transfer?

In energy harvesting the amount of power generated is completely
dependent upon the specifics of the environment from which the
energy is harvested. Inconsistencies in what is being reported as
operating conditions frequently make it difficult to compare the data
sheets of a range of devices. For example, in the case of mechanical
energy the power output reported may refer to peak power at a very
specific and not necessarily practically attainable frequency of
vibration or to an integrated output over a frequency range. Hence,
essentially the issue under examination relates to the need to match
the energy harvested from an inevitably temporally varying source to
the power needs of a sensing device. Impedance matching is about




making the output impedance of a source equal to the input
impedance of the load to which it is ultimately connected, in order to
maximise the power transfer and minimise reflections from the load.

Some of the organisations consulted support the normalised power
density (NPD, nW/mm?®) as a more meaningful evaluation metric of
energy harvesters. This figure is the power output divided by the
volume of the device. Others felt that the correct approach was to
ensure that every statement of powering capability was the result of
an assessment in the specific application domain of interest i.e.
measuring the data for the application intended. To this end some
have developed ‘dummy’ energy harvesters that are useful for
practically assessing the power levels that could be achieved. Another
approach is to compare devices by developing standard operating
conditions and patterns that would be representative of realistic
industrial environments, such as a vibrating pump housing, rotating
lathe etc. This approach is being lead by the UK’s National Physical
Laboratory in a new metrology research project (2008-2012). The
environmental signatures derived will then become international gold
standards on which products from developers of energy harvesting
devices will be assessed.

Yet another problem is the efficiency of the harvesting process i.e.
what proportion of the ambient energy surrounding the electronics can
be harvested and how much is lost in the process of harvesting. With
such small amounts of energy harvested it becomes necessary to
ensure that the process is as efficient as possible to avoid losses. It is
also critical that the usefully available power is known when operating
so close to the minimum limits of what will power the necessary
functions of a sensor.

Whilst the energy sources available for harvesting are diverse, the
conversion principles by which they can convert the available energy
to electrical power is even more so. For example, vibration energy can
be converted through piezoelectric materials as described earlier, but
also by electromagnetic or capacitive principles. And, although the
energy source is one and the same, these conversion principles will
require a different circuit technique. Two groups of transducers with
similar properties at their output and covered by similar circuit
concepts can be identified. The first group includes all mechanisms
that deliver high output voltages but small currents, like piezoelectric
converters. The second group is comprised of converters with low
output voltages but high currents, like capacitive, thermoelectric or
electromagnetic generators.In both cases the major requirement for
efficient energy extraction is a proper impedance matching between
transducer and conversion circuit in order to compensate for changes
in the parameters of the generator or the energy source.

Because the output voltage from a microgenerator is often not high
enough to power any electronic device directly, external circuits (DC-
DC boosters) are necessary to raise the voltage and allow designers
to overcome the barrier of incorporating alternative energy sources in
applications.®* Adaptive DC-DC converters are especially needed for
piezoelectric transducers. Capacitive converters do require an even
more complicated circuit structure with a synchronous switching to the
energy source. Naturally, the conversion circuit itself should use low
power and should cease conversion as soon as the energy input is
below its own requirements in order not to waste power.

Additionally, the constant power levels may be required under varying
load conditions, so the power electronics should also provide power
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regulation. A suggested approach was to deploy a maximum power

oint tracker (MPPT) as in Grid-connected wind/solar hybrid systems.
2 MPPT is a fully electronic system that varies the electrical operating
point of the modules so that the modules are able to deliver maximum
available power. The application of MPPTs has long been used to
improve the efficiency of large solar cell arrays. Such power
conditioning units though introduce an additional power load to the
system.

Finally, the materials challenges, which are fundamental to all energy
harvesting devices, include factors such as: minimisation of power
loss (resistive losses), maximisation of the coupling of vibrational
energy into the active material/system of choice (intrinsic materials
coupling, and systems design) and processing and integration issues
associated with small scale devices (such as tape casting and other
inexpensive processing methods, MEMS development, and active
fibre composite approaches, for example). A suggested approach to
bring about some consistency was to challenge developers to treat
this as a global optimisation problem where they were targeting the
maximisation of performance under very narrow constraints of say
power per volume of device. In other words it is energy density that
should be the comparable. Others felt that there was merit in the
common adoption of a standardised formula for the calculation or
modelling of the ‘effectiveness of a device’. This, they hoped, would
lead to a fair comparison between energy harvesting offerings that
would help address the issue of consistency in the power generated
and impedance matching.

Issue 2 — Absolute minimum power

200pW is considered to be the absolute minimum power that would
need to be made available by an energy harvesting device to be
useful in current envisaged applications. This figure excludes any
additional allowance needed to account for the losses from the
storage medium/power conditioning etc. What is the absolute
minimum power that can be provided by the different available energy
harvesting mechanisms?

The quoted 200uW figure is a realistic though still somehow arbitrary
target for the powering of passive sensors i.e. ones where the sensor
just detects the environment e.g. temperature, pressure, acceleration.
More active sensors, where for example a sample needs to be excited
by laser light or significant temperature cycling of a substrate is
required, would need far higher levels of power.

In general, most people who dealt with mechanically fabricated
devices considered 200 W to be a feasible target. For example Figure
7 shows the power output of Perpetuum’s PMG17-100 on 27 electric
motors at Yorkshire Water Sewage Treatment Works rectified and
delivered at 6V DC, where 95% of machines produced over 300 W.
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>0.3mW ON 95% MACHINES
N . >0.5mW ON 80% MACHINES
R >1.0mW ON 60% MACHINES

Fraction of Machines

PMG17 Power Output (mW)

Figure 7 Power output of Perpetuum’s PMG17-100 on 27 electric motors at
Yorkshire Water Sewage Treatment Works rectified and delivered at 6V DC.

For photovoltaic devices, the 200 W level is achievable with a solar
cell measuring only 1 cm?. For an indoor system, a 10 cm®cell would
be needed.

Thermoelectric energy harvesters are claimed to have no problem
meeting this minimum power requirement in most of the industrial
situations they have been trialed. Where there is equipment at more
than 40°C (common where there is moving machinery) then sufficient
temperature difference is easily achievable. With any level of airflow
over the device the efficiency is further improved significantly.

However, MEMS energy harvesting devices are long way from
achieving the 200 W target. Such smaller devices could be batch
fabricated in volume using micro-fabrication techniques thus
potentially driving down unit cost. In general, micro-fabrication is more
suitable for electrostatic devices and piezoelectric devices harvesting
mechanical energy as it can be shown that the scaling laws dictate
that micro-fabricated electromagnetic devices are difficult to operate at
optimal conditions.*®

Aside from the minimum power levels though, in several practical
applications, sustainable power over a period of expected operation is
a key need, e.g. average (e.g. due to light/darkness cycles or
proximity to the source) and peak power.

Issue 3 — Communications standards

Today’s prominent wireless standards in 2.4GHz band might be too
power hungry for energy-harvesting enabled sensors. Will a new
communication standard be necessary to get the data out from such
sensor nodes?

Synchronisation is essential in WSNs where extremely low power
consumption sleep currents combined with periodic, timed wake-up is
the concept used to minimise the average power consumption. The
energy constraints of WSNs violate a number of assumptions routinely
made by synchronisation algorithms used in traditional networks and
implemented as part of the MAC layer protocol:

Using the CPU in moderation is free.

BocHs "# #&UL2 / 2 1 47




Listening to the network is free.
Occasional transmissions have a negligible impact.

Nearly half of the WSN nodes deployed in 2007 were based on IEEE
802.15.4, the specification forming the foundation for three WSN
standards: WirelessHART*, ISA 100* and ZigBeesG. Several small
companies such as Zensys, Coronis or SmartLabs have also actively
promoted their own low power wireless sensor technologies (ZWave,
Wavenis, Insteon) creating much interest.

The high sensitivity of currently commercially available transceivers
(>100 dBm) allow for license free, narrowband, bi-directional radio
frequency communications over distances of ~150 meters line of sight
(LOS). LOS range rarely matters for practical applications. For 868
MHz typical range is 10% LOS (~30m) (depending of number of walls,
material, etc.). For 315 MHz it is 15% LOS (~45 m) and for 2.4 GHz
about 5% LOS (~15m). Lower frequencies are much better than 2.4
GHz, which results in better system cost (less components within
larger installations) for the same reliability. The reason is that wall
attenuation of RF waves increases with frequency.

Standardised technologies imply mature and robust solutions, tested
by others, guarantee of compatibility or coexistence (interoperability),
and lower costs as higher sales drive the chip prices down but lead to
compromises as they attempt to cover high volume applications.
Proprietary technologies are instead optimised for niche applications
but require a significant design/development overhead and carry a risk
for long term supply. The view of those consulted in this study was
that their engineers preferred to make proprietary radios, but
customers ask for standard compatibility. The proliferation of
standards in the 2.4 GHz frequency means more users gravitate over
time to it resulting in increasing levels of interference, that leads to
complex protocols, increased power consumption, and ultimately more
standards variation.

Table 5 compares the prominent wireless standards against a
standard proposed by EnOcean that aims to address self-powered
sensor systems, particularly for building management. The company
claims that its wireless protocol requires only about 0.12 Ws to
transmit securely one bit of information over a distance of 300 metres
in free space. A batteryless wireless switch consumes about 50 Ws
for a complete radio command — some 100 times less than the more
usual, battery-powered wireless switch. An effort is underway by the
recently established EnOcean Alliance to standardise this air interface
with an international standards body such as IEC or ISO.
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Table 5 A comparison of prominent wireless standards.’

EnOcean Z-Wave or ZigBee ZigBee Bluetooth WLAN)
KNX-RF (802.15.4) (802.15.4) (802.15.1) (802.11)
Frequency 868 868 868 2400 2400 2400
(MHz)
Data rate 125 9,6/20 20 250 720 11.000-
(kbyte/s) 54.000
Min. extremely low low low low medium high
telegram
length (ms)
Basic load low low low high high high
level of
frequency
band
Risk of data very low medium medium low very low high
collision
Optimal batteryless battery battery battery computer computer
solution for wireless powered powered powered networking networking
sensor wireless wireless wireless with printers (Web, e-mail,
systems sensor sensor sensor and PDAs video)
systems systems systems

A ‘protocol diet’ was also recommended by experts as a good
compromise when one relatively power hungry standard has to be
supported by energy harvesting enabled nodes. According to this
approach, system designers can trade-off some non-essential
functionality from a protocol stack for a given application (e.g.
interoperability, security), in order to allow energy harvesting devices
to supply power to WSN nodes that use standard protocols. A
company specialising in this area is GreenPeak.

No wireless standard could ever fully satisfy all of the different
requirements of different applications. A systematic analysis of the
individual requirements for performance, cost and flexibility in the
intended wireless technology will determine which standard, if any,
should be used.

Issue 4 — Efficient power storage

What are the most efficient ways of storing power to be used during
periods of inactivity? For example, how would you power sensors
before starting an engine, or before moving a vehicle equipped with
tyre pressure monitoring?

Although a delay before receiving data when a machine starts up in
most cases will be acceptable, there are scenarios where the useful
measurement or diagnostic to be made needs to happen before the
equipment is switched on. If the equipment also provides the energy
source to be scavenged then this may present a problem. Energy
harvested when the equipment was previously active would therefore
have to be stored for this kind of use. Storage is generally viewed as a
decision between rechargeable batteries and capacitors.

Rechargeable Batteries

Rechargeable batteries are commonly used in consumer electronic
products such as cell phones, PDAs, and laptop computers (see par.
Electrochemical Batteries). It should be remembered that
rechargeable batteries are a secondary power source. Therefore, in
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the context of wireless sensor networks, another primary power
source must be used to charge them. In most cases it would be cost
prohibitive to manually connect a recharger to each device. One item
to consider when using rechargeable batteries is that electronics to
control the charging profile must often be used. These electronics add
to the overall power dissipation of the device.

Among the common rechargeable battery types, Li-ion is the one with
the highest energy density and they are generally much lighter than
other types of rechargeable batteries of similar size. Li-ion batteries
can also handle hundreds of charge/discharge cycles, have no
memory effect, and hold their charge (a Li-ion battery pack loses only
about 5% of its charge per month, compared to a 20% loss per month
for NiMH batteries).

The rate of charge is determined by how much electrical current is
allowed into the battery by the charger. Some batteries can handle
higher voltage in a shorter amount of time without overheating, while
others need a lesser voltage applied over a longer period of time. The
quicker the rate of charge, the more chance there is of over charging,
which can ruin a battery's ability to hold its charge. The key in avoiding
an over charge is the ability to dissipate the charging current once
maximum power has been reached. Most chargers have built-in
voltage regulators do this, allowing you to safely leave your cell phone
or computer plugged in overnight.

The recent recalls of laptop batteries highlighted problems with the
lithium-ion technology inside them: potentially volatile materials,
excess heat and a short life span. One potential competitor is the thin-
film battery, a technology still in the prototype stage. Thin-film
batteries have a solid lithium core rather than a liquid one, so they are
less vulnerable to overheating and catching fire. They lose virtually no
power over time, and the units can be recharged thousands of times
before they need to be replaced. Several companies including Infinite
Power Solutions, Cymbet, Excellatron Solid State and Oak Ridge
Micro-Energy expect to begin commercial manufacture of the batteries
within the next few years.

Supercapacitors

Standard capacitors offer between 10 and 100 times the operational
life of conventional secondary batteries and are more environmentally
friendly as they are free of heavy metals such as lead and cadmium.
An electrolytic capacitor is the type of capacitor typically used in
power-supply filters, where they store charge needed to moderate
output voltage and current fluctuations, in rectifier output, and
especially in the absence of rechargeable batteries that can provide
similar low-frequency current capacity.

Supercapacitors, also known as, electrochemical double layer
capacitors (EDLC), or ultracapacitors are a popular alternative to store
the harvested energy. They achieve significantly higher energy density
than standard capacitors, but retain many of their characteristics (e.g.
long life, short charging time and low leakage). It may be true that they
do not exhibit some of the less desirable characteristics of
rechargeable batteries (such as memory effects and complex charging
requirements). Supercapacitors have no limit on number of charging
cycles but the electrolyte ages and must be operated in carefully
controlled conditions in order to extend this. The energy storage works
for some weeks (for some supercapacitors up to 50% of stored energy
is still retained after 3 months, depending on temperature).



Storing energy in a MEMS device

A further suggested but largely unexplored concept is storing energy
mechanically in the form of kinetic energy. Perhaps the best-known
existing example is the Seiko kinetic watch. This uses an oscillating
weight that is rotated by the movement of the wearer’s wrist, that
transforms the movement into a magnetic charge, then into electricity
that is then stored in a capacitor or rechargeable battery. Recent
advances in the mechanical properties of composites has rekindled
interest in using the inertia of a spinning wheel or the force of a micro-
scale spring to store energy. A mechanism is needed though to
release energy from such micro-devices.

Issue 5 — Harvesting type synergies

In some situations of intermittent availability of energy to be harvested
a hybrid scavenging device might be developed (e.g. solar and
vibrational). Which energy harvesting technologies are known to work
well together?

The source of the energy to be harvested is generally intermittent. For
vibrating machinery the vibrations are only present when the
equipment is switched on or are only sufficient for powering the device
under a limited set of environmental conditions. Photovoltaic cells are
only useful where they receive sufficient illumination. There may
therefore be combinations of energy harvesting techniques that
extend the useful operating window of the sensor device.

This issue therefore also related to the storage issues discussed in
issue 4 above and may help provide a total or partial solution.

Photovoltaic cells were the most commonly cited potential addition to
other types of energy harvesting devices to improve operational
availability. Generally though for an industrial setting the most
common types of harvestable energy were considered to be
vibrational and thermoelectric.

One technique is always going to be more suited to the combination of
environment and available energy sources than the other. For
combinations of harvesting devices to be viable each would need to
be most effective for a significant portion of the required operational
time (say near 50:50). If the balance of effectiveness was substantially
skewed towards one approach (say 80:20) then it would probably be
more effective to employ just the dominant technique along with some
energy storage to get through the brief period of inactivity.

On the other hand a scenario where more energy was required than
any one of the energy harvesting techniques was able to supply might
suggest a role for dual harvesting technologies. In this case adding
energy from different sources may overcome the barrier. Vibrational
and thermal approaches are likely to be synergistic here as for many
industrial situations vibration is naturally accompanied by heat. It is
however worth noting that for many industrial applications the size of
the energy harvesting device is not critical and more energy could be
harvested by simply scaling up the size of the device.

There are also likely to be issues in trying to integrate two different
energy harvesting techniques on a chip. For example from a
manufacturing perspective piezoelectric is difficult to integrate with
CMOS and standard MEMS processes.

Thermoelectric and photovoltaic techniques may be easiest to
integrate in terms of the electronics and power management as both
produce DC. Vibrational energy harvesters on the other hand produce




AC. Generally the electronics are not the dominant cost factor in an
energy harvester so this is unlikely to be a driver for having a common
electronics to run two energy harvesting techniques together.

The automotive and aerospace environments may lend themselves to
synergistic harvesting using multiple techniques. They often have
areas where there are large thermal gradients or large levels of
vibration which should, in principle, be able to provide the basis for
efficient energy harvesting. In the harsh environments experienced
and with the need for extensive sensing and the cost and weight of
wired solutions there is a clear motivation for widespread use of
energy harvesting techniques.

Issue 6 — Graceful degradation

Is it possible to detect the impending failure of an energy harvesting
device so as to minimise the possible impact on a monitoring system?

In a monitoring system, and in particular in an intelligent one which
reports only when there is something noteworthy, it is necessary to
know if a lack of data is due to lack of anything to report or due to an
inability to make the measurement. It would therefore be useful if an
energy harvesting device were able to notify the system of its
impending failure or that it has insufficient energy accumulated to
carry out a task thus allowing corrective action to be taken.

The interviews revealed that while such intelligence could be
implemented none of the companies seemed to be putting much
emphasis on this aspect of a system. This might be because the
applications currently driving their development work are different from
those envisaged by our group of users.

A model for the energy harvesting system behaviour should only rely
on a few input parameters and should be computationally simple to be
integrated into networking protocols without imposing much overhead.
This awareness of remaining energy levels for autonomous wireless
devices enables these devices to cooperate on routing of data,
aggregation of data and distribution of tasks within the network while
allowing for a long network lifetime and would be a step towards truly
adaptive protocols.

Algorithms exist to monitor capacitor voltage and can be used to put
the system into an alarm mode by sending a distress signal, if the
energy harvesting device underperforms. A designer may then choose
to enable the switching off of parts of the device (e.g. the
microprocessor) if converting ambient energy to electricity becomes
problematic. When multiple sensors are available, redundancy can be
realised via clever routing. Clearly any such fail-safe measures that
monitor the condition of an energy harvesting component draw
precious power and must be integrated properly.

The reliability of mechanical and electronic parts in energy harvesters
should be tested thoroughly following the manufacturing phase in
order to increase the mean time between failures. Selecting carefully
the materials and the packaging are essential steps to minimise the
risk of malfunctions. Nevertheless, not many systems have been
deployed long enough for their reliability to be proven in the field.




Issue 7 — Health & safety

What are the health and safety issues related to the handling of the
various energy harvesting devices?

Are there any dangerous materials (e.g. lead, uranium) used as
components or issues related to their disposal and transportation (e.g.
moving spares)?

For many of those wishing to apply energy harvesting technologies in
wireless sensing applications there was a need for reassurance that
health and safety issues were not going to be barriers to adoption.
Companies developing or deploying wireless sensor networks or
wireless sensing systems will inevitably need to do so internationally
without significant restriction on movement of equipment and in areas
that are heavily safety regulated. In addition, widely distributed sensor
nodes in a wireless network may have end of use disposal issues.

Most people consulted cited batteries, and in particular Li-ion batteries
as presenting a far bigger problem in terms of disposal of hazardous
materials.

In terms of the materials contained within the various devices none
contained anything considered to be a significant hazard. The most
common components are materials such as copper, stainless steel,
aluminium, gold, mono crystalline silicon and beryllium. Handling
beryllium in its solid form, such as a finished electronic board that
contains beryllium, is not known to cause illness.*

Piezoelectric based energy harvesting devices are generally made of
PZT*, which therefore does contain lead. It is claimed that lead in this
form is ‘locked in’ so is completely safe. Substituting PZT is currently
not possible. To date other piezoelectric materials (BaTiOg, BiTiO3,
(KNa)NbO; or LiNbO; based materials) are at least a factor of two less
efficient. This would at least double the amount of material used.
Some of these materials are already used for special applications (e.g.
very high temperature applications), but they all lack the universal
applicability of PZT. Nevertheless efforts are under way to develop
lead free alternatives as piezoelectric materials. Thermoelectric
devices contain Bismuth, which is very close to Lead from an
environmental point of view. Micropelt devices, for example, contain
Bi,Tes in microgram quantities per device.

In the past large scale energy harvesting systems (e.g. for space
applications) used radio active materials. Although the potential is
there, these have not been exploited on a small scale as would be
necessary to power wireless sensing nodes.

From an environmental point of view the total impact of the device is
also essential. A benign device that requires environmentally
hazardous methods of manufacturing would be less desirable. Silicon
based devices may not be hazardous but the silicon processing needs
to be carefully managed to avoid environmental damage.

A further safety related issue is that to be useful in many industrial
environments such as petrochemical plants, a device must be ATEX
certified i.e. it must be certified not to ignite a potentially explosive
atmosphere. Perpetuum has obtained ATEX and IECEx Zone 0
certification for its PMG17 harvesters. This was not a simple paper

38 4 vy ( S
vy <'§8=

%9 )E2 (




exercise that was done after production began but instead a ground-
up re-design effort. It had to be proven that the device could never
cause a gas ignition even in the case of a fault. The fact that these
types electromechanical harvesters are constructed mainly from
familiar materials found in many motors and actuators helped
enormously in this certification process.

The task of assuring that sensors containing either supercapacitors
and/or batteries are safe in hazardous environments should also not
be underestimated. For instance, a standard battery cannot be
changed in hazardous areas without special measures.

The issues above were all derived from consultations with the
potential end users of energy harvesting devices. During the course of
meeting with device developers however other common issues
became apparent. These are detailed below.

Issue 8 — Cost of ownership

Some developers of energy harvesting technologies cited the difficulty
in getting users to think in terms of total cost of ownership of an
energy harvesting unit. Others claimed that this was not a problem for
them.

Energy harvesting devices are currently priced according to the
perceived benefit of not having to change or rely on batteries.
Therefore, energy harvesting devices inevitably cost more than
batteries at a time in their development where demand and in some
cases technology are insufficiently developed to drive mass
production. Nevertheless, total cost of ownership is the valid
comparison with batteries. Generally energy harvesting devices cost
several £100s. Over the lifetime of a typical condition monitoring
application though the batteries will need to be changed several times.
This requires the far more costly intervention of an operator.
Additionally, for many applications, access may be extremely difficult
thus adding to the time and disruption costs of replacing batteries. In
hazardous environments it may be necessary to shutdown the plant to
change a battery. In a remote location (e.g. oil rig undersea) the costs
of battery changes are enormous. A cost in excess of $1 million has
been quoted for a single battery change. Furthermore, there are a
number of potential applications in harsh environments (e.g. extremes
of temperature) where batteries are known to be unreliable or in ATEX
type environments where changing of batteries is not straightforward.

On the other hand whilst energy harvesting devices are claimed to be
totally reliable and a one time fit and forget solution there is little
current long term evidence to back this assertion up. Additionally,
whilst there are some applications, for example in smart building
control, where a non-expert technician can easily install a unit this is
not widely the case. For the most part those commercialising the
technologies are still addressing ease of installation and the need for
specialist knowledge.

A recent study40 has shown that the typical costs of energy harvesting
devices over a useful application period were broadly similar to that of
using batteries. Should energy harvesting devices become mass
produced then costs would fall significantly but already they offer a
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cost effective solution in some applications where reliability and lack of
operator intervention is important.

Issue 9 — Matching of expectations with
capability

Energy harvesting devices provide intermittent power that therefore
influences the condition monitoring schedules.

Particularly in condition monitoring type situations there was a
common theme amongst developers that expectations of maintenance
staff needed to be revisited. Generally maintenance engineers have
been used to hard wired and powered sensors or battery operated
sensors. This has driven an expectation of continuous provision of
data whether needed or not. The developers of energy harvesting
technologies point out the often intermittent availability of power from
energy harvesting due to intermittencies in the harvesting source or
the need to first accumulate energy over a period of seconds to
several minutes. Intermittency is highly dependent on the specific
technique and the specific application scenario. Nevertheless it would
be useful for the maintenance engineers to re-evaluate how frequently
condition monitoring information is required and exactly what is
required in a power limited situation. A prioritisation of the most critical
pieces of machinery for monitoring where parts are most frequently
exchanged and with some knowledge of usual % failure rates before
exchange may help develop the energy harvesting applications and
information requirements.

Case Study: Perpetuum at Nyhamna gas plant

Shell has successfully trailed the use of wireless vibration and temperature monitoring
powered by Perpetuum’s vibration energy harvesting microgenerator at the Nyhamna gas
plant in Norway. The system means that much greater numbers of monitoring points,
many in hazardous areas, can be regularly monitored and so help the plant maintenance
engineers identify potential system breakdowns in advance.

Unexpected shutdowns of rotating equipment are the main contributor to production
shutdowns. Very often plant maintenance engineers are pushed into ‘breakdown’ mode
instead of doing planned maintenance activities because, typically, only the most critical
rotating equipment is continuously monitored. Normal monitoring practice involves
actually walking around a site from machine to machine and often requires helicoptering
in to a platform. This restricts the amount of monitoring an engineer can physically do in
the given time never mind the fact that some places are just to difficult or dangerous to
access. This has driven conservative design and the expensive holding of backup
equipment.

A self generating power supply is important for this wireless sensor network because
batteries have a limited life, particularly when they are required to work outdoors with
temperatures spanning from tropical to arctic conditions. Perpetuum worked with Shell
and GE Energy to develop a network of vibration energy harvesting microgenerators to
power wireless sensors that report temperature and overall vibration every five minutes
and a full frequency spectrum every six hours. The sensors are designed to keep
delivering data for up to 20 years. Shell anticipates that use of wireless in plant
technology will be standard practice around the world within a few years.

Figure 8 One of the vibration powered sensors at the Nyhamna gas plant.

Source: Perpetuum



Issue 10 — Integration of devices and expertise

Developing and applying a self powered wireless sensing device
requires the integration of a range of different areas of technical
expertise and the optimisation of performance across the constituent
devices.

In order to develop and use a self powered wireless sensor there is a
need to integrate an energy harvesting device, electronics for power
conversion, a sensor and a communications device. All draw upon
different skills and power usage needs to be optimised across the
system rather than individually for each component device. This
complex range of skills is rarely found within one organisation or
individual making the task of bringing a device to market difficult. A
lack of systems integrators prepared to provide self powered wireless
sensor nodes was cited as a barrier to adoption of the technology.
Several developers of energy harvesting technology focus only on one
aspect of the total device — usually the energy harvester itself.
Additionally devices generally need to be optimised for specific
applications. This makes it difficult for the end user to buy a complete
solution and that restricts the early market for the devices. An
interesting development is that of EnOcean’s Dolphin chip which aims
to provide a single chip approach.

Case Study: EnOcean’s System on Chip

An effort is underway by EnOcean to bring to the market a complete system-on-chip
transceiver called Dolphin that can offer bi-directional ultra low power RF applications.
This is a significant step towards a systematic approach to reducing energy consumption
compared to existing approaches. Based on the Dolphin chip, cost attractive plug & play
modules are currently being developed for straightforward startup and system integration.

The hardware core of Dolphin comprises an RF transceiver, an 8051 microcontroller core
with peripherals and several unique ultra low power management blocks. In addition a
development environment with a powerful APl is provided. The API allows the
development of customer specific firmware in C-language and provides functions for chip
configuration, transmission and reception of radio telegrams, ID management, 1/0
handling, control of power down modes data encryption, repeating or even routing. The
user can simply link the given function macros in their program, which is later saved in the
Dolphin hardware. Development tools will be available, specially matched to the chores of
startup, programming and system integration.

Dolphin is designed for use in switches, sensors, receivers and transceivers for building,
home, and industrial automation. In a self powered device it can be powered by various

kinds of energy harvesters, such as electro-dynamic energy converters, solar cells, and

energy converters for temperature differentials and vibrations.

Source: EnOcean

A greater level of standardisation is a key driver for interoperability
and wider acceptance of energy harvesting solutions by systems
integrators and end-users. The field of energy harvesting has now
developed to the stage where this need is becoming more frequently
commented upon, although relatively little standardisation activity is
evident yet. The recently created EnOcean Alliance represents
perhaps the first systematic effort towards establishing standards
related to energy harvesting technologies. Technology developers and
users now need to begin to coalesce around a small number of
standard designs rather than continue to develop yet more proprietary
energy harvesting components and systems.

Standardisation is needed at the interfaces of energy harvesters with
networks, instruments, and distributed measurement systems. The
risks to end-users in adopting an energy harvesting solution would
also be significantly lower if there were standard definitions and
means of verification of the operational conditions necessary in order



to produce the required levels of power. Some helpful lessons about
the long and sometimes complex standardisation process may be
learnt from the establishment of the Smart Transducer Interface
Standards for Sensors and Actuators (IEEE 1451).

Technology Readiness Level Assessment

Technology Readiness Level (TRL) measures “ are commonly used
by several government agencies and many major companies to
illustrate the state of development and commercialisation of a
particular technology. Table 6 gives a brief description of the 9 levels.

Having discussed the different technologies for converting ambient
energy into electricity and analysed the ten issues above, we have
now assessed the maturity of the underlying energy harvesting
technologies according to TRLs.

Table 6 Technology Readiness Levels’ key.

Level | Description

Basic principles observed and reported

Technology concept and/or application formulated

Analytical and experimental critical function and/or characteristic

Component and/or breadboard validation in laboratory environment

Component and/or breadboard validation in relevant environment

OO WNE

System/subsystem model or prototype demonstration in a relevant
environment

~

System prototype demonstration in a operational environment

[ee]

Actual system completed and 'flight qualified' through test and
demonstration

9 | Actual system 'flight proven' through successful mission operations

We recognise that assignment of TRLs to energy harvesting
technologies without a well defined application context is a difficult
and probably not very precise exercise. Numerous factors may
influence judgement including the relevance of the operational
environments (e.g., usage patterns) to the system at hand and any
energy harvesting product to sensing system architectural mismatch.
Nevertheless, our approach has been to employ a healthy degree of
skepticism when assessing the various claims for the readiness of
individual examples of systems in each technology. We appreciate
therefore that some technology developers will disagree with our
assessment. We expect though that the assigned TRLs will give an
approximate assessment of the relative readiness of each energy
harvesting technology to address a commercially useful application.

The TRLs for the present state of development in both macro and
micro systems as well as a projected timeline in 5, 10 and 15 years of
selected energy harvesting technologies in the context of wireless and
remote sensing are summarised in Table 7.
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Table 7 Technology readiness levels of the different energy harvesting
technologies to power wireless and remote sensors.

Energy and conversion 2008 | 2013 | 2018 | 2023
mechanism
Macro Piezoelectric (strain) 9 9 9 9
?é’;tgms Electrostatic (vibration) 6 7 8 9
level) Electromagnetic (vibration) 8 9 9 9
Thermoelectric 7 8 8 9
Inductive RF 5 6 8 9
Solar cells (Si, thin film) 8 9 9 9
Micro Piezoelectric thin film 4 5 5 6
systems | (strain)
mm? P
I(evel) Electrostatic (vibration) 3 4 5 6
Electromagnetic (vibration) 5 6 7 8
Thermoelectric 6 7 7 8
Inductive RF 4 5 6 8
Solar cells (plastic) 4 5 7 8




Centres of Expertise

A-Z list of Organisations

Table 8 lists organisations active in either carrying out research on
energy harvesting technologies or in developing energy harvesting
products and/or integrating energy harvesting into sensing systems.
Although the list is not exhaustive, the intention is that this
examination of the centres of expertise will be useful to those wishing
to know where they can go to collaborate and which organisations
actually have products that they could buy or at least evaluate. As this
report cannot hope to capture all of the detail of each organisation’s
research or development programme or keep up with the rapidly
evolving field the approach taken has been to highlight the particular
energy harvesting techniques used by each organisation and any
notable areas they are working on.

Table 8 Organisations active in energy harvesting technologies.

Organisation Country Web Main expertise

Advanced Cerametrics USA advancedcerametrics.com ceramic materials and products
using PZT fibers

Advanced Linear USA aldinc.com power management CMOS

Devices analog integrated circuits

Ambient Micro USA ambient-micro.com multi-source energy harvesting

Arveni France arveni.fr piezoelectric energy harvesters

Cranfield University UK cranfield.ac.uk/sas piezoelectric energy harvesting
devices and modelling, MEMS,
thin film piezoelectric materials

EnOcean Germany enocean.com wide range of energy harvesting,
system on chip, own wireless
protocol

EoPLEX USA eoplex.com piezoelectric energy harvesting,
miniature fuel cells

EPFL Switzerland epfl.ch solar energy harvesting, power
management

ETH Zirich Switzerland ethz.ch thermoelectric generators,
flexible solar modules

Ferro Solutions USA ferrosi.com piezoelectric and
electromagnetic energy
harvesting

Fraunhofer Institute Germany fraunhofer.de wide range of energy harvesting
prototype systems, MEMS

Georgia Institute of USA mse.gatech.edu flexible fibre coated with

Technology nanowires

GreenPeak The Netherlands greenpeak.com low power wireless

Technology Belgium communication technology for

sensing and control applications

Holst Centre

The Netherlands

holstcentre.com

thermal, vibration, and RF
approaches with various
prototype systems

IMEC Belgium Imec.be micro and nano technologies,
thermoelectric energy harvesting

Imperial College UK wwwa3.imperial.ac.uk/electri | vibration and air-flow energy

London calengineering harvesting analysis and MEMS
design, power electronics,
energy harvesting simulator

K. U. Lueven Belgium mech.kuleuven.be vibrational, thermoelectric
energy harvesting, micro gas
turbines

KCF Technologies USA kcftech.com piezoelectric vibration harvesting

Kinetron The Netherlands kinetron.nl claw-pole style microgenerators

LV Sensors USA Ivsensors.com piezoelectric powered tyre

pressure monitoring system

Massachusetts Institute
of Technology

USA

web.mit.edu/aeroastro

silicon microturbines




Micropelt Germany micropelt.com thermoelectric energy harvesters
Microstrain USA microstrain.com piezoelectric strain energy
harvesting
Midé Technology USA mide.com piezoelectric energy harvesting
MIT USA media.mit.edu /( (
L " H
National Physical UK npl.co.uk characterisation of MEMS
Laboratory energy harvesting devices
Penn State University USA kirkof.psu.edu piezoelectric energy harvesting,
power management circuits
Perpetuum Ltd. UK Perpetuum.com vibrational electromagnetic

energy harvesting

Philips Research

The Netherlands

research.philips.com

electrostatic energy harvesting

Laboratories and power management

Piezotag Ltd UK piezotag.com piezoelectric powered tyre
pressure monitoring system

Powercast USA Powercast.com RF power transmission

Schott Solar Germany schott.com/photovoltaic/en photovoltaic cells

glish

Solarfun Power China solarfun.com.cn photovoltaic cells

Thermolife USA Thermolife.com thermoelectric energy harvesting

Tima - Techniques of France tima.imag.fr piezoelectric energy harvesting,

Informatics and MEMS

MicroElectronics for

Computer Architecture

Tyndall National Ireland tyndall.ie photovoltaics, power

Institute management, characterization of
energy harvesting devices

Universitat Politecnica Spain http://pmos.upc.es/blues/ human passive power

de Catalunya

University of Bristol UK www.bris.ac.uk/aerospace vibrational energy harvesting

University of California, | USA WWW- MEMS, thin film piezoelectrics

Berkeley bsac.eecs.berkeley.edu

University of California, USA nesl.ee.ucla.edu/projects/h solar powered motes

Los Angeles eliomote

University of Freiburg Germany imtek.de MEMS and materials, including
photovoltaic cells

University of Neuchatel | Switzerland unine.ch MEMS, piezoelectric energy
harvesting; solar cells on rigid
and flexible substrates

University of South USA vtb.engr.sc.edu/research/ps | hybrid power systems with

Carolina 1} emphasis on portable solar
arrays

University of UK ecs.soton.ac.uk electromagnetic energy

Southampton harvesting, multi-source energy
harvesting

University of UK eee.strath.ac.uk electric field capacitive energy

Strathclyde

harvesting

The above Table shows that there is a concentration of R&D and
comercialisation in both USA and Europe. Europe has good coverage
of techniques and several commercial successes. Brief summaries of
the organizations we were able to contact or find substantial
information about follow. As a UK-based study, the coverage of UK
organisations (academic and commercial) is inevitably more
comprehensive than that of the rest of Europe or the rest of the World.
Nevertheless, we highlight some of the major players in these other
regions. For companies developing commercial systems we try to
explain whether products or evaluation kits are available or still under
development. In each case contact details are provided so that the
reader can follow up areas of interest.




United Kingdom: Academic Groups

University of Southampton - School of Electronics a nd
Computer Science

The School of Electronics and Computer Science at the University of
Southampton, has a long track record in energy harvesting research
and one of the largest teams in the world. The team has investigated
various energy harvesting techniques and made a number of
breakthroughs. The School exploit their research further through
Perpetuum), a vibration energy-harvesting company which was
formed in 2004 as a spin out from the University of Southampton. As
part of the EC-funded VIBES (see Appendix 1: Selected Collaborative
R&D Projects) project the group developed a generator, which is 10
times more powerful than any other similar devices and is less than 1
cm?® in size. The School holds a portfolio of projects that look to
develop hybrid energy harvesting systems and improve integration
with power management.

Web www.ecs.soton.ac.uk
Key contacts  Dr Steve Beeby, Prof. Neil White, Dr Nick Harris

Imperial College London, Dept. of Electrical and EI  ectronic
Engineering

The Control and Power Research Group at Imperial College covered
several areas, including MEMS, integrated circuits and multi-domain
system modelling. The 9roup have demonstrated the first working
electrostatic generator*” and also invented a type of generator
architecture (CFPG) that is insensitive to frequency and presented a
unified anaI)/ticaI framework for fair comparison of vibration
harvesters.*? Modelling the complete system is important so that both
the mechanical components and the electrical components can be
modelled, and their interaction taken into account. The Imperial
College Energy-Harvesting Simulator (ICES) toolkit** was recently
released as open source for modelling complete inertial type micro
generator systems. The toolkit consists of various custom designed
PSpice library models such as a generic Mass-Spring-Damper (MSD)
model, Electromagnetic and Electrostatic transduction models and
also a model of a continuous rotational micro generator. The
development of ICES is an ongoing effort and they continue to add
other transduction mechanism models such as piezoelectric and
electret based transducers to this toolkit. Users can realise their own
micro generator systems by interfacing the models that are available
in the toolkit.

Web wwwa3.imperial.ac.uk/electricalengineering

Key contacts Dr Paul D. Mitcheson, Prof. Eric M. Yeatman, Dr
Andrew Holmes
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University of Bristol - Aerospace Engineering

The Aerospace Engineering Dept of Bristol University in collaboration
with the Department of Engineering Mathematics conduct research
into the generation of electrical power from ambient vibrations using
resonant structures with non-linear elements.* This research is
sponsored by EPSRC and aims to develop energy harvesting devices
that can generate power from vibrations over a wide frequency range
by exploiting the characteristics of non-linear resonant systems.
Conventional vibration harvesting devices have a limited bandwidth,
and the wider bandwidth of the proposed designs makes the
technology of energy harvesting more widely applicable and also
makes the devices easier to manufacture by relaxing tolerances. The
team also participates in research consortia looking to apply this
technology in variety of new and existing applications and industrial
sectors. One is the Wireless Intelligent Sensing Devices (WISD) (see
Appendix 1: Selected Collaborative R&D Projects) whose objectives
are to realise sensors that are autonomous, self-powered, have on-
board intelligence and provide wireless data transfer. As an example
of the exploitation of this research, WISDs will be tested on military
platforms such as helicopters.

Web www.bris.ac.uk/aerospace/
Key contacts Dr Steve Burrow

University of Strathclyde - Department of Electroni c&
Electrical Engineering

The Electrical Plant & Diagnostics Group have been working on a
capacitive energy scavenging device harvesting energy from the
ambient electric field within electrical substations. It was found that
two plates of radius 10 cm separated by a distance of 10 cm and
placed within a 20 kV m™ electric field have the potential to supply
some tens of mW to a sensor circuit. A prototype device has been
tested using a small internal digital ammeter to measure the short-
circuit current that is induced. It is anticipated that either a switching
circuit or impedance transformer will be required to convert the energy
to a voltage suitable for powering wireless sensors. A magnetic
harvesting prototype that combines energy scavenging and current
monitoring within a single coil has also been tested. The Group are in
discussions with a number of utility companies to further develop and
evaluate the performance of their systems.

Web www.eee.strath.ac.uk
Key contacts  Dr Martin Judd, Dr Alistair Reid

Cranfield University - Department of Materials

The Department of Materials has been investigating piezoelectric
energy harvesting devices. The research is sponsored by EPSRC via
the Innovative Manufacturing Research Centre at Cranfield and
focuses on improving the power output and increasing the operational
bandwidth of the devices. Areas of research include the design
optimisation of piezoelectric transducers, construction of device
prototypes, efficiency of power management circuits, and addressing
challenges of systems integration. Various energy harvesting devices
are currently under development or at prototype phase. These include
the cantilever based spring-mass resonant structures and novel non-
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resonant/resonant structures. The researchers are looking to apply
this technology into wireless sensor nodes, automotive and aeronautic
and medical sectors for self-power sensors and/or actuators.

Web www.cranfield.ac.uk/sas
Key contacts  Dr Meiling Zhu

United Kingdom: Commercial Organisations

Perpetuum Ltd. (Southampton, UK)

Perpetuum is a world-leading vibration energy-harvesting company.
The company was founded in 2004 with venture capital backing by a
team of researchers at the School of Electronics and Computer
Science at the University of Southampton. The products use
electromagnetic energy harvesting techniques offering a good
combination of simplicity, low cost and reliable operation. There have
been a number of deployments with emphasis on condition monitoring
of electric motor systems. Examples include installations at a Shell
gas plant in Norway, at the Yorkshire Water Esholt Waste Water
Treatment Works in Bradford and on US Navy ships. These
installations were designed to reduce maintenance costs and system
failures. Perpetuum’s PMGL17 energy harvester is ATEX-certified for
hazardous environments and hence can be used in hazardous oil,
gas, chemical and petrochemical environments where flammable
gases may be present.

Web www.perpetuum.com
Key contacts  Roy Freeland, Dr Stephen Roberts

National Physical Laboratory (Teddington, UK)

The National Physical Laboratory (NPL) is the UK’s National
Measurement Institute. The Functional Materials Group at NPL have
been working on characterisation of MEMS energy harvesting
devices. This project is concerned mainly with the transformation of
mechanical to electrical energy to power small autonomous devices.
The conversion can be achieved by a number of methods - however
the most promising options for MEMS devices include magnetic,
piezoelectric and magnetostrictive transformation. Knowledge will be
shared with all partners onboard the project, whilst the wider
community will enjoy open access to the generic metrology output in
the form of web based tools, new pre-normative standards
documents, and the work will be further assessed for quality through
the peer reviewed publication process. Case studies will demonstrate
the concepts so that organisations not in the materials supply market
will gain a better understanding of the benefits associated with energy
harvesting.

Web www.npl.co.uk
Key contacts  Dr Markys Cain, Dr Mark Stewart

Piezotag Ltd. (Coventry, UK)

Piezotag has developed a tyre pressure monitoring system that is
based on the piezoelectric effect — energy is harvested from the
rotation of the tyre. The system transmits RF signals from the wheels
to a receiver every 6s advising the driver of the current temperature
and pressure of the tyres. Piezotag does not manufacture the devices



in large volumes, but rather licenses its designs to other companies
for manufacturing.

Web www.piezotag.com

Rest of Europe: Academic Groups

Fraunhofer Institute (Various Locations, Germany)

Micro Energy Technology — ‘Power to Go’ is the topic of one of the
Fraunhofer-Gesellschaft's twelve ‘Signposts to tomorrow’s markets’.
Ten different Fraunhofer Institutes are making a substantial
contribution to this target through application oriented research.

Fraunhofer IPM have been working on thermoelectric energy
harvesting through the development of micro-Peltier elements in
collaboration with Infineon to create far more efficient and mass
producible devices. This is being exploited through Micropelt GmbH.

Fraunhofer ISE are developing organic solar cell modules that will be
cheap, flexible and capable of mass production. They have also been
working on micro membrane fuel cells and planar fuel cells using
printed circuit board technology and injection moulded plastic parts a
few mm thick. The Fraunhofer IZM are developing a different solution
— a planar micro fuel cell based on wafer-level and film technologies.
Fraunhofers ICT and IKTS are working on materials aspects of new
fuel cells. The Fraunhofer IZM has been carrying out complementary
work on printing electric circuits onto the thin polymers.

Fraunhofer 1IS is working on inductive energy transfer for the charging
of secondary cells in future smart cards and are addressing options to
increase the distance at which this can occur.

The Fraunhofer ISIT and Fraunhofer ICT are working on a range of
new battery technologies including developing flexible lithium polymer
battery cells. These have the advantage of being tailored to more
convenient shapes and sizes for more flexible use e.g. in medical
implants.

Finally, Fraunhofer ICT is working on algorithms, components and
circuits for optimum power conditioning, management and distribution.
It has developed a portable energy management system capable of
collecting and storing energy from a wide range of sources and
distributing it to various end devices as required.

Fraunhofer Institute for Chemical Technology ICT

Web www.ict.fraunhofer.de

Key contacts Michael Krausa

Fraunhofer Institute for Integrated Circuits IIS

Web www.iis.fraunhofer.de

Key contacts Guenter Rohmer

Fraunhofer Institute for Ceramic Technologies and Systems IKTS
Web www.ikts.fraunhofer.de

Key contacts Michael Stelter

Fraunhofer Institute for Physical Measurement Techniques IPM
Web www.ipm.fraunhofer.de

Key contacts Harald Boettner

Fraunhofer Institute for Silicate Research ISC

Web www.isc.fraunhofer.de



Key contacts Michael Popall

Fraunhofer Institute for Solar Energy Systems ISE

Web www.ise.fraunhofer.de

Key contacts Christopher Hebling

Fraunhofer Institute for Silicon Technology ISIT

Web www.isit.fraunhofer.de

Key contacts Peter Gulde

Fraunhofer Institute for Reliability and Microintegration 1ZM
Web www.izm.fraunhofer.de & www.izm-m.fraunhofer.de
Key contacts Robert Hahn, Martin Richter

Fraunhofer Technology Development Group TEG

Web www.teg.fraunhofer.de

Key contacts Ivica Kolaric

Holst Centre (Eindhoven, The Netherlands)

The Holst Centre was established in 2005 by the research
organisation IMEC together with the Dutch research institute, TNO.
The Holst Centre runs the Wireless Autonomous Transducer Solutions
initiative, a major programme that includes energy harvesting. The
Centre is working on thermal, vibration, and RF approaches and have
demonstrated numerous working prototypes in the recent years. For
example, a wearable thermoelectric generator for a sensor node
produces 100 W/cm?.

Web www.holstcentre.com
Key contacts  Ruud Vullers

Tyndall National Institute (Cork, Ireland)

Tyndall National Institute is Ireland’s largest research centre,
specialising in photonics, micro/nano-electronics and micro-systems.
The micro-systems centre is focussed on the development of
innovative micro-technology platforms to address future challenges in
energy, health and the environment. Tyndall are currently partners in a
€20m cluster of multidisciplinary collaborative projects to address
research and development issues in the area of energy management
in the built environment. The Institute has relevant research in
technologies for micropower generation (vibrational harvesting, solar
cells, piezoelectrics, inductive power and microfuel cells) storage
(microbatteries) and conversion (power supply on chip, magnetic on
silicon). Tyndall have participated in the European projects, VIBES
and NAPOLYDE.

Web www.tyndall.ie

Key contacts  Prof. Roger Whatmore, Terence O'Donnell, John
Barton

University of Neuchatel - Institute of Microtechnology ~ (Neuchétel,

Switzerland)

The Institute of Microtechnology (IMT) conducts research in the fields
of micro-optics, microsystems and MEMS, nanotechnology, and ultra-
low power electronics and wireless communication. IMT’s different
research groups have developed expertise in the fields of wireless
sensing networks, ultra-lower electronics, power generation and
energy scavenging. The MEMS and Microsystem group (SAMLab)



has research projects on micro-SOFC, micro-thrusters, silicon carbide
MEMS and energy scavenging based on epitaxial piezoelectric films
on silicon. The Photovoltaics and Thin-film Electronics Laboratory
(PVLab) has introduced several breakthrough innovations with record
efficiencies on glass substrates. The Electronic and Signal Processing
Laboratory (ESPLab) has developed several ultra low-power mixed-
mode integrated circuits and ultra low-power wireless Microsystems. A
spin-out company (IP01) brings to the market ultra low-power wireless
sensor networks.

Web www.unine.ch/imt
Key contacts  Prof. Danick Briand

Europe: Commercial Organisations

EnOcean GmbH (Oberhaching, Germany)

Enocean is a Siemens spin-off company with a wide range of energy
harvesting strategies that are combined with sensor and radio
technology to offer complete self-powered sensor nodes. The first
generations of products offered motion-powered light switches that
use piezoelectric elements. The energy required to push the button is
transformed into electrical energy for a wireless transmitter that
triggers the circuitry. These switches were targeted at the building
automation market. EnOcean also produces thermoelectric and solar
energy harvesters using off the self components. EnOcean offers a
broad range of ambient energy powered sensors, receivers,
transceivers and installation tools. EnOcean has sold around 500,000
sensor nodes already to more than 70 companies who have
integrated them into more than 300 different but interoperable energy
harvesting products. Recently the EnOcean Alliance was formed to
develop and promote self-powered wireless monitoring and control
systems for sustainable buildings by formalising the company’s
interoperable wireless standard.

Web www.enocean.com and www.enocean-alliance.org
Key contacts  Frank Schmidt, Markus Brehler

Kinetron (Tilburg, The Netherlands)

Kinetron manufactures a family of claw-pole style microgenerators.
The devices rely on SmCo or ferrite PM rotors and multi-turn Cu
windings with operational speeds of 5 krpm. These generators have
been tailored for several consumer applications including flow-
powered turbines for water meters and irrigation systems, pedal-
powered bicycle lights, and wristwatch power sources. The smallest
device, at only 28 mm, can generate 10 mW of power for a power
density of 0.36 W/cm. *°

Web www.kinetron.nl
Key contacts  J. Meijer
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IMEC (Leuven, Belgium)

IMEC (Interuniversity Microelectronics Center) is an independent
collaborative research center in the field of micro- and
nanoelectronics, enabling design methods and technologies for ICT
systems. Researchers at IMEC are worked on a thermoelectric
generator to harvest energy from body heat.*’ By building their
thermocouples with MEMS techniques and developing more effective
heatsinks, the researchers were able to generate between 200uwW and
500uW at around 1.2V from a wristwatch-sized device. Another
research project recently presented by IMEC's Netherland's subsidiary
site uses the piezoelectric effect. The device turns mechanical
vibrations into electrical energy of about 40 W. The material of choice
to be used for piezo elements today is PZT. The problem, however, is
that this material is very difficult to handle in mass production. IMEC is
also keeping an eye on the systemic issues to make the most of the
harvested energy.

Web www.imec.be
Key contacts  Dr Chris Van Hoof, Bert Gyselinckx

Arveni (Lyon, France)

Arveni is a new start-up company aiming to bring to market
piezoelectric energy harvesters.

Web www.arveni.fr
Key contacts  Jean-Frédéric Martin

Micropelt GmbH (Freiburg, Germany)

Micropelt GmbH was founded in 2006 as a result of a seven year
research cooperation between Infineon Technologies AG and the
Fraunhofer Institute for Physical Measurement Techniques. The
company develops and markets miniaturised thermoelectric
components, such as Peltier coolers and thermogenerators, based on
a scalable silicon MEMS micro-structuring wafer platform technology.
Compared to conventional thermoelectric coolers, Micropelt’s
patented technology has smaller component sizes, 10 times higher
cooling or heating power densities, and economies of scale close to
those found in chip-making industries. A Micropelt TE-Power-Plus
module produces approximately 560 W of stabilised power from a
source temperature of 60C and ambient temperature of 25C *,

Web www.micropelt.com
Key contacts  Fritz Volkert, Burkhard Habbe

GreenPeak Technology (Utrecht,The Netherlands and Z  ele,
Belgium)

GreenPeak is a fabless semiconductor, module and software
company focusing on ultra low power wireless communication
technology for sensing and control applications. GreenPeak has
developed on-board power management circuits that monitor the state
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of energy harvesters and take appropriate actions to optimise the
available energy. The company maintains partnerships with the
leading providers of these systems in order to support a wide range of
energy sources to accommodate the needs of wireless sensor
applications. Some key offerings include a) an ultra-low-power
wireless transceiver and sensor interface design with efficient power-
up and power-down modes that dramatically reduce power
consumption, b) an energy harvesting interface that enables the
modules to utilise power provided by e.g. external solar,
electromagnetic, and piezoelectric transducers. and c) a mesh
technology that enables designers to create extended sensor
networks without the need for battery-powered or cabled routing
nodes.

Web www.greenpeak.com
Key contacts  Niek Van Dierdonck, Bart Dehouwer, Frans Frielink

Schott Solar GmbH (Alzenau, Germany)

Schott Solar produces components for photovoltaic applications and
solar energy plants. The technological competence of the company
dates back to the late 1950s. In the photovoltaic industry, the
company is one of the few fully integrated manufacturers of crystalline
silicon wafers, cells and modules. SCHOTT Solar has production
facilities in Germany, the Czech Republic, the USA and Spain.

Web www.schott.com/photovoltaic/english/
Key contacts Dr Martin Heming

Rest of the World: Academic Groups

Georgia Institute of Technology (Atlanta, GA, USA)

Researchers at Georgia Tech have made a flexible fibre coated with
zinc oxide nanowires that can convert mechanical energy into
electricity.*® The zinc oxide nanowires grow vertically from the surface
of the polymer fibre. When one fibre brushes against another, the
nanowires flex and generate electric current. The researchers
described a proof-of-concept yarn in the journal Nature. They show
that the output current increases by entwining multiple fibres to make
the yarn. By their calculations, a square meter of fabric made from the
fibers could put out as much as 80 mW --enough to power portable
electronics.

Web www.mse.gatech.edu
Key contacts  Prof Zhong Lin Wang

Massachusetts Institute of Technology, Media Lab
(Cambridge, MA, USA)

Research at the MIT Media Laboratory, includes a system that
scavenges electricity from the forces exerted on a shoe during
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walking. This system uses a flexible piezoelectric foil stave to harness
sole-bending energy and a reinforced PZT dimorph to capture heel-
strike energy. The piezoelectric generators drive a battery-less, active
RF tag, which transmits a short-range wireless ID while walking,
thereby enabling location based services and active environments.
Other systems that have been developed include a battery-less
pushbutton that can send an RFID code with a single push, sensor
nodes that harvest mobility rather than energyso, and power
management schemes that exploit sensor diversity to achieve energy
efficiency.

Web www.media.mit.edu

Key contacts  Prof. Joseph Paradiso

Penn State University - Center for Acoustics and Vi bration
(PA, USA)

Research has been focused on methods of harvesting vibrational
energy with piezoelectric elements. The Centre has developed
expertise in optimising the circuits used in the energy conversion. The
converter includes an adaptive control technique that adjusts to find
the optimal power transfer options for the moment, including an
efficient duty cycle. A duty cycle dictates when and for how long a
device is active. Harvesting techniques developed at Penn State are
being adapted and commercialised by KCF Technologies.

Web kirkof.psu.edu
Key contacts  Prof. George A. Lesieutre, Heath Hofmann

University of South Carolina — Power Sources Lab
(Columbia, SC, USA)

The Power Sources Laboratory has underway projects on the
incorporation of new power semiconductor technologies such as solar
cells and the development of advanced hybrid power systems for the
US Navy. This research develops novel solar array and power
converter configurations that significantly enhance the power available
for portable systems that are used under partially shaded conditions
such as solar jackets and backpacks.

Web http://vtb.engr.sc.edu/research/psl/
Key contacts Prof. Roger Dougal
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Rest of the World: Commercial Organisations

Powercast (Pittsburgh, PA, USA)

Powercast has focused on broadcasting a low-power radio (RF) signal
at a specific frequency to power devices. Founded in 2003, the
company has developed a transmitter module and a receiver module
that transmit energy to recharge batteries, or to power devices
directly. Powercast does not sell a packaged product but provides the
modules to OEMs.

Web www.powercastco.com
Key contacts Charles Greene

Advanced Cerametrics (Lambertville, NJ, USA)

Advanced Cerametrics supplies advanced engineered ceramic
materials and products for energy harvesting and active structural
control. The company has developed a line of products made using its
PZT fibers. These devices may replace the use of bulk PZT in several
applications. The piezoelectric fibers are either bundled in a parallel
array to make transducers or are laid out in a flat mono-layer to make
actuators. When the fibers are bent, flexed or compressed they
generate an electrical charge. When the fibers are exposed to an
electric field they mechanically deform. Research is ongoing in
development of fibers made using relaxor materials with efforts aimed
at producing aligned single crystal piezoelectric fibers.

Web www.advancedcerametrics.com
Key contacts Dr Farhad Mohammadi

Midé Technology (Medford, MA, USA)

Midé was founded in 1990 to develop distributed power systems using
energy harvesting. Midé uses structurally mounted piezoelectric
crystals to harvest the vibrational energy of components. The energy
harvesting device is called “Volture” and instead of using cantilevered
piezoelectric actuators, Midé embedded the piezoelectric materials in
polyimides and epoxies, thereby increasing robustness of the system.
Among the applications is a system to monitor freight-train-brake
force. The Midé system will provide its own power using a
piezoelectric energy harvester, using the train's vibrations to charge its
batteries. During braking, the monitoring system will turn itself on,
obtain data, and transmit that data wirelessly to a remote central
location.

Web www.mide.com
Key contacts  Chris Ludlow

Ambient Micro (Half Moon Bay, CA, USA)

Ambient Micro was founded in 2005 and has developed a multi-
source energy harvesting technology that collects energy



simultaneously from multiple sources including solar, thermoelectric,
vibration, and ambient RF waves. The company undertakes energy
harvesting research mainly for the defense sector and in 2007
established a new engineering and test facility to conduct full scale
UAV engine testing and component integration.

Web www.ambient-micro.com
Key contacts Dr Bor Yann Liaw

Ferro Solutions (Woburn, MA, USA)

Ferro Solutions was founded in 2003 to develop energy-harvesting
devices to power wireless monitoring systems for US Navy ships. The
company has two approaches to energy harvesting: inductive
electromechanical vibration harvesting; and a combination of
piezoelectric materials and magnetic materials. The electromagnetic
vibrational energy harvester is designed to extract as much energy in
as little volume as possible, through careful consideration of the
magnetic and coil design. The claimed power can be delivered at
various voltages, including the 3.3V DC useful for driving ZigBee
nodes. According to the published data sheet the VEH-360 responds
best to vibrations of 60 Hz. Ferro Solutions is also looking at
approaches to self-tuning harvesters. The first is to build a device with
a broad resonant peak so it works well at frequencies either side of a
50Hz centre frequency. For electromechanical harvesters, it may also
be possible to combine a changing mechanical frequency with
electronic impedance-matching techniques.

Web www.ferrosi.com
Key contacts  Dr Robert O'Handley

Solarfun Power (Shanghai , China)

Solarfun Power manufactures and sells photovoltaic modules used in
the production of electronic systems that require solar power. The
company sells directly to systems integrators and through distributors
to customers mainly in Europe and China.

Web www.solarfun.com.cn
Key contacts  Lu Yonghua

Patents Landscape

Patents may play a major role in the emerging market of energy
harvesting for wireless and remote sensing. Table 9 lists the granted
us™ patents from certain relevant classes that contain claims related
to energy harvesting.> These patents have been sorted based on
forward citations. Forward citation refers to the citations that a patent
subsequently receives from other patents and is considered to be an
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indicator of their importance in the field.>® Only a dozen patents
appear to have been cited by others but it should be noted that the
majority of these patents have been granted only recently (the larger
the US patent no the more recent the patent). There has therefore
been little time for citation so far.

Table 9 Patents on energy harvesting methods and systems granted by US
Patent office.

1" I $ % &
' &
( N#! *
+ JH|H# + &
/ &
#! 0
) +1 ! + 2
! 3 4 - /| 2
&
& "#)) 52
7 8
6 )" &
9 ! / % :/4$;
3 ) /2
< / #I " * & &
#| + &
&
& | 52
/ # ) #
9 #HH " 28 % &
/ i
/ =
$ / &
$ N #
=&
H $
>+4 + &
>+4 ) $
- H $ & % 2
/ + &
&
& ! + &
/ [ /
? $ U #") &
/ &
/ DY)
3@ /+5/1/ ! $ %
/
3

3 ) & ( 3+1 +,>




" - L s
3 /
A !' )
A = A * %
A / | # + &
A / D) + &
+
A / Nt # &
&
A $ ),
A" / &
+1 n" & &
" +1 lll) # -
" +
$ N, &

61




Recommendations

Having consulted with a number of the key developers and potential
users of energy harvesting technologies we have sought to draw out
from the discussions a set of commonly agreed recommendations.
These are recommendations that are aimed at improving or achieving
the goal of practical implementation of energy harvesting to enable
remote and wireless sensing in applications of interest to industry.
These come from a synthesis of the comments of several people but
cannot be claimed to be universally supported. Hopefully though they
point a way forward and some will be pursued in the Action Plan to be
developed by the SIKTN following on from this study. Others will be
made to the relevant funding bodies supporting energy harvesting
R&D.

As selection of energy harvesting approach and set up is, in most
cases, still very application specific it would be useful to
encourage greater end-user involvement in performing trials as
indicated by our survey findings. This would serve the purpose of
building confidence in the range of scenarios that can be
addressed as well as enabling developers to begin to seek out
areas where standardisation of approach might be feasible.

Technology developers and users should begin to coalesce
around a small number of standard designs rather than continue
to develop yet more proprietary energy harvesting components
and systems. As has been the case with batteries,
interchangeability is going to be key to wider systems integrator
and end-user acceptance. Standardisation efforts could focus on
the interfaces of energy harvesters with networks, instruments,
and distributed measurement systems. Standards should also
cover the definition and verification of the operational conditions
necessary in order to produce the required levels of power.

The condition monitoring / plant maintenance engineer community
should be consulted on minimum levels of measurement coverage
for a range of applications. This would help to overcome the
expectation barrier in doing a proper cost benefit assessment of
the capability of an energy harvesting solution where power
availability is inevitably intermittent.

Innovation at both the academic and commercial ends could be
driven by the setting of challenges in a DARPA-style
competition.>* Such a competition could focus on a few key
scenarios, e.g. constant and intermittent vibration, constant and
fluctuating temperature differences etc, and challenge the entrants
in each category to maximise power density. Additional
challenges could be set to best address certain key applications
where energy harvesting would enable significant benefit to be
achieved. To do this it would be useful to consult with the
condition monitoring community and determine a priority list of
high value and mission critical applications, where the cost of
insuring against failure is sufficiently high to make intermittent
measurement sufficient to manage condition monitoring.

Better performance evaluation tools and approaches are needed.
Since the harvestable energy source is very application specific it
will generally only be useful to compare for example different
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vibration harvesters with each other or different thermal energy
harvesters with each other. There are a number of potential
approaches to this so an evaluation of which are the most robust
but also straightforward to use would be useful. This may help
overcome some of the user confusion when trying to match
performance claims to real situations.

Companies selling energy harvesting systems today tend to
present them as battery replacements with two connectors and a
given current and voltage. To enable the development of solutions
rather than non-optimised component technologies, a holistic
design process should be encouraged. Essential steps include
understanding the energy available to be harvested, optimising
energy harvester performance and controlling the power
requirements of wireless sensing systems (not all nodes need to
be enabled with energy harvesting). Systems integrators or others
with the ability to optimise design and power management across
the whole system should be encouraged to get involved in
development. As technology developers tend to come to energy
harvesting from a range of backgrounds e.g. MEMS fabrication,
electronics it would be helpful to encourage awareness and
development of the multidisciplinary skills necessary for this more
holistic design process.

The fundamental limits and design constraints of MEMS devices
should be explored. Current energy harvesting is particularly
inefficient given the sizes of the devices. There is more work to be
done on determining the physical form factor limits of design in
vibrational harvesters to improve efficiency.

Despite energy harvesting systems having different power
management requirements to the solely battery driven systems,
their power management circuits have received comparatively
little attention. Further work is required to develop the ability to
adapt to different operation modes so as to maintain minimum
power consumption and therefore ensure self-powered operation.

Current generation vibrational energy harvesters are tuned to
particular vibrational frequencies. This limits applicability to certain
sources e.g. vibrating AC induction motors or pumps. To broaden
applicability more R&D is needed in active tuning, where one
tends to sacrifice power density for operating bandwidth. Efforts to
harness non-resonant ambient vibrations should also be
supported.

A programme to highlight real practical applications of energy
harvesting is required to prevent hype and over expectation
turning potential users of the technology off. Users need to be
educated that energy harvesting is not the solution to all wireless
sensing applications but that it has a valuable role to play in
several important applications.



Appendix 1: Selected
Collaborative R&D Projects
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Appendix 2: Additional Reading
Material

This study has focused primarily on addressing practical application of
energy harvesting technology. The following articles may be of interest
to those seeking a deeper technical review of the field.

1. Shashank Priya and Dan Inman (Editors), Energy Harvesting
Technologies, Springer-Verlag New York, Jun 2008.

2. Shad Roundy, Paul Kenneth Wright, and Jan M. Rabaey,
Energy Scavenging for Wireless Sensor Networks: With
Special Focus on Vibrations, Kluwer Academic Publishers,
Oct 20083.

3. P.D. Mitcheson, G. Kondala Rao, E. M. Yeatman, A. S.
Holmes, T. C. Green, Energy Harvesting from Human and
Machine Motion for Wireless Electronic Devices, Proceedings
of the IEEE (under review), 2008.

4. S. Roundy, P. K. Wright, and J. M. Rabaey, Energy
Scavenging for Wireless Sensor Networks, 1st ed. Boston,
Massachusetts: Kluwer Academic Publishers, 2003.

5. S. Roundy, D. Steingart, L. Frechette, P. Wright, and J.
Rabaey, Power Sources for Wireless Sensor Nodes, Lecture
Notes in Computer Science, vol. 2920 / 2004, pp. 1.17,
January 2004.

6. T.Fukunda and W. Menz, Eds., Handbook of Sensors and
Actuators, 1st ed. Elsvier, 1998, vol. 6, ch. 7.

7. D.P. Arnold, Review of Microscale Magnetic Power
Generation, IEEE Transactions on Magnetics Volume 43,
Issue 11, Page(s):3940 - 3951 Nov. 2007.

8. S. P.Beeby, M. J. Tudor and N. M. White, Energy harvesting
vibration sources for microsystems applications, Meas. Sci.
Technol. Vol 17, pp. 175-195, 2006.



Appendix 3: Acronyms

Below is a list the acronyms used throughout the report. Short
definitions have been added for the readers’

AC

ADC

API

ATEX

CMOS

DC

EDLC

IEC

ISO

LOS

MEMS

Alternate Current

An electrical current whose magnitude and direction
vary cyclically, as opposed to direct current, whose
direction remains constant.

Analogue to Digital Converter

An electronic integrated circuit, which converts
continuous signals to discrete digital numbers.

Application Programming Interface

A source code interface that an operating system,
library or service provides to support requests made
by computer programmes.

Appareils destinés a étre utilisés en ATmospheres
EXplosibles

A standard/guideline for explosion protection in the
industry.

Complementary Metal-Oxide. Semiconductor

A class of integrated circuits used in microprocessors,
microcontrollers, static RAM, and other digital logic
circuits. CMOS technology is also used for a wide
variety of analog circuits such as image sensors, data
converters, and highly integrated communication
transceivers.

Direct Current

The unidirectional flow of electric charge. Direct
current is produced by such sources as batteries and
solar cells.

Electrochemical Double Layer Capacitors

Electrochemical capacitors that have an unusually
high energy density when compared to common
capacitors.

International Electrotechnical Commission

A not-for-profit, non-governmental international
standards organisation for electrical, electronic and
related technologies.

International Organisation for Standardisation

An international standard-setting body composed of
representatives from various national standards
organisations.

Line of Sight

The straight line propagation of electromagnetic
radiation when the rays of waves are not diffracted,
reflected, or absorbed by obstructions.

Micro Electro Mechanical System

Devices made up of components between 1 to 100
micrometers in size (i.e. 0.001 to 0.1 mm) and overall
device size from 20 micrometers (20 millionth of a



MPPT

NPD

OEM

PZT

RAS

RF

RFID

RMS

RTG

TPV

WSN

UAV

VLSI

meter) to a millimeter (thousandth of a meter).
Maximum Power Point Tracker

A high efficiency DC to DC converter which functions
as an optimal electrical load for a photovoltaic cell,
most commonly for a solar panel or array, and
converts the power to a voltage or current level which
is more suitable to whatever load the system is
designed to drive.

Normalised Power Density

A measure used to compare the relative performance
of machines of differing sizes operating at differing
speeds (W/cm?® rpm?).

Original Equipment Manufacturer

The original manufacturer of a component for a
product, which may be resold by another company

Lead Zirconate Titanate (piezoelectric ceramic
material)

A ceramic perovskite material that shows a marked
piezoelectric effect.

Remote Access Switch

A technique used to wake up a receiver only when it
has data destined for it.

Radio Frequency

A frequency or rate of oscillation within the range of
about 3 Hz to 300 GHz.

Radio Frequency Identification

An automatic identification method, relying on storing
and remotely retrieving data using devices called RFID
tags or transponders.

Root Mean Square

A statistical measure of the magnitude of a varying
quantity.

Radioisotope Thermoelectric Generator

An electrical generator which obtains its power from
radioactive decay.

Thermophotovoltaic

A direct conversion process from heat differentials to
electricity via photons.

Wireless Sensor Network

A wireless network consisting of spatially distributed
autonomous devices using sensors to cooperatively

monitor physical or environmental conditions, at
different locations.

Unmanned Aerial Vehicle

An unpiloted aircraft that can be remotely controlled or
fly autonomously based on pre-programmed or
dynamic flight plans.

Very Large Scale Integration

The process of creating integrated circuits by
combining thousands of transistor-based circuits into a
single chip.
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