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Abstract - Wireless sensor networks (WSNs) may be
considered as the third wave of a revolution in wireless
technology. They promise to have a significant beneficial
impact on many aspects of our human existence. These
benefits include more efficient utilisation of resources, better
understanding of the behaviour of humans, natural and
engineering systems, and increased safety and security.
Pervasive computing also has some possible negative
environmental impacts, particularly in physical waste and
energy consumption. However, one barrier to their fuller
adoption is the need to supply electrical power over extended
periods of time without the need for dedicated wiring.
Energy harvesting provides a potential solution to this
problem in many applications. This paper reviews the
characteristics and energy requirements of typical sensor
network nodes, assesses a range of potential ambient energy
sources, and outlines the characteristics of a wide range of
energy conversion devices.
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I. INTRODUCTION

Recent developments in combining sensors,
microprocessors, and radio frequency (RF)
communications holds the potential to revolutionize the
way we monitor and maintain critical systems [1]. Sensor
networks are formed from a collection of sensing nodes
which communicate with one another, typically through
wireless channels, in order to collect spatially distributed
data about their environment. Such networks have the
potential to provide better quality data than single or small
numbers of individual sensors in applications such as
natural and built environmental monitoring, process
monitoring, security and surveillance [2]. Wireless sensor
networks (WSNs) may beconsidered as the third wave of a
revolution in wireless technology. They promise to have a
significant beneficial impact on many aspects of our
human existence. These benefits include more efficient
utilisation of resources, better understanding of the
behaviour of humans, natural and engineering systems,
and increased safety and security.

Pervasive computing also has some possible negative
environmental impacts, particularly in physical waste and
energy consumption [3]. In order to be cost effective in
many applications, the sensor nodes must be low cost and
low maintenance. This presents challenges in terms of
sensor calibration, packaging for survival in harsh
environments and, particularly, the efficient supply and
utilisation of power. While the performance of battery
technology is gradually improving and the power
requirements of electronics are generally dropping, these

are not keeping pace with the increasing demands of many
WSN applications. For this reason, there has been
considerable interest in the development of systems
capable of extracting useful electrical energy from existing
environmental sources. Such sources include ambient
light, thermal gradients, vibration and other forms of
motion.

In this paper, we provide an overview of the energy
sources available for energy harvesting or scavenging and
a summary of the main methods considered for converting
these energy sources into a form suitable for use in WSN
nodes. The characteristics and power requirements of
sensor networks are outlined in Section 2, and the
potential energy sources discussed in Section 3. Section 4
describes the methods of converting ambient energy into
useful electrical power. Section 5 compares the relative
merits of different approaches.

II. ENERGY REQUIREMENTS IN SENSOR

NETWORK NODES

The energy consumed by a network node can be split
between the various functions it has to perform. A number
of authors have described the structure of a general sensor
network node [4]. The key elements are illustrated in Fig.
1. It should be noted that not all of these elements will be
present in all types of nodes. The power requirement of

each element depends on the particular application and
so it is difficult to generalise about which parts of the node
consume the most power. For instance, it is commonly the
case that actuators, if present, consume a large proportion
of the total power. In addition, consumption depends on
the operating mode of a device such as whether it utilises
sleep mode to reduce consumption and how frequently it
transmits and receives data. Correal and Patwari [5]
considered the split of power consumption in a typical
node and concluded that communication functions
consumed a large proportion of total power.

Fig.1. A sensor network node with energy harvesting
device [21]
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2.1. Energy Requirements of Wireless Sensors
Wireless sensors are installed in hard-to-reach places

and thus long operating life is highly desirable. However,
as analyzed in reference [6], at an average power
consumption of 100 microwatts (an order of magnitude
smaller than any currently available node), given a 1 cm3
constraint, standard sensor node batteries must be replaced
at least every nine months. For example Table 1 lists the
power requirements of a series of wireless sensor nodes
called motes developed by UC Berkeley
(www.xbow.com). [7]. The Mica motes are designed to
use 3V batteries as their power supply.
2.2. Processing power

The choice of processor is a major factor in determining
the size and power consumption of the node. The
processing unit is responsible for managing data
acquisition, handling communication protocols,
scheduling and preparing data packets for transmission
once it has gathered, filtered, and synchronised the data
from the sensors. The consumption and performance of the
processor depend on the architecture, technology, and
clock speed utilised.
2.3. Communication Standard

There is a wide range of wireless communication
standards available for networks with the choice of
standards being determined by factors such as inter-node
distance, data rate, power requirements, flexibility of
network structure, the time required to establish
communications and the cost of implementation. The most
widely considered standards are grouped within the
IEEE802.11 standard for wireless local area networks
(WLANs) and the IEEE 802.15 standard for wireless
personal area networks (WPANs).

Table 1 Comparison of commercially available motes’
power consumption [20]
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29 29 38 38

Transmit
Power at0dBm
(mW)

42 42 35 35

Minimum Supply
Voltage (V)

2.3 2.3 2.3 1.8

IEEE802.11 is aimed at matching Ethernet speed, giving
data rates of 2Mbps to around 200Mbps over a range of
10–100m with seamless roaming between adjacent cells.
In contrast, the IEEE802.15 was focused on two main
objectives; the space around a person or object that
typically extends up to 10m in all directions; and on
creating a specification for low cost, low power, short
range, and very small size radio transceivers.

The high rate WPAN (IEEE802.15.3) was classified
suitable for multimedia application that requires very high
QoS. Medium rate WPAN (IEEE802.15.1/Bluetooth)
would handle cell phone to personal ditgital assistant
(PDA) communication and have QoS suitable for voice
communication. The low rate WPAN (IEEE802.15.4/LR-
WPAN) classified for industrial, residential, and medical
applications with very low power consumption, low cost
with relaxed data rate and QoS overheads [8] [9]. Specific
communication protocols frequently considered for WSN
applications include Bluetooth and its low end variant
Wibree and ZigBee. There are a number of other
systems developed for specific application areas such
asZ-wave[10], designed for home automation and
control, and the proprietary communication standard
developed by EnOcean [11] for devices such as
energy harvesting light switches.

Examples of the power consumption of a selection
of commercial sensor network nodes are given in
Table 1 for arrange of operating conditions. The
average values given inare based on an operating
regime of communication(RX and TX, i.e., receive
and transmit) for 1% of the time, processing for 10%
of the time and sleeping for the remaining time.

III. ENERGY SOURCES SUITABLE FOR

SCAVENGING

In order for a sensor network to operate, it requires
electrical power and given that it is frequently desirable to
install nodes in inaccessible locations, it can be difficult to
provide a sufficiently large store of energy for long term
operation or to replace the power source at appropriate
intervals. Although the performance of non-renewable
energy sources, such as batteries and fuel cells, has
improved over the years[12], this improvement is fairly
gradual compared with other areas of electronics[13] and
cannot satisfy all of the simultaneous demands for long
life, low volume, low weight and limited environmental
impact.

There are a great many sources of energy and
conversion devices which have been considered for energy
harvesting [14, 15] and in order to compare different
approaches, it is useful to consider the criteria for
comparison. Clearly, a key consideration is whether the
energy harvesting device can provide the level of power
required by the sensor node but it is also important that the
electrical power is at a suitable voltage and current level
since conversion between voltage levels implies some
dissipation of energy and, in general, the greater the ratio
between input and output voltage, the greater the power
losses.

In order to achieve a desired power level, some
conversion devices can be appropriately scaled. Thus, for
instance, if a photovoltaic (PV) cell is considered then an
increase in power demand can be accommodated by an
increase in cell area. However, other sources/converters
cannot be so readily scaled. For instance, energy derived
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from human activity cannot generally be scaled up without
either increasing the effect on the person concerned or
increasing the number of people involved. While it may be
possible to scale up a conversion device, many
applications of sensor networks require nodes which are
small and light weight. Thus, an important consideration is
the power density (in either W/m3 or W/kg) which can be
achieved. In assessing power density, the volume and
weight of associated energy storage may also be
important.

A number of authors have proposed classification
systems to categorise energy sources suitable for
harvesting which, while broadly similar, do exhibit some
differences. Many sources are grouped as human and
environmental with kinetic and thermal considered as sub
classes. This classification will be adopted here although
mechanical source will be subdivided between those
which are continuously present over long periods, such as
air flow, those which involve vibration and those which
involve short periods of energy availability such as footfall
during walking.
3.1. Electromagnetic radiation

The electromagnetic spectrum contains regions where
ambient energy levels are very high and other regions
where the ambient levels are typically much lower. The
efficiency of conversion into electrical energy also
depends on the part of the spectrum considered. For
convenience here, we will consider radiation in the region
of the visible part of the spectrum and radio frequency
radiation separately.

PV conversion of visible light to electrical power is well
established and PV devices provide relatively high
efficiency over a broad range of wavelengths. These
devices are typically low cost and provide voltage and
current levels that are close to those required for
microelectronic circuits.

One alternative to photovoltaic panels is to convert RF
energy into usable power. This is advantageous over solar
power because it works in conditions where sunlight is not
available. This type of technology has been used in the
past for RFID systems, but it is also being explored for
other applications. This is a unique way to generate energy
as it is charged with RF energy allowing the system to be
placed anywhere that a 2.4GHz signal can reach. And if
you have a wireless network in your home you will realize
that this means it can be placed nearly anywhere.
3.2. Thermal

Extraction of energy from a thermal source requires a
thermal gradient. The efficiency of conversion from a
thermal source is limited by the Carnot efficiency to≤ …………….. (1)

where Th is the absolute temperature on the “hot” side of
the device, and Tc is the absolute temperature on the
“cold” side. Thus, the greater the temperature difference,
the greater the efficiency of the energy conversion. A
potential heat source in many environments would be a
room heater. A domestic hot water radiator typically
delivers approximately 1.4 kW·m−2 when heated to 50◦C

above ambient and so a relatively small section of such a
radiator could provide a useable power source. The  use of
body heat can be made, but it was noted that the relatively
small difference between body temperature (37◦C and
ambient (20◦C means that the Carnot efficiency is limited
to 5.5% and so the entire body area would only yield 6.4W
from the total of approximately 116W dissipated by a
typical human while sitting. Using only part of the body
would cause the resulting power to decrease and, because
blood flow would be reduced in the area covered, the
available energy would decrease further.
3.3. Mechanical energy sources

Sources of mechanical energy may usefully be grouped
as those dependent on motion which is essentially constant
over extended periods of time, such as air flow used in a
turbine, those dependent on intermittent motion, such as
human footfall and those where the motion is cyclic, as in
vibration sources.
3.3.1 Steady state mechanical sources

Sources of ambient energy which are essentially steady
state are based around fluid flow, as in wind and air
currents and water flow either in natural channels or
through pipes, or around continuous motion of an object
such as a rotating shaft. Fluid flow based sources of
energy are widespread and used on the macro scale for
electrical power generation as in wind turbines and
hydroelectric plants but have also been considered for
smaller scale harvesting applications. Starner [16]
considered the potential for energy harvesting from blood
flow and breathing in human subjects and determined that
significant power was available but that these might not be
acceptable to subjects.
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paragraph spacing following the last line.
3.3.2 Intermittent mechanical sources

Energy is available from motion which may be cyclic in
nature but in which the energy is only available for a short
part of the cycle. Examples of this type include energy
available from vehicles passing over an energy harvesting
device and intermittent human activity such as walking or
typing where, for instance, footfall occurs over a period of
milliseconds during a gait cycle of around one second.
Harvesting of energy from these intermittent sources was
also considered by Starner [16] who concluded that
available energy ranged from around 7mW from finger
motion during typing to 67W for lower limb movement.
This paper also considered the effect that extracting this
energy would have on the subject and concluded that
inconvenience to the subject could only be avoided if
significantly lower power levels were extracted. A
particularly attractive source of energy in this context is
footfall or heel strike since normal walking involves
dissipation of significant energy in the shoe and walking
surface, so the user might be unaware if some of this
energy were converted to electrical energy. It may readily
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be calculated that a subject weighing 60 kg must apply a
force of at least 588N through the foot during walking (the
peak force is typically 25% above body weight during
walking and up to 2.75 – 3 times body weight during
running [17]). If this is accompanied by a 10mm
deflection of the floor or shoe, then the available energy is
5.88 J and assuming two steps per second, an available
power of 5.88W per foot. Similar calculations may be
carried out for the case of vehicles passing over a
deflection device and, given the far greater weight, a
significantly greater energy level is found (for example, a
single 40 t vehicle causing a 10mm deflection could
provide 4 kJ), although clearly the frequency of vehicle
passage will affect the average power level achievable.
3.3.3 Vibration

Vibration energy is available in most built
environments. The energy that can be extracted from a
vibration source depends on the amplitude of the vibration
and its frequency. It also depends on the extent to which
the presence of an energy harvesting device affects the
vibration. This, in turn, depends on the mass of the
harvesting device relative to that of the vibrating mass.
Vibration sources vary considerably in amplitude and
dominant frequency. Roundy et al. [18] presents
measurement for a number of vibration sources that
indicate that the amplitude and frequency varies from
12m·s−2 at 200Hz for a car engine compartment to
0.2m·s−2 at 100Hz for the floor in an office building with
the majority of sources measured having a fundamental
frequency in the range 60–200 Hz. Vibration present in
most environments is not made up of a single frequency
but is typically made up of a number of fundamental
frequencies and their harmonics. For instance, the
vibration data shown in Fig. 2, which is taken from a
domestic freeze, indicates a fundamental frequency of
50Hz with an acceleration amplitude of 0.1m·s−2 with the
2nd and higher harmonics present at lower amplitudes. As
will be seen in Section 4.1, the energy that can be
extracted from a vibration source depends on the
frequency and amplitude and, since the majority of
vibration based conversion devices have a relatively
narrow range of operating frequencies, it is important that
the nature of the source be understood. It is difficult to
establish a strong relationship between the amplitude and
fundamental frequency of ambient sources because of the
limited frequency range typically found. However, if a
harvesting device is tuned to a frequency above about 200
Hz, it may be necessary to use harmonics rather than the
fundamental frequency of the source. The amplitude of
these harmonics tends to be of significantly lower
amplitude than the fundamental.

(a)
Fig.2. Vibration amplitude as a function of frequency

for a domestic freeze (a) Acceleration magnitude;
(b) Displacement amplitude

(b)
It is also important to note that the frequency of the

dominant vibration modes depends, in many situations, on
the operating parameters of the equipment causing the
vibration. Thus, for instance, the dominant vibration
frequency on a domestic fan changes when the air flow is
partially obstructed. Similarly, testes on an energy
scavenging node used to extract energy from a pump
aboard a marine vessel found that the energy generation
fell substantially due to changes in pump speed[19].

IV. FUTURE WORK

Although many different techniques are available to
harvest energy from various environments to power
electronics, the amount of available raw energy (for
example, sunlight, vibration, heat) and the surface area or
net mass that the device permits limit the power yield in
pervasive computing’s everyday habituated settings. With
the exception of heel-strike harvesting in solar cells in
bright light, available powers generally hover at mW or
μW levels. Nonetheless, researchers are striving to marry
more miserly power management techniques with
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electronics that consume less energy, enabling embedded
devices to conduct more useful operations with the limited
power that they can commonly scavenge. Accordingly,
energy harvesting is an area of rapid development, and the
day approaches when component life rather than battery
charge will limit low-duty-cycle sensor systems.

V. CONCLUSIONS

The nature of many sensor network systems means that
energy harvesting is an attractive method of meeting their
energy requirements. However, it is clear that a good
understanding of the nature of the various energy sources
and of the conversion mechanisms available is necessary if
the most appropriate solution is to be found. Based on the
published data considered, it can be seen that there is a
large range of power levels and device volumes but that
similar power densities are achieved for the best
performing devices in each size range. While micro-
energy harvesting may not generate a lot of power, what is
created can be enough to offset, or even replace, the
reliance on traditional power supplies. This is particularly
true when the proper type of alternative energy is selected
based on the environmental conditions to optimize
generation.
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