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Abstract: The operational efficiency of remote environmental wireless sensor networks (EWSNs)
has improved tremendously with the advent of Internet of Things (IoT) technologies over the past
few years. EWSNSs require elaborate device composition and advanced control to attain long-term
operation with minimal maintenance. This article is focused on power supplies that provide energy
to run the wireless sensor nodes in environmental applications. In this context, EWSNSs have two
distinct features that set them apart from monitoring systems in other application domains. They are
often deployed in remote areas, preventing the use of mains power and precluding regular visits
to exchange batteries. At the same time, their surroundings usually provide opportunities to
harvest ambient energy and use it to (partially) power the sensor nodes. This review provides
a comprehensive account of energy harvesting sources, energy storage devices, and corresponding
topologies of energy harvesting systems, focusing on studies published within the last 10 years.
Current trends and future directions in these areas are also covered.

Keywords: environmental monitoring; maintenance-free nodes; sensor network; IoT; energy
harvesting; solar power; wind power; thermal power; energy storage; supercapacitor; batteries;
network topology

1. Introduction

Environmental wireless sensor networks (EWSNs) are typically used to obtain information about
environments that is needed for decision making. In this context, “environmental monitoring” may
refer to observation of indoor or outdoor spaces, whether natural or man-made. Relevant approaches
include remote sensing using aircraft and satellites, laboratory analysis of field-collected samples,
and in-situ monitoring using sensor devices and networks. They monitor chemical, biological or
population-related parameters of the environments under surveillance [1]. As an example, Figure 1
illustrates a suite of variables monitored in the context of terrestrial ecosystems. Such environments
represent a wide range of environmental energy regimes, from rainy seasons in tropical rain-forests to
polar nights in Arctic deserts.

The development of environmental monitoring nodes still poses many research challenges.
EWSNSs are often deployed far from inhabited centers, and thus without access to mains electricity [2].
This is at the root of the primary challenge: the selection of an appropriate topology and suitable
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operating strategies [1] that ensure the energy efficiency of the nodes [3]. In some applications,
energy efficient design can be supplemented with energy-for-data trade-off [4], allowing the extension
of node operational life, albeit at the cost of sub-optimal data collection rates.
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Figure 1. A monitored terrestrial ecosystem with its main processes and characteristics.

The selection of an appropriate power supply is a crucial step in EWSN design.
Primary (non-rechargeable) batteries are typically the first option for powering a field-installed EWSN.
Energy harvesting devices offer an alternative (or supplement) to primary batteries that can greatly
extend the lifetime of EWSN devices. Harvesting sources are often combined with primary batteries
and other energy storage devices [1].

The remaining sections of this review article are organized as follows. Section 2 describes suitable
technologies for powering energy-independent sensor nodes. The possibilities of storing harvested
energy for future use are detailed in Section 3. Section 4 describes high-level models of EWSN power
supplies. Section 5 identifies current challenges and elaborates topics for future research in the area of
EWSNS. The final Section 6 brings major conclusions. A taxonomy of references covered in this review
is provided in Table A1 of Appendix A.

2. Energy Sources

In general, the goal of energy harvesting is to convert energy from one form to another that can
be used to power electronic devices. When implemented in environmental monitoring nodes, it can
directly extract ambient energy from the environment under surveillance and use it to power the nodes
of the EWSN, improving their performance and/or extending their lifetime. Outdoor environments
offer plenty of opportunities to take advantage of the elements naturally present in the surroundings,
such as wind or sun. However, there are also other types of energy, such as radio frequency (RF)
signals resulting from human activities that be scavenged and used to power the nodes. This section
provides a systematic overview of common harvesting sources suitable for environmental monitoring
nodes, and their comparison.

Energy harvesting sources can be categorized as ambient or external [5]. The ambient sources
are accessible within an environment without any external energy supply. They include, for example,
radio frequency (RF), solar, thermal, flow-based, and vibration energy harvesting sources [6].
The external sources emit energy to the environment, with the intent for this energy to be harvested by
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the nodes. Examples include human or mechanical sources, which are not suitable for environmental
monitoring purposes.

2.1. Solar-Based Sources

One of the most commonly used sources of energy for harvesting is the sun [7]—an affordable
and clean energy source. Solar energy is uncontrollable, but it can be predicted through daily and
seasonal patterns [8].

Solar power is transformed into electrical power using photovoltaic cells. The amount of output
power generated by a cell depends on the intensity of light as well as cell size and effectiveness,
according to the photovoltaic principle [9]. To increase the output power, multiple cells are usually
combined into modules, also known as solar panels. Individual solar cell maximum output power can
also be improved by advanced design methods, such as cross-layer optimization [10]. Photovoltaic cells
can be classified according to the type of material they are made of: mono-crystalline (with efficiency of
15-24%), polycrystalline (with efficiency of 14-20.4%) and thin-film (with efficiency of 8-13.2%) [11,12].

A photovoltaic system is capable of producing power ranging from uW to MW depending on its
area. A typical value of power density considered when designing energy harvesting for embedded
systems is 15mW /cm? [13]. Energy obtained from solar panels is usually stored in (rechargeable)
batteries or supercapacitors [5,14].

Correct position of the solar panel is important to achieve its maximum possible efficiency.
As shown in Figure 2, the location of the sun in the sky relative to a location on the surface of the Earth
can be defined by the solar altitude « (the angle between sun’s position and the horizontal plane of the
Earth’s surface) and by the solar azimuth j (the angle between a vertical plane incorporating the solar
disk and a line running due north) [15].

The global horizontal irradiance GHI (Wm™2) consists of direct normal irradiation (DNI),
coming directly from the solar disk under the solar zenith angle ©, and diffuse horizontal radiation
(DHI), which is scattered by molecules and particles in the atmosphere:

GHI = DNI - cos ® + DHL (1)

West
(Sunset)

Figure 2. Illustration of the position of the solar disk for maximum efficiency, adapted from [15].

As illustrated in Figure 3, the solar cell is not a constant voltage and current source. The output
power of the cell depends on the sunlight intensity and the ambient temperature. The maximum
power point tracking (MPPT) controllers ensure that solar cells always operate around the
maximum power point Ppax under diverse irradiance and temperature conditions, and variable
load characteristics [12,16-19].
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Figure 3. Current-Voltage (I-V) and Power-Voltage (P-V) characteristic curve of solar cells:
(a) constant irradiance; (b) variable irradiance, adapted from [19].

The utilization of available solar energy can be improved using numerous modeling and
forecasting approaches. Harvested energy prediction using environmental shadow detection can
be used to adapt sensor nodes’ scheduling plans according to energy availability and residual battery
levels [20]. A systematic approach to power subsystem capacity planning for solar energy harvesting
embedded systems is described in [21]. It is based on a modified astronomical model to approximate
the harvestable energy and calculate the required battery capacity. The inputs of this model are the
latitude of the deployment site, orientation and inclination angles of the solar panel, and expected
meteorological and environmental conditions. A system comprised of a solar panel, lithium battery,
and MPPT control circuit can take full advantage of solar energy to extend the life of the rechargeable
battery [22,23].

2.2. Thermal-Based Sources

Thermal energy can be converted to electricity by thermoelectric transducers depending on spatial
variations in temperature or pyroelectric transducers depending on temporal variations in temperature.

Thermoelectric transducers and generators are based on the Seebeck effect [24]. They are
composed of several pairs of p- and n-type semiconductor blocks ordered in parallel and connected
electrically in series. The open circuit voltage of a thermoelectric element depends on the temperature
difference (T) between the hot and cold sides, and on material properties (Seebeck coefficients).

Thermoelectric generators have low efficiency (only about 5-6%). When placed in a stable heated
environment, the thermoelectric system will stop generating power after a while when both plates
achieve the same temperature [5,11,25].

Pyroelectric converters can be realized as an alternating current source in combination with a capacitor.
The pyroelectric current depends on the speed of the temperature change of the pyroelectric material:

ip(t) = P/A%, 2
where p is the component of the pyroelectric coefficient vector, A is the surface area of the electrode,
and dT/dt designates the temperature change over time.

Thermal energy harvesting systems have been used in many outdoor applications. A prototype
device for harvesting thermoelectric energy from asphalt pavement roadways collects heat energy
from the pavement surface and transfers it to the thermoelectric generators embedded at the edge of
the pavement [26]. A 64 X 64 mm system can generate about 10 mW of electrical power permanently
over a period of 8 h.
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2.3. Wind-Based Sources

Outdoor WSN applications can use energy extracted from the wind. This type of energy harvesting
converts kinetic energy into electricity using turbines, rotors, and the principles of electromagnetic
induction [5,25].

A common approach is to use a small wind turbine. Turbine selection starts with the determination
of a suitable airfoil, which depends on the Reynolds number. For an average chord length of 2 cm
and for a wind speed of 6 m/s, the Reynolds number is around 10,000. An analysis of horizontal
axis wind turbines with low Reynolds number is described in [27], along with the implementation of
wind turbines for expected power coefficient and maximum power transfer with a small generator.
According to the analysis, increasing the number of blades provides a higher power coefficient because
the increase in torque compensates the decrease in angular velocity. By comparison, a three-bladed
turbine with 10 cm radius produces more power with a relatively low efficiency, while a 5.5 cm radius
four-bladed turbine has lower power production but higher average efficiency. The six-bladed system
is reported to be a good compromise between efficiency, delivered power, and size [27].

Another option is the use of a wind flutter generator [28] based on the aeroelastic flutter effect.
This device consists of aeroelastic ribbon, magnets, and an electromagnetic transducer. In comparison
with turbine generators, the windbelt represents a direct conversion generator and has no rotor,
bearings, or gears. The prototype of this device was tested using a wind tunnel.

A wind generator capable of supplying up to 10 mW using a 6.3 cm diameter turbine and a
16 km/h wind speed is described in [29]. Another system [30] uses a turbine with 3 cm radius to
produce 7.86 mW at 3.62 ms~! wind speeds. The proposed WSN architecture processes the weather
forecast from Internet and transmits it to the end devices. This allows the sensor nodes to better
plan their energy use [31]. Baranov et al. [32] use a hybrid power supply combining solar and wind
energy sources to power nodes that monitor carbon monoxide levels in urban areas and outdoor
industrial facilities.

2.4. RF-Based Sources

RF-based energy harvesting uses the transmission of radio waves ranging from 3 kHz to 300 GHz,
and their subsequent conversion to direct current. This can be accomplished using a single-stage or
multistage converter, depending on the requirements of power, voltage, or efficiency. The amount of
harvestable power is given by the source power, antenna gain, and by the distance from the RF source.
The conversion efficiency ranges from 50% to 75%.

There are two models for RF power harvesting and following communication with other sensor
nodes: single radio or two radios. In the latter case, one radio receives the RF signal and the other
is used for communication. In the other case, a single radio serves both purposes, reducing the
complexity of harvesting and communication software.

One major limitation of RF power sources is that the strength of the signal decreases with
distance, leaving only very low power levels available for harvesting [11]. Due to the increasing
penetration of wireless communication and broadcasting infrastructure (analog/digital TV, AM/FM
radio, Wi-Fi networks, etc.), the energy density of ambient RF is steadily increasing, especially in urban
environments [33].

The main advantage of RF-based energy harvesting in comparison with solar, thermal,
or flow-based sources is its availability in indoor environments [34]. Potential applications include
smart homes, health monitoring, and environmental monitoring (pollution, agriculture) [5].

A prototype of an embedded microcontroller-enabled sensor platform powered by an ambient
ultrahigh-frequency digital TV signal (512-566 MHz) has been proposed by Kim et al. [33]. The authors
also presented a dual-band (915 MHz/2.45 GHz) ambient energy harvester. The work of Dinesh Kumar
and Hemalatha [35] showed that a microstrip antenna could harvest energy from a 2.4 GHz Wi-Fi
signal. The addition of a ground signal ground probe embedded with a matching circuit could attain
a total power conversion efficiency of 3.8% for —40 dBm input power and 18.2% for —30 dBm input
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power at 2.35 GHz [36]. An embedded wireless energy-harvesting prototype has been used to power
and sustain a 16-bit embedded microcontroller, scavenging wireless power from a TV broadcaster
located over 6.3 km away [37].

2.5. Comparison of Harvesting Sources

The comparison of main energy harvesting sources provided in (Table 1) shows that wind provides
the highest power density and nominal power. However, wind harvesting systems are often large,
and wind is not always available. Solar energy is not permanently available either, but has better
predictability due to its diurnal and seasonal periodicity. Ambient RF sources are available throughout
the day, but have very low power density and their strength rapidly decreases with increasing distance
from the source. Thermal-based energy sources are unpredictable, but controllable. The value of power
density or output range varies depending on the type of use in individual sources cited in table [11].

Table 1. Comparison of energy harvesting sources [38]. RF: radio frequency.

. Embedded
Power Source  Type Power Density Output Transducer

Nominal Power

) . 28.5mW /cm? [38], _ )
Wind Mechanical 47 dBm (50 W) - Wind Turbine

3.8 x 1074 W/cem? [13]

Solar Electromagnetic ~ 15mW/ cm? [38] 42 dBm (15 W) 0.5-1.0V [33] Solar Panels

15 uW/cm? [38],
Thermal Thermal 20-60 uW/ cm? [33], 22dBm (150mW) - Thermoelectric Generator
40 uW/cmd [13]

. . 12nW/cm? [38],
Ambient RF Electromagnetic —23dBm (5 pW) 3-4V [33] Antenna

0.2mW/cm2-1 pW/cm? [33]

3. Energy Storage

The term energy storage describes technology to convert energy from a form that is difficult to
store (e.g., electrical energy) to a storable form (e.g., electrochemical). The stored energy can then be
converted back into a directly usable form. There are various types of energy storage with different
properties, such as capacity, power, and charge/discharge rates. The choice of a particular technology
depends on the application requirements. In the context of environmental monitoring, energy storage
units must satisfy a specific set of requirements related to their small size, adequate capacity, and low
environmental impact.

The following types of storage devices are typically used to power environmental monitoring
sensor nodes:

e Primary or secondary batteries;
e  Supercapacitors;
e Hybrid combinations of supercapacitors and rechargeable batteries.

The energy storage subsystem is a very important component of a sensor node, greatly affecting
its overall efficiency. The choice of energy storage technology also affects the size, cost, and operating
life of the node [11].

3.1. Batteries

The choice of battery can be approached from many perspectives. The most important factors
affecting the choice are application requirements (e.g., need of quick charging/discharging, lifetime,
cycling, size, weight). Batteries typically serve not just to supply the system with energy, but also to
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efficiently store energy harvested from the environment. This way, energy can be stored for times
when it cannot be directly extracted from the surroundings.

Important battery specifications include storage technology, energy density, internal resistance,
depth of discharge, self-discharge, and tolerance to overcharging. From the application perspective,
it is important to clearly specify operating conditions and choose appropriate battery devices to avoid
operational problems. One example is battery selection for different climatic conditions (e.g., tropical vs.
arctic regions) [39].

Batteries can be primary or secondary. Primary batteries are non-rechargeable and can be one
of the choices for EWSNs. They have many advantages, including high capacity and temperature
stability. Their main disadvantage is the need for periodic maintenance and replacement at the end of
life. Secondary batteries are rechargeable. However, their number of charge/recharge cycles is still
limited by cycling capacity.

Non-rechargeable dry cell batteries can be divided to alkaline and acidic categories. The alkaline
batteries have slightly better performance, while the acidic batteries are more dependable and
less expensive.

Most batteries, except lithium-ion, do not perform well in cold temperatures due to the increase of
their internal resistance, which leads to a loss of capacity. The opposite holds true for their operation at
elevated temperatures, but at the cost of a significant shortening of their service life or even permanent
damage. The estimated overall efficiency of battery storage is in the range from 60% to 80%, depending
on the operational cycle and the electrochemistry type within the batteries [40].

The energy density (Wh/kg) indicates the maximum density of the stored energy in the battery
per unit of mass, and differs for individual battery chemistries. The battery capacity is the amount of
energy that can stored in the cell at the full charge. The lifetime of most electrochemical batteries is
on the order of hundreds to thousands of charging/discharging cycles. During this time, the battery
capacity gradually decreases because of the chemical corrosion of its electrodes. The lifetime is greatly
influenced by charging and discharging, as well as by the operating temperature [41]. The basic
parameters of selected battery types are summarized in Table 2.

The ambient temperature of the battery plays an important role in estimating its real life. A typical
battery achieves nominal characteristics at temperatures around 20 °C. Any significant deviations from
this temperature may result in shorter battery life and more frequent battery charges [42]. Rechargeable
batteries can also be combined with supercapacitors to form a hybrid storage system that extends
operational time.

Table 2. Basic parameters of selected battery types [42—47].

Type Rated Voltage (V)  Capacity (Ah) Temperature Range (°C)  Cycling Capacity (-)  Specific Energy (Wh/kg)
Lead-Acid 2 1.3 —20-60 500-1000 30-50
MnO,Li 3 0.03-5 —20-60 1000-2000 280
Li poly-carbon 3 0.025-5 —20-60 - 100-250
LiSOClI, 3.6 0.025-40 —40-85 - 350
LiO,S 3 0.025-40 —60-85 - 500-700
NiCd 1.2 1.1 —40-70 10,000-20,000 50-60
NiMH 1.2 2.5 —20-40 1000-20,000 60-70
Li-Ion 3.6 0.74 —30-45 1000-100,000 75-200
MnO, 1.65 0.617 —20-60 - 300-610

Lead-Acid batteries are most commonly used for medium-sized devices. Their advantages
include low cost, high reliability, and high efficiency. However, they have low cycling capacity
and poor performance in extreme conditions [48]. NiCd batteries have long lifetime, fast charging,
and vibration resistance. Their main disadvantage is low capacity. NiMH batteries have an improved
capacity, but are also less toxic and thus more suitable for environmental monitoring applications.
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The lithium-ion batteries have high efficiency, power density, and cell voltage. However, their high cost
along with a tendency to cause fires when exposed to moisture limits their use [48]. Alkaline MnO,
batteries have the lowest self-discharge rate [49].

3.2. Supercapacitors

Supercapacitors are characterized by high power density compared to batteries and common
capacitors. They are constructed either as electrochemical double layer capacitors (EDLCs) or
pseudocapacitors [50]. The EDLC (ultra-capacitor) works on the electrochemical principle. The electric
charge is situated between electrodes with high surface area and thinner electrolytic dielectrics.
Their maximum operating voltage is given by the breakdown parameters of the dielectric material.
Their rated voltage includes a safety margin to prevent electrolyte decomposition and subsequent short
circuit [11,25]. Pseudocapacitors have lower power density than EDLC devices, but provide higher
specific capacitance and energy density [50]. They use a redox reaction that occurs on an electrode,
generates charges, and transfers them across a layer.

Compared to rechargeable batteries, supercapacitors have several advantages:

e Large number of charge/discharge cycles without a significant decrease of performance and
storage capacity: around 500,000 to 1,000,000 cycles, depending on the manufacturer [11,51].

e  High charge/discharge efficiency (up to 98%) and fast charging process [11].

o  Wide range of operating temperatures between —40 °C and +65 °C for both EDLC supercapacitors
and pseudocapacitors [51]. Some sources report an even wider range —55 °C and +-85 °C.

However, the use of supercapacitors is often affected by self-discharge—a problem related to the
terminal voltage of the energy stored in the element [52]. The magnitude of the problem depends on
device capacity, but also differs among manufacturers and even among individual production batches.
Several studies have reported self-discharge rates ranging from 50-60% per month [11,51] to 5.9% or
even 11% per day [51,53]. If not addressed, leakage can significantly decrease the operational time of
powered devices [54]. It can be compensated for by using fast recharging. Together with regularly
available and efficiently exploited ambient energy, fast recharging can offer an operating lifetime of a
estimated 20 years [55].

Initially, it was assumed that all energy losses in supercapacitors are due to leakage. However,
a study by Merret et al. [52] expanded this view in two important ways. First, they observed that
voltage drops considerably faster with shorter charge times. Digital electronic circuits of a typical WSN
can only operate down to a certain voltage threshold (typically in the range of 1-2 V), and hence the
longer charge times can provide a usable voltage for considerably longer periods. Second, this effect
is accentuated when the supercapacitor is also loaded. Further tests with sensor nodes duty cycled
at 0.1% confirmed that the supercapacitor-powered devices can operate considerably longer when
charged for longer periods. Basic parameters of supercapacitors are summarized in Table 3.

Table 3. Basic parameters of selected supercapacitors (SCs) [11,51].

Supercapacitor Life Cycle ()  Specify Energy (Wh/kg)  Operating Temperature (°C)  Cell Voltage (V)

Maxwell PC10 500,000 14 —40-70 2.50
Maxwell BCAP0350 500,000 5.1 —40-70 2.50
Green-cap EDLC >100,000 1.47 —40-60 2.70
EDLC SC 1,000,000 3-5 —40-65 2.70
Pseudo SC 100,000 10 —40-65 2.3-2.8

Hybrid SC 500,000 180 —40-65 2.3-2.8
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3.3. State-of-Charge Estimation

Accurate estimation of the state-of-charge (SOC) is an important task for any energy storage
application. It is a complex task because there are many phenomena that cause energy storage
aging. They include loss of charge acceptance of the active material on the electrodes, changes in
physical properties of the electrolyte, and corrosion of the current conductors [56]. For this reason,
another measurable parameter describing the physical state of a battery is usually also monitored:
the state-of-health (SOH) [57].

For effective operation of EWSN power supplies, the estimation of SOC is important to properly
set-up their operational parameters (e.g., measurement and transmission periods) [2]. Common SOC
estimation methods have been described in several dedicated reviews [56,58,59]. Approaches suitable
for EWSN-type embedded devices are summarized in Table 4.

Table 4. State-of-charge (SOC) estimation methods [56,58,59]. SOH: state-of-health.

SOC Technique

Field of Application

Field of Application

Field of Application

Coulomb Counter

All energy storage systems,
most applications

Online, easy, accurate if
enough re-calibration points
are available and with good
current measurement

Needs model for losses.
Sensitive to parasite
reactions. Cost-intensive for
accurate measurement.

Open Circuit Voltage

Lead, lithium, Zn/Br, Va,
and supercapacitors

Online, cheap

Low dynamic, problem of
parasite reaction

Impedance Spectroscopy

All energy storage systems

Give information about
SOH and quality. Possibility
of online measurement

Temperature-sensitive,
cost-intensive

All energy storage systems.

Offline, time-intensive,

Discharge Test Used for capacity Easy and accurate, modifies the battery state,
determination in the independent of SOH. loss of energy
beginning of life

Coulomb counting (also known as ampere-hour counting) is the most common primary battery
management circuit in modern electronic embedded designs with energy storage. The corresponding
electronic circuit, called the “gas gauge” [59], is based on voltage measurement on a small (5-50 m(2)
resistor connected in series with a load. It monitors charging and discharging current and then
determines SOC through calculations [60]. An alternative technique measures the open circuit voltage
of the battery. It is more cost-effective, but suffers from low accuracy and low dynamic range [56].
Impedance spectroscopy (including measurement of internal resistance) is a common method to
measure electrochemical processes that can also be used to determine SOC and SOH [56]. The most
reliable method to determine the remaining capacity of an energy storage device is the discharge test.
This test is not practical, as it is time-consuming and can only be performed offline because the system
operation must be interrupted [56]. As such, it is only useful to estimate the storage capacity at the
beginning of the energy storage life-cycle.

3.4. New Trends in Energy Storage

Most new trends in storage technology are connected to the development of new materials.
The use of graphene-based materials in Li-ion, Li-S, Li-O,, Na-ion batteries, and in supercapacitors
has been evaluated in [61]. The results have shown that the use of graphene in selected devices can
greatly improve their performance. Song et al. [62] demonstrated high areal capacity by using a
novel cathode (enhanced by nitrogen-doped carbon sulfur nanocomposite) in LiS battery technology.
The properties of Li-ion batteries have been improved (high specific capacity of 2250 mAh, compared
to 740 mAh of standard Li-ion batteries) using red phosphorus for anodes, as reported in [63].

Bichat et al. [64] developed new materials for building symmetric capacitors from seaweed
carbons. They exhibited an excellent cycle life for voltage values up to 1.6V, and can be used to
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manufacture environment-friendly components with high energy density. A new eutectic ionic liquid
mixture based on imides was proposed in [65] for use as electrolyte in supercapacitor applications with
a large range of operating temperatures. The electrolyte exhibits excellent thermal properties, and the
electrochemical performance of the device is characterized by a wide electrochemical window of 3.5V,
maintaining an excellent double-layer capacitive behavior and great cycling stability. An asymmetric
capacitor that offers two times the power of its symmetrical counterpart has been proposed in [66].
It is based on activated carbon in an organic electrolyte, and is thus extremely promising for the
development of environmentally friendly systems.

4. Topologies of Energy Harvesting Systems

The ultimate goal of a typical wireless sensor node is to collect data of interest ad infinitum.
In order to operate indefinitely, a system cannot consume, on average, more power than a harvested
source can provide. Otherwise, if the consumption exceeds the production, the system will eventually
deplete its energy stockpile and stop working due to the empty energy reservoir and absence of
environmental energy. This leads to undesirable system performance.

Kansal et al. [67] take a step further and present a theory of energy-neutral operation. Similar work
has been presented in [68-71]. The main improvement is that the non-idealities of energy storage
devices are considered, yielding a sounder theory. In [72], the sources and the consumers are modeled
using the same mathematical model. This new model can also be considered as a generalization of [67].
Since the reasoning is similar for both theories, only the most relevant substance is presented here.

There are three main topologies for energy harvesting systems: autonomous, hybrid autonomous,
and battery-supplemented. Depending on the configuration, energy management strategies with
different design goals are required [73].

4.1. Autonomous Harvesting Systems

Autonomous harvesting systems fully satisfy their energy needs from ambient sources, without
batteries [74,75]. Autonomous systems can only operate when the energy source is available,
but their lifetime and performance are not limited by storage inefficiencies (e.g., round-trip efficiency,
self-discharge, and aging). These systems are inherently governed by the so-called energy neutrality
principle, since they can never consume more energy than their harvesting device can deliver.
They must be designed for maximum performance (i.e., to perform at the maximum level that can
be supported in a given harvesting environment) [72]. To support these design goals, autonomous
harvesting systems should employ prediction algorithms that give estimates of future available energy
over time [76]. A proper energy management strategy should allow such a system to achieve the
desired utility within a variable energy environment [67].

The structure of an autonomous harvesting system is shown in Figure 4a. This is the simplest
case, which consists of three major modules [77]: an energy harvesting module (HM), an energy
converter module (CM), and an energy dissipation module (DM). The main disadvantage of this
type of harvesting system is that if the load consumes less energy than what is available from the
environment, the excess energy will be lost. The HM is the only source of energy in the system. There is
no energy buffer. The CM (typically implemented by a DC/DC converter) supplies energy directly to
the DM (load). The energy harvested in the time interval (t;, f) can be expressed as follows:

)
Ep(t, ) = /PH(f)df- 3)
51

The distribution of power over time Py(t) is variable, and characterization of the stochastic
source depends on the type of HM. The main advantage of this system is the need for only one CM.
This module may also implement an MPPT algorithm for a specific type of HM. The efficiency of
energy transfer from the harvesting module to the DM is described by



Sensors 2018, 18, 2446 11 of 22

ta
En(ti ) <= [ Pat) -n(ui)at, @)
ty

where #(u, i) is a nonlinear efficiency coefficient of the CM. It depends on the time distribution of
power with respect to the voltage, u(t), and current, i(t), output of the HM. This coefficient can be
asymptotically approximated by a continuous or piecewise linear function. Alternatively, it can be
modeled by a nonlinear graph of measured efficiency values.

no U [}

HARVESTING HARVESTING HARVESTING
mobuLe |HM mobuLe |HM mobuLe |HM
CONVERSION| -\ CONVERSION| o CONVERSION| 10 2 ',?AAOTSng
MODULE MODULE MODULE oY
STORAGE g § BM
MODULE oF
&3
SM = <|;:> STORAGE
CONVERSION CONVERSION MODULE
MODULE |°M2 . MODULE [°M2[ | PM

I

DISSIPATION DISSIPATION DISSIPATION
MODULE |PM MODULE |PM MODULE |PM
a) b) ¢)

Figure 4. Topologies of harvesting systems: (a) autonomous harvesting system; (b) autonomous hybrid
harvesting system; (c) battery-supplemented harvesting system.

4.2. Autonomous Hybrid Harvesting Systems

Autonomous hybrid harvesting systems are the most common type of energy harvesting system.
They have an energy reservoir implemented using a secondary battery or ultracapacitor [78,79].
The harvesting device collects energy for system operation and the recharging of storage [13].
This arrangement can dramatically increase the operational lifetime of the system. With proper
energy management, this topology can achieve 0% dead time operation. The battery and the energy
harvesting device must be sized so that they satisfy the energy needs of the system, possibly using the
energy-neutrality principle [67]. The system can sometimes consume more energy than the harvesting
source provides (using battery reserves), but the production/consumption rates have to be balanced
over the long run.

An autonomous hybrid harvesting system with energy leakage is described in Figure 4b.
The system contains the three modules of the autonomous system (HM, CM, and DM), and an
energy storage module (SM) [77]. Py (t) is a continuous bounded function of a continuously varying
parameter t. Py (t) is an appropriate source in the hybrid harvesting system if and only if for any finite
real time interval, t, — t1, it satisfies the following two inequalities:

fy

/PH(t)dt > p(i’z - tl) — 01, (5)
f



Sensors 2018, 18, 2446 12 of 22

ty
[ Pt < pt = 1) + 02, ©
t
where Py is harvested power from the environment where the integral of Py in the closed interval of
T = t, — 1 represents total energy, and 0y and 0, are energy storage capacity coefficients. Py (f) models
the power output of an energy source at time t. Variable p represents power (in Watts), while constants
o1 and o, correspond to energy (in Joules) [67].

A method to determine o7 and ¢, from practical measurements is provided in [67]. A device
utilizes its energy source fully and can operate forever if it is supplied by a so-called (p, 07, 03 )-source
of energy and operates at a constant power. The energy storage module is usually a secondary battery
or supercapacitor with a limited capacity, Ec. When stored energy Eg reaches Ec, the incoming
harvested energy overflows the energy storage. In addition, one can define two energy threshold
levels. A low-energy threshold, Ey, , indicates the limit below which the device goes into a sleep
mode, and the amount of remaining stored energy is reserved to maintain the contents of volatile
memory [77]. The high-energy threshold, Ey,,, indicates the limit above which the device reverts back
to the normal operating mode.

Eg, < Es(t) < Ec, )

where
Ec > 01+ 0n. (8)

An autonomous hybrid harvesting system with an ideal energy storage device can be described

as follows: t

Po(t) . _ |
/lej(t) de/PH(t)Jh(t)dt_i_ES, o

f 51

N

where Pp is the dissipation power, Py is the harvested power, and Eg is the stored energy.
Coefficients 71 (t) and 7,(t) express the efficiencies of the energy converter modules CM1 and
CM2, respectively. These efficiencies depend on the operating points of the HM (71) and DM (7,),
which implies their nonlinear dependency on voltage and current.

Real storage devices leak energy, Pr, that can be described as follows:

)

Po(t) . 7
/Wf(t) dtg/PH(t).m(t)dt—FEg—/PL(t)dt, (10)

5] 51 51

where (10) differs from (9) by the last term.

4.3. Battery-Supplemented Harvesting Systems

Battery-supplemented harvesting systems usually have a battery as the main source of energy
and a harvesting device that plays an important, but secondary, role. The goal of energy management
in such systems is to limit battery energy usage and to increase the system’s lifetime (e.g., by making
external recharging or replacement of batteries less frequent) [72]. This system can use primary or
secondary batteries. Harvested energy can directly or indirectly power the load or its specific parts.
An example can be found in [80]. This approach greatly increases system reliability and allows data
acquisition, processing, and transfer. As long as the primary batteries have some useful charge left,
the system can continue to operate in situations when secondary storage is depleted and environmental
energy is not available for harvest.

A battery-supplemented harvesting system is shown in Figure 4c. In addition to the components of
an autonomous hybrid harvesting system (HM, CM, DM, and SM), there is a primary (non-chargeable)
battery module (BM) and a power multiplexer (PM). The energy function is similar to (10), but includes
an additional term:
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5] ty 5]

Pp(t)
/ ﬂl;(t) dt < / Pry(£).1(£)dt + Es + Eg — / PL(t)dt, (11)

ty f ty

where Ep represents energy stored in the primary batteries.

5. Research Challenges

It is likely that several techniques described in the previous sections need to be combined to
achieve an effective EWSN design. These techniques include the selection of energy harvesting sources
and methods, the choice of storage technology, the application of appropriate data acquisition and
processing methods, the implementation of suitable communication techniques, and the design of
a control algorithm. Selected techniques are then combined into a complex strategy suitable for a
specific-purpose EWSN. Figure 5 shows a flowchart representing the various steps of EWSN design,
and implementation options available at each stage.

®

[
[ Available energy sources ]

ot | (wing ) (memal [ = | [omer)

[Amount and time distribution of available energy]

[ Topology of harvesting system]

[ Autonomous ] [ Hybrid ] ﬁBattery supplemented]

v v v

No energy storage Supercapacitor/ SuPerf’?aa rgc+itor/
9y g Secondary P o

Secondary

[Communication technology decision ]

[ Amount of data to transfer, transmission period, wireless range ]

[Control algorithm / Optimization]

Parameters Adaptive Prediction
optimization control algorithms

Data reduction / Cloud control
compression algorithm update

Solution fulfills specification?

Figure 5. Flowchart of environmental wireless sensor network (EWSN) design process.

At the beginning of the EWSN design process, an analysis of the available energy sources
should be performed. One or more energy sources must be selected and composed into the energy
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harvesting module. The selection of an appropriate harvesting system topology (autonomous, hybrid,
or battery-supplemented) is driven by the amount of harvestable energy and the time distribution of its
availability. In the case of hybrid and battery-supplemented topologies, an energy storage technology
must also be added to the design. The next step is the selection of a suitable communication technology.
This decision depends primarily on the amount of data to transfer, transmission period, and required
wireless range. There may also be the deployment site-specific criteria such as local availability of
gateways or wireless network coverage. The final step is the design of the control algorithm. On the
node level, different algorithms can be utilized, including adaptive and predictive control techniques.
At the communication or cloud level, data reduction/compression and cloud control algorithm update
can be employed.

The future research in the area of energy-independent environmental monitoring will likely
concentrate on several topics found at various levels of monitoring system infrastructure, as depicted
in Figure 6: a number of research challenges can be found at node, communication, and cloud levels.

(2] N
§ Node N
(0] N
£ 4
o ;;))) S L
-'—9 ) /' ﬂ -
o Node o Gateway Data server
% X storage
g ;;)))
c
LUl
Node
Node level Communication and Cloud level

gateway level

Figure 6. Research challenges: node level, communication and gateway level, and cloud level.

5.1. Single Node Perspective

The main research challenges at the level of a single monitoring node perspective are shown
in Figure 7. The EWSN node hardware design is more of an engineering task. On the other hand,
the selection or optimization process for parameters of the energy harvesting source or energy storage
unit represents a complex research problem whose solution may lower manufacturing cost and increase
node reliability.

These parameters are related to a particular deployment environment. For instance, measurement
nodes deployed in tropical regions will have different requirements compared to those to be deployed
in the Arctic [81,82].

Specific research challenges concentrate on the transfer of energy from harvesting source to storage.
They range from the design of energy transducers, through the optimization of power transfer (such as
maximum power-point tracking, MPPT), to the development of devices converting electrical energy to a
different form matching the selected energy storage. Corresponding research goals focus on increasing
the efficiency of power conversion. In the area of solar- and thermal-based energy transducers, there
have been many advances related to material research with the same goal. Kinetic energy converters
for wind harvesting are miniaturized to fit the form factor of embedded devices. RF-based harvesting is
very promising for EWSN applications due to their ability to obtain energy from wireless transmitters
combined with the continuous reduction of node power consumption.
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Figure 7. Node block diagram with highlighted research challenges: harvesting source and energy
storage optimization, algorithms for processing and control unit.

Another research challenge considers a measurement node and its focus on operating cycle.
A previous study [83] provided evidence that monitoring nodes can be operated using a set of
static parameters optimized off-line. These parameters typically include measurement rate and data
transmission cycle equidistantly distributed in the time domain. However, such static approaches are
constrained by energy incoming from a harvesting source: when the energy source shows significant
seasonal dependency, then the EWSN can in certain cases seize normal operation.

Difficulties due to diurnal or seasonal variability can be addressed using advanced control
algorithms based on soft-computing or artificial intelligence methods. One example is the use of a
fuzzy controller for the adaptive control of sensing and transmission parameters in measurement
nodes [4]. Alternative approaches to such systems include, for instance, reinforcement learning [84].

Advanced control approaches can also be combined with various optimization methods, such as
differential evolution, particle-swarm optimization, or genetic algorithms. Our previous study [2]
develops an optimization method used to tune the parameters of the fuzzy controller, introduces a
harvesting-aware predictive controller, and describes the selection of the optimal prediction horizon
for harvested energy.

5.2. Network and Cloud Perspective

Other research challenges can be identified at the network level. When communication with
a measurement node is established, the data from that node can be sent to a cloud as an uplink
data stream. Many communication technologies described in this section can also setup a downlink
communication channel, which allows a specific data frame to be sent from the cloud to the node itself.

The most important research objective at the network level concentrates on reducing the volume
of data that needs to be sent in both uplink and downlink directions. The underlying communication
technology usually strictly limits the amount of data transferred within a specific window of time [85].
Therefore, methods for data compression or reduction can be added to the development pipeline,
as shown in Figure 8.

The first scenario describes data reduction by an internal compression algorithm, where the
node sends only compressed data. The raw dataset is not stored on the measurement node. In the
second scenario, the measurement node sends a reduced data set and the raw data file is stored on
the node. The raw data is then available for manual download during maintenance of the device.
This configuration commonly requires a large internal data storage unit, such as an SD card.
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Figure 8. Data handling in an uplink data channel.

Another research topic concerns the possibilities of dynamic sensor network control through a
downlink communication channel, as shown in Figure 9.

Ir ___________ | ))) Uplink data ))) Gateway_> 8

_____ » Data storage

L
Data analysis

Data from |

sensors | Processing and

control unit

Control algorithm
(( updagte ((

| EWSN node +— S i < External
____________ Controller information
I
Optimization [
L
Cloud and network
processing

Figure 9. Possibilities to control an EWSN node through a downlink data channel.

The usage of a downlink communication channel enables the implementation of algorithms for
updating the nodes’ operating parameters. This connection link allows the node to actively cooperate
on specific monitoring tasks. There is also a possibility to predict the operating parameters at the cloud
level and then cascade them down to the nodes. Data processing and prediction at the cloud level
plays an important role in this operational paradigm. In many communication interfaces, a downlink
is limited to few bytes per day, which makes it an interesting research area aiming for the development
of data-effective control algorithms.

5.3. Future Trends

Future trends in the area of energy harvesting include the discovery and exploitation of
unconventional energy sources [86]. Examples include harvesting energy from the water/soil pH
difference [87,88], or from the movement of tree leaves [89] and trunks [90]. Indeed, many such
approaches are well-suited for applications in EWSN, as they take advantage of phenomena which are
commonly present in natural environments.

The field of energy storage is dominated by the search for batteries with high energy density
as well as improved longevity and safety. In the case of storage devices for EWSN, an additional
requirement is the minimization of their potential environmental impact. A prime example of an
immature technology is the lithium-air battery [91,92] that promises great improvements in storage
efficiency and longevity.
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State-of-the-art EWSN devices use static operational strategies preset during network installation.
Current research focuses on dynamic control and online energy management strategies [93].
These approaches allow the optimization of EWSN operation strategies at the level of individual
nodes. They are capable, for example, of effectively dealing with the time-variant distribution of
available energy [2].

The distributed network character of modern EWSNs provides additional opportunities for the
minimization of energy consumption. One example is the use of clustering and zoning to design
energy-aware data collection protocols [94]. The pinnacle of the current communication technology
development is the realization of software-defined sensor networks (SDSNs). Not only are SDSNs able
to adapt to specific application requirements, but they can also fully exploit the network resources,
including energy. Zeng et al. [95] investigate three mechanisms to achieve globally optimized network
energy efficiency: sensor activation, task mapping, and sensing scheduling.

6. Conclusions

This paper identifies and describes opportunities for future research in the area of environmental
wireless sensor networks (EWSNs), which are typically deployed in remote locations without
the possibility of frequent maintenance. Additionally, the paper provides an overview of
state-of-the-art technologies that can be integrated into EWSNs so as to improve their reliability
and operational efficiency.

One of the research challenges from a single node perspective is selection of energy
management-related parameters which have direct impact on the utilization of energy harvesting
sources and energy storage. Their optimization would increase the system reliability. Since there
is always a trade-off between environmental data measurement rate and data transmission rate,
the application of advanced control algorithms, such as fuzzy logic controller or reinforcement learning
(both introduced in our previous studies), is an interesting research challenge and outlines one of the
directions for our future work.

On the network level, one of the main incentives is to reduce the amount of data sent in both
uplink and downlink directions via a network, which typically has some limitation in terms of data
throughput per specific window of time. Therefore, the development of such solutions represents one
of the most important research challenges.

Yet another research challenge could be the development of methods for data processing and the
prediction of EWSN operating parameters at the cloud level. This data could then be cascaded down
to sensor nodes through the downlink communication.

Since one of the weak points of every EWSN is its power system, the selection of hardware
components suitable for a particular deployment environment is crucial. This paper reviews current
solutions and new trends in the area of energy harvesting sources and alternatives for energy storage,
where one of the directions for further development might be using components that incorporate new
materials (e.g., graphene-based materials), which could greatly increase their performance.

Our future work will focus on addressing the research challenges mentioned above so as to arrive
at a better EWSN design, which will help to collect good-quality environmental data.
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Appendix A. Taxonomy of References Covered in This Review

Table A1. Categorization of reviewed articles.

Category Relevant References

Batteries [11,14,25,39-49,53,54,61-63,71,79,91-93]
Energy conversion [22,23,29,30,33,36,38,42,43,46,55,69,75,76,78]
Environmental monitoring [2,4,20,31,67,81-83,96]

Internet-of-Things [22,34,97,98]

Networking [33,34,37,68,70,74,83,85,93-95,97-99]

Power management [2-4,10,13,16,17,21,30-32,40,67-73,76-82]
RF-based energy harvesting [5,11,12,25,33,35-38,74,79]

Solar energy harvesting [4,5,7-17,19-23,25,32,33,38,44,55,69,71,73,74,76,81,82]
Supercapacitor [11,23,25,38,40-42,44,46,48-55,61,64—66,79]
State-of-charge [56-60]

Thermal energy harvesting [5,7,11,12,19,24-26,33,34,38]

Wind-based energy harvesting [5,7,11,12,14,19,25,27-32,38,73]

Alternative harvesting approaches  [87-90]
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