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a b s t r a c t

Intelligent buildings play a fundamental role in achieving efficient energy management in the building
sector in many countries worldwide. Improving energy consumption within a building can represent
significant financial savings and reduce carbon emissions. However, intelligent buildings may impose
additional burdens and challenges in their energy use. Wireless sensor networks are essential for
the control systems of most intelligent building systems. There are still opportunities to reduce the
power supplied to their sensor nodes in these networks. These nodes require power levels that range
from microwatts to milliwatts. Typically, primary non-rechargeable batteries provide power to the
nodes. Replacing or replenishing these batteries could become an impractical activity with detrimental
environmental impacts. Energy harvesters (EHs) appear as a potential solution to this problem, as they
could complement the use of batteries while extending their lifetimes at the sensor nodes.

This paper provides a comprehensive review of the energy harvesting technologies currently under
an experimental or development phase. Thus, one of the objectives here is to study if EHs can power by
themselves or support current battery-powered sensor nodes at the building level. The environmental
sources considered for harvester power extraction were mechanical motion, thermal, light, radio-
frequency, and fluid flow. Also, the potential sites and building systems for extracting power through
these harvesters are presented and reported. This paper includes the review of the challenges and
opportunities for EHs depending on the mounting location and the particular characteristics of each
EH technology. The research findings in this paper demonstrate that harvesters at the buildings
can generate enough power to partially supply the power requirements for sensor nodes and even
completely cover the power demands of specific operation modes.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Developing technology solutions to manage energy consump-
ion in buildings efficiently is an area that has attracted much
ttention from researchers in recent years. In existing build-
ngs, such technologies must be utilized without reducing the
ndoor comfort of the users (mainly visual and thermal com-
ort), which could be achieved via optimizing the operation and
ontrol systems of equipment such as heating–ventilation–air
onditioning (HVAC), lighting, closed-circuit television (CCTV),
ccess control, fire safety, security, and electric appliances. Ad-
ressing this issue is beneficial to society since buildings are
mong the largest energy-consuming systems worldwide (Litardo
t al., 2021). According to the 2019 Global Status Report for Build-
ngs and Construction Sector, about 30% of the global end-use
nergy consumption in 2018 was due to residential and non-
esidential buildings (International Energy Agency (IEA), 2019),
hich also generated about 28% of global energy-related CO2
missions. The electricity consumption of the building sector has
een around 49% of the world’s total, with residential buildings
onsuming 27% and commercial and public buildings consuming
2% (Raturi, 2019).
HVAC systems consume the highest energy in buildings, with

pproximately 50% of the energy consumption in buildings in
eveloped countries such as the US and UK (Tian et al., 2019;
ouhara and Yang, 2018). After HVAC systems, lighting systems
re the second-largest electricity consumer in buildings with
bout 19% (Baloch et al., 2018; Doulos et al., 2019; Han others,
019; Litardo et al., 2019a). Improving the energy efficiency in
oth types of systems in buildings would represent significant
inancial savings and reduction of CO2 emissions. Therefore, it is
ital to use innovative technologies that improve automated and
ntelligent control of all the systems that constitute a building.

The design and implementation of intelligent buildings is an
lternative for reducing energy consumption, operating costs,
nd CO2 emissions (Asadian et al., 2018). Typically, intelligent
uilding control systems are reactive, compared to the predom-
nant adaptive controls in smart buildings (Chang et al., 2020).
ntelligent buildings can be seen as energy-generating entities
hat can perform load reduction, peak shaving, load shifting, load
eduction during blackout and brownout events, grid stability,
mong other uses (Manic et al., 2016a). An exhaustive treatment
f intelligent buildings is not within the scope of the present
3810
work. Making a building ‘‘more intelligent’’ would start with
the use of control systems that allow monitoring real-time op-
erations and optimally control electrical loads, mainly lighting
and HVAC (La et al., 2015). These functions could be achieved
by building energy management systems (BEMSs) or building
automation control systems (BACSs) based on controller net-
works. These controllers must be reliable, safe, scalable, and
cost-effective since an inaccurate control or poor system man-
agement could significantly reduce the building performance and
impact the economy and the environment (Hannan et al., 2018).
Also, the continuous improvement of these components will al-
low a smoother integration of a building with utilities, other
intelligent buildings, smart grids, and other electrical and tech-
nology systems (Manic et al., 2016b). Similarly, following the
development of microgrids and smart grids, intelligent buildings
can incorporate distributed energy resources (DERs), including
distributed generation (DG) and distributed storage (DS) (La et al.,
2015; Ouammi, 2016). The advancement of internet of things
(IoT), machine learning, big data, cloud computing, and control
algorithms are bringing intelligent buildings closer to becoming
smart buildings (Zhang et al., 2019). In summary, all the required
automation inside an intelligent building is governed by net-
works, communication protocols, control systems & equipment,
operational data acquisition, data storage, and sensors.

Sensors are fundamental devices for the automation and con-
trol of intelligent buildings. For example, occupancy sensors can
help control systems of buildings to achieve potential energy
savings between 15% and 40% of total energy consumption (Kim
and Srebric, 2017) and 56% on HVAC systems (Ekwevugbe et al.,
2017). Furthermore, lighting control can achieve potential energy
savings up to 75% (Chen et al., 2016). There are a variety of
sensors available in the market which are used in buildings for
measuring variables such as temperature, humidity, CO2, volatile
rganic compounds, occupancy, proximity, pressure, flow, noise,
ibration, and light intensity. The optimal location, appropri-
te deployment, and proper selection of these devices correctly
onitor the above variables (Hidalgo-León et al., 2019).
A Wireless Sensor Network (WSN) is a technological infras-

ructure that enables numerous control and monitoring pro-
esses, which can be conducted remotely, in real-time, and with
inimal human intervention (Pule et al., 2017). Wireless sensor
odes and a base station are the main components of a WSN.
hese sensor nodes allow the efficient support of intelligent
uilding control systems without requiring traditional electrical
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Nomenclature

WSN Wireless sensor network
EH Energy harvester
HVAC Heating, ventilation, and air condition-

ing
CCTV Closed-circuit television
IoT Internet of things
BEMS Building energy management system
BACS Building automation control system
RX Received signal
TX Transmitted signal
DER Distributed energy resource
DG Distributed generation
DS Distributed storage
Wi-Fi Wireless fidelity
RF Radio frequency
WLAN Wireless local area network
PEH Piezoelectric energy harvester
AC Alternating current
EEH Electromagnetic energy harvester
TEG Thermoelectric generator
DC Direct current
RC Rectifying circuit
LEH Light energy harvester
LED Light-emitting diode
GaAs Gallium Arsenide
GaInP Gallium Indium Phosphide
CFL Compact fluorescent lamp
LTE Long Term Evolution
GSM Global System for Mobile Communica-

tions
GPRS General Packet Radio Service
MAC Medium Access Control
DAP Data access point
EAP Energy access point
MEH Microturbine-generator energy

harvester

wiring for communication and power supply for each of the
traditional sensors (Minoli et al., 2017). Typically, a sensor node
consists of a sensor, which detects the behavior of a variable
to be measured. Then, this device sends electrical signals to an
electronic data acquisition system for post-processing through
a transmitting antenna. The data is then sent via RF to an RF
gateway (sink node or base station). These sensor nodes provide
high versatility as they can be installed in areas of difficult
accessibility with relatively little effort, as minimal wiring is
required. Also, A WSN can be configured, expanded, and updated
at a low cost compared to wired sensor networks (Huang and
Mao, 2017). A typical WSN can consist of dozens to thousands
of nodes (Can and Sahingoz, 2015). Although WSNs still depend
heavily on the intensity of the wireless connections, ultra-dense
wireless networks are becoming a reality with recent technology
developments.

A big concern for wireless sensor networks is the need for
power supply in each sensor node. As stated previously, the
ower consumption of a node can range from microwatts to
illiwatts (Hayat others, 2019) in each of its operating modes.
sensor node could have four operating modes: (1) sleep, (2)

dle, (3) receive, and (4) send. Also, the higher power storage
3811
capacity of sensor nodes can extend the life of a WSN. The
nodes are usually powered by non-rechargeable batteries, which
have limited capabilities. They are an essential limiting constraint
given the need to keep the nodes in operation for long periods
of time (Nguyen and Nguyen, 2020). Table 1 shows some com-
mercial wireless sensor nodes used in the building environment.
As shown in the table, each device indicates the power extracted
from its battery storage during wireless sensor operation mode.
Also, the data was obtained and calculated from various manufac-
turer datasheets and user manuals, available online at the time of
publication. Several standard small batteries are also listed, such
as AA, AAA, CR, and E, whose lifespans always depend on the
configuration of their wireless sensor nodes and environmental
operating conditions (Hidalgo Leon, 2017). Also, the lifespan of
these batteries can be several years, making the use of secondary
(rechargeable) batteries unnecessary. Some researchers have re-
ported that replacing batteries could become impractical due to
various reasons, including human labor costs and the level of
difficulty in performing these operations given the location of
sensor nodes in the building (Nguyen and Nguyen, 2020; Wu
and Yang, 2015; Rashid et al., 2018). Moreover, the massive
use of wireless sensors could cause a significant environmental
impact and severe health problems to living beings if the used
batteries are improperly managed at the end of their lives. The
reason is that batteries contain hazardous chemicals and heavy
metals such as nickel (Ni), cobalt (Co), and lead (Pb) (May et al.,
2018), which are considered carcinogenic and mutagenic materi-
als (Zhang et al., 2018). This justifies new technological solutions
that could complement the use of batteries while extending their
lifetimes at the sensor nodes.

Energy harvesters appear as an option with much poten-
tial for the power supply to nodes of WSNs. EHs are electronic
devices that capture small amounts of energy from their sur-
rounding environment and convert them to low-power suitable
for supplying electricity to electronic devices such as sensors,
dataloggers, data-transmitters, IoT devices, wearable electronics,
and health monitoring devices (Cioncolini et al., 2019; Goushcha
et al., 2015; Hidalgo-Leon others, 2018). Commonly, EHs con-
sist of an environmental energy-capturing device (transducer), a
power conversion circuit (power converter, control system, and
other electronic circuits), and an electrical load and battery. The
electronic architecture developed in the power conversion circuit
allows the power interface between the transducer and the load-
battery. This circuit converts the transducer power to be suitable
for the operation of the electrical load (sensor node) and energy
storage in the battery. The latter happens when the transducer
power is greater than the power required by the load. In addition,
this circuit is used to match the impedance of the transducer to
the load, thereby achieving the maximum power transfer from
the transducer to the load (Chen et al., 2017; Cansiz et al., 2019).
The power magnitudes delivered by a single EH range from a
few microwatts to watts in small devices or prototypes. Fig. 1
shows the typical configuration of an EH in the context of the
present work, considering a battery and a wireless sensor node
as an electrical load.

Some environmental energy sources at the building level are
present in artificial lighting, HVAC systems, floor panels, facades,
water pipelines, exhaust systems, and Wi-Fi access points. Proper
energy source selection for a specific EH could establish an ideal
balance between the power supplied by the EH and the power
consumed by the electric load (Pop-Vadean et al., 2017). For
example, a sensor node could operate continuously as long as
the EH generates enough power. Otherwise, a storage device
(ultracapacitor or non-rechargeable battery) could be required to
balance generation and consumption.

This paper provides a comprehensive review of energy har-
vesting technologies that use environmental energy sources in
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Table 1
Some technical characteristics of commercial wireless sensor nodes and applications in the building environment.
Sensor Battery

number
Battery
type

Electrical current during
battery discharge mode

Operation
voltage (V)

Power
consumption

Building applications

Daylight 1 CR2450 7 µA (nominal) 3 21 µW Any space

Airflow 1 CR2032 0.7 µA (sleep)
2 mA (radio idle/ off)
2 mA (measurement)
25 mA (radio RX)
35 mA (radio TX)

3 2.1 µW
6 mW
6 mW
75 mW
0.12 W

HVAC systems/
Environmental
monitoring

Water 1 CR2032 0.7 µA (sleep)
2 mA (radio idle/off)
2 mA (measurement)
25 mA (radio RX)
35 mA (radio TX)

3 2.1 µW
6 mW
6 mW
75 mW
0.12 W

Reservoir level
monitoring

Air velocity 2 AA 0.2 µA (sleep)
0.7 µA (RTC sleep)
570 µA (MCU idle)
2.5 mA (MCU active)
5.5 mA (radio RX)
22.6 mA (radio TX)

3 0.6 µW
2.2 µW
1.72 mW
7.5 mW
16.5 mW
67.8 mW

Building/Room
Pressure, computer
rooms

Temperature 2 AA 0.2 µA (nominal) 3 0.6 µW Chimney

Temperature and humidity 1 CR2477 33 mA (maximum) 3 99 mW Any space

Motion detection 2 AA 1 µA (Sleep)
570 µA (MCU idle)
2.5 mA (MCU active)
5.5 mA (radio RX)
22.6 mA (radio TX)

3 3 µW
1.72 mW
7.5 mW
16.5 mW
67.8 mW

Any space

Ambient light, temperature,
humidity

3 AA 0.28 mA (normal)
0.44 mA (boost)

4.5 1.25 mW
2 mW

Any space

Light, presence and
temperature

1 E 38 µA (average)
26 mA (maximum)

9 0.34 µW
0.23 mW

Rooms
Fig. 1. Typical configuration of an EH, considering the environmental energy source, the EH technology, and a battery or the wireless sensor node as a load.
a building. This paper includes a review of the challenges and
opportunities for EHs depending on the mounting location and
the particular characteristics of each EH technology. Each section
consists of an analysis and discussion on the technologies of EHs
and how these could provide power for wireless sensor nodes.

The methodology for the current literature review prioritizes
he selection of papers highlighting energy harvesting technolo-
ies that are currently in an experimental or development phase.
his criterion was followed to review and compare only papers
hat described case studies and reported variables and indicators
uch as voltage and current requirements, power and energy
onsumption, and other relevant parameters. These indicators
nd variables are relevant as one of the contributions of this paper
re to build a benchmark by which one can compare EH tech-
ologies to select the most appropriate one based on electrical
equirements. The breakdown of each section of the present work
as done according to the diagram in Fig. 2. The bottom part
f this diagram shows the ambient energy sources commonly
resent in potential sites and building systems. These sources will
e exploited using the energy harvesters (shown in blue boxes in
3812
Fig. 2) reviewed in the present paper to supply power to the wire-
less sensor nodes. Each section will analyze an energy harvester
technology from its corresponding environmental energy source.

This paper is organized as follows. Sections 2–4 are related
to EHs that obtain their power from mechanical motion, which
are: based on piezoelectric vibration, pendular oscillation, and
electromagnetic induction, respectively. Next, Section 5 discusses
EHs that use temperature differentials to generate power. Sec-
tion 6 reviews EHs that use artificial lighting as a power source.
Sections 7 and 8 review EHs that harvest energy from RF and
water flow, respectively. Research findings are drawn in Section 9.
Finally, we have Section 10 with the conclusions of this work.

2. Energy harvesters from piezoelectric vibration

Piezoelectric energy harvesting is the field of study of pas-
sively collecting energy from surrounding dynamic, thermal, and
electrical activity by using devices with piezoelectric materials
through the piezoelectric effect. The direct piezoelectric effect is
the physical phenomenon that governs the piezoelectric energy
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Fig. 2. Diagram of the present paper — Some ambient energy sources in buildings with their respective energy harvesters to supply power to the sensor nodes
ithin the WSNs.
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arvester (PEH) through the following constitutive equation that
elates mechanical deformation with electrical generation:

δ

D

]
=

[
sE d

d εT

][
σ

E

]
(1)

The first row of matrix Eq. (1) represents the mechanical
omain equation where δ, sE, d, and σ are the strain, compliance
or a constant electrical field, transpose of the matrix of the piezo-
lectric effect, and stress, respectively. The second row represents
he electric domain equation where D, d, εT, and E are the charge
ensity, direct piezoelectric effect matrix, dielectric permittivity
or constant stress, and electric field. It should be noted that the
oupling term is the matrix of the piezoelectric effect (Yang et al.,
018).
Piezoelectric energy harvesting devices can be found in vari-

us shapes and configurations, like sheets, cymbal-shaped, cylin-
rical, and discs. Sheet-shaped devices are typically used in strain
iezoelectric generation and are rated based upon their deflection
evel when loads are applied to them. Likewise, cymbal-shaped
iezoelectric transducers generate power due to the deflection
aused by the subjected pressure by external loads (like vehicle
nd human traffic). It is important to note that PEHs must be
nstalled underneath the floor surface. The PEHs should operate
ithout affecting the circulation of people.
Three main energy sources based on piezoelectric materials

ave recently gained increased attention: vibration, strain, and
luid flow (Liu et al., 2018). Vibration energy harvesting uses
he concept of attaching a spring–mass–damper system as the
econdary system to a primary oscillator, which can be any engi-
eering system (for the purpose of the present study, a building).
his system is usually comprised of a cantilevered beam with a
ass on its tip and some configuration of piezoelectric material
ither on the mass or at the base of the beam. One possible con-
iguration for implementing piezoelectric transducer-based EH
echnology is schematically portrayed in Fig. 3. This configuration
ses a sheet-shaped piezoelectric transducer exposed to stress

nd deflection vibrations. Airflows can cause these vibrations over o

3813
he cantilever with tip mass. The transducer produces energy
f an oscillating nature that must be processed by its power
onversion stage, which is responsible for conditioning the signal
o be compatible with the electrical load and battery.

Strain energy harvesting uses the concept of material deforma-
ion by directly coupling piezoelectric materials to surfaces sub-
ected to elastic deformation (e.g., surfaces subjected to human or
ehicle traffic). These systems have the advantage of not requiring
uning to any resonant frequency (Liu et al., 2018). Due to the
igh sensitivity of these devices to their resonant frequency,
any applications using energy harvesters based on vibrations

ake advantage of nonlinear principles to widen the operational
andwidth of the devices, thus making them significantly more
ersatile (Yang et al., 2018).
The PEHs are amongst energy harvesters with the highest ef-

iciency and lowest costs (Tao et al., 2017). These devices are not
ffected by environmental parameters such as temperature and
umidity (Alluri et al., 2015) and can produce AC power within
he range from µW (microwatts) up to mW (milliwatts) (Shim
t al., 2015). A key consideration with piezoelectric transducer ar-
ays inside modules or prototypes is that these can be connected
n series or parallel to obtain higher voltage levels and current
utput.
Electrical and mechanical equipment operating inside a build-

ng has vibration levels that could potentially be used for energy
arvesting. Examples include combustion engines, water pumps,
ompressors, electric motors, steam turbines, and fans. When
hese machines exceed certain vibration limits (which can result
n possible damage), PEHs could also be set to produce warning
ignals without the need for wired sensors. These technologies
re already being applied by several companies worldwide, such
s Kinergizer and EnOcean (Lionel et al., 2018). For the rest of
his section, we will review the applications of PEHs in a building
nvironment, such as HVAC systems and floor panels.

.1. HVAC systems

PEHs can harvest energy from the air flows inside the ducts

f HVAC systems. These ductwork systems are used in most
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Fig. 3. Illustration demonstrating an energy harvester configuration that uses a sheet-shaped piezoelectric transducer to produce electrical power.
ommercial, industrial, or residential buildings where harvesting
pportunities can be widely exploited. Some researchers have re-
orted using wind tunnels to simulate the conditions in ductwork
ystems, which are described in this section.
Three types of structures: cylindrical, rectangular, and T-

haped, were tested and analyzed in a wind tunnel (Gkoumas
t al., 2017) with a PEH prototype based on a sheet-shaped piezo-
lectric transducer. The vibrations obtained from the T-shaped
onfiguration generated a power supply of up to 400 µW. A sim-
lar experiment conducted by Petrini and Gkoumas (2018) where
ylindrical and T-shape structures were tested resulted in the
eneration of 200 µW and 400 µW, respectively, with an airflow
elocity of 3 m/s for both cases. The authors concluded that the
-shape structure exploits the galloping phenomenon (Piccardo
t al., 2015) and provides optimal vibrations for a wide range
f airspeeds. Some of the aerodynamic instability phenomena in
ucts called ‘‘galloping and vortex shedding’’ start in residential
pplications between 2 m/s and 6 m/s (Gkoumas et al., 2017).
lvira-Hernández et al. (2019) showed that electromechanical
odeling of PEH in air conditioning ventilation ducts for an office
uilding could generate power levels of 37.45 µW. This result was
btained under the following conditions: resonance frequency
0.3 Hz, maximum deflection of 2.485 mm, output voltage of
.854 V, and load resistance of 217.5 k�. The PEH prototypes
nside the ductwork systems must be designed to not cause
isturbances in the air flows, which could give rise to induced
oises or the appearance of shedding effects. An inadequate
nstallation could produce turbulent flows that may reduce the
erformance of the PEHs.
Furthermore, the rotational motion that occurs in some parts

f HVAC systems can be used for power generation through PEHs.
uan and Liao (2016) experimented with two piezoelectric trans-
ucers mounted in a rotation system. Those devices obtained
owers between 83.5 µW and 825 µW with rotation frequencies
f 7 Hz and 13.5 Hz.
3814
Fig. 4. Typical configuration of piezoelectric transducers inside floor panel to
produce electrical power. The system includes the piezoelectric transducers, a
rectifying circuits, power converter, and load.

2.2. Floor panels

Pedestrian traffic over surfaces made of PEHs can also generate
electrical power for sensors and low-power devices such as cell
phone charging stations. Fig. 4 shows a typical configuration of
several piezoelectric transducers inside the floor panel, where
first the current output of each transducer is rectified and then
connected in parallel.

A function for calculating the power of a floor panel with PEHs
is defined by Li and Strezov (2014) as:

P = MnER. (2)
PEH



R. Hidalgo-Leon, J. Urquizo, C.E. Silva et al. Energy Reports 8 (2022) 3809–3826

w
a
f
o

d
C
c
i
o
t
t
a
v
c
a
w

E

c

g
c
e
c
o
p
m
m
v
t
m
t

Fig. 5. Schematic diagram of a basic pendular oscillation mechanism with its main components for energy harvesting (side views).
m
2
f
a

3

i
v
p
f
w

T

here M is the number of pedestrians, n is the number of the
ctivated floor panel, E is the electricity generated from a single
ootstep, and R is an enhancement rate related to impact effects
n floor panels.
The analysis of the deformation of these transducers embed-

ed in floor panels is the subject of considerable research. In
ascetta et al. (2018), the authors developed a prototype module
onsisting of 9 stacks of piezoelectric diaphragms (45 diaphragms
n total). Each diaphragm is wired to a full bridge rectifier, and its
utput is connected in parallel in 44 additional similar configura-
ions. The experimental tests of this work, taking into considera-
ion a test resistance of 1 k� and the footstep of a man weighing
bout 85 kg, achieved power levels of around 66 µW with a load
oltage between 30 V and 40 V. Expressions were used for the
alculation of the maximum energy transferred to the load (Emax)
nd the total energy (Etot) of the connection of N configurations
ere given by:

max =
Ip1Ip2∆2

CP (2 + α)
(3)

Etot = ηNVDC Ip1

[
2∆ −

CpVDC (2 + α)
Ip2

]
(4)

where η is an efficiency factor, N is the number of piezoelectric
transducers, VDC is the DC voltage output of the rectifier bridge,
Ip1 and Ip2 are the electrical currents related to the piezoelectric
transducers, ∆ is the time variation of when a current pulse
occurs related to the piezoelectric transducer, Cp is the shunt
apacitance of the piezoelectric transducer, and α is a loss factor.
A floor tile was modeled, simulated, and implemented to

enerate power for a wireless occupancy sensor (with a storage
apacitor) in Sharpes et al. (2016). The authors used five piezo-
lectric discs in the tile connected in parallel to a single rectifier
ircuit. The tests were carried out by having a 71 kg person walk
ver the tile to generate a voltage of 15 V at the maximum
ower operating point. Similarly, in Hwang et al. (2015), a tile was
odified using springs and a tip mass for indirect energy trans-
ission. Here, the authors reached an approximation between the
ibration frequency of the tile and the resonance frequency of
he piezoelectric module through the mechanical modifications
entioned above. Under this condition, with four modules using

he same impedance of 15 k�, the power achieved ranged from
3815
770 µW to 55 mW peak. The curved piezoelectric transducer was
odeled and implemented inside a floor field (Kathpalia et al.,
017). The experimental results showed that with a vibrational
requency of 2 Hz, a 7 N force, and a 100 k� load impedance, the
verage generated power resulted in roughly 70 µW.

. Energy harvesters from pendular oscillation

Pendular oscillation mechanisms have been extensively stud-
ed for their use in power generation applications. Firstly, a con-
entional pendulum mechanism is formed by a mass (m) sus-
ended by a string attached to a pivot on a rigid frame, which is
ixed to a rigid base. The period of oscillation (T ) of the pendulum
ith a swing amplitude (θ ), is given by:

= 2π
√
l/g; θ ≪ 1, (5)

where l is the length of the pendulum and g is the acceleration
of gravity.

Fig. 5 shows a schematic diagram of a basic pendular oscilla-
tion mechanism with its main components for energy harvesting.
As can be seen in the figure, the oscillatory motion of the pen-
dulum can be produced by the vibrations received at the base of
this mechanism, which in the present case is vertical (y-axis). The
oscillation of the pendulum produces a torque on the generator’s
shaft, which in turn will generate power. This power must be
conditioned by a power conversion stage (similar to Fig. 3) to
transform these signals to DC power. This section focuses on the
use of this technology at the building level.

3.1. Other possible systems/sites

The movement on pendular mechanisms when placed in large
volume reservoirs (swimming pools, water tanks, and water cis-
terns) or electrical/mechanical machines can be used for energy
harvesting. The movement of waves is of a stochastic nature,
while the movement produced by machine vibrations is of a har-
monic type and can be easily predicted (Dotti et al., 2017). In the
experimental tests from the available literature, the magnitude of
the movements is simulated using electrodynamic shakers.

In Marszal et al. (2017), the mathematical model of a pendu-

lum system was validated by experimental measurements made
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Fig. 6. Typical configuration of an energy harvesting setup from a vibration isolation system.
n an inflatable boat in a swimming pool. The experimental EH
rovided a power of around 0.4 W, with a pendulum length of
.18 m, and an electrical load of 101 �. This research showed
hat the shorter the pendulum length, the more efficient the
arvested energy. This system was represented mathematically
y the governing equations:

1θ̈ + c1θ̇ + mω2Alcos (ωt) sinθ + mglsinθ = 0,

I2δ̈ + c2δ̇ + sing
(
δ̇
)
Mf = 0

(6)

where θ is the angular displacement of the pendulum, δ is the an-
gular displacement of the flywheel, I1, I2 are the moment of iner-
ia of pendulum and reduced moment of inertia of the freewheel–
ear box–shaft–electric generator system, respectively, m is the
ass of the pendulum, l is the distance from center of gravity

o the pivot axis, c1, c2 are the viscous angular damping coef-
icients, Mf is the friction torque, A is the amplitude of vertical
xcitation, ω is excitation frequency, and t is the time variable.

In this expression and hereafter, overdots represent derivatives
with respect to time.

A parametric pendulum mounted on a reciprocating mechan-
ical vibrator was studied in Dotti et al. (2017), where the pendu-
lum axis was mounted on ball bearings, which the authors claim
to be an actual situation for energy harvesting to the use of a dry
friction component. The modeling and experimental observations
concluded that a crucial step for achieving acceptable energy
harvesting results is to correctly estimate the zones of rotation
for this type of EHs. The governing differential equation is:

ml2θ ′′
+ Tv + Tc + ml

(
y′′

+ g
)
sinθ = 0 (7)

In this case, l is the distance between the center of gravity and
the axis of the pendulum, y is the vertical displacement of the
xis, θ is the angle measured from the equilibrium position, Tv is
he viscous friction torque, and Tc is Coulomb’s friction torque. In
his expression, (·)′ denotes the derivative d(·)/dτ , where τ is a
imensionless time variable where τ = ωot and ωo is the natural
requency of the pendulum.

A system consisting of two decoupled rolling pendulums was
sed to harvest energy at low frequencies in Punyakaew and Par-
ichkun (2020), where a cam was constructed to create a multi-
requency excitation. External excitation frequencies represented
he common motion in an industrial vibrating machine and a
ea wave motion. Experimental results showed that when the
ngular velocity of the cam changed from 1.149 Hz to 1.236 Hz,
he electrical power outputs of pendulums one and two were
mW and 23.2 mW, respectively.
3816
4. Energy harvesters from electromagnetic induction

Electromagnetic energy harvesters (EEHs) are based on Fara-
day’s law of electromagnetic induction. These devices are also
known as magnetic induction energy harvesters. All the reviewed
literature in this section shows the technology at prototype
stages, including documented realizations of pendulum mecha-
nisms. The focus in this section is on vibration mitigation systems.

4.1. Vibration mitigation systems

Civil structures, particularly high-rise buildings, are prone to
large dynamic responses due to wind loads and seismic events
such as earthquakes (Chu et al., 2017; Xie et al., 2015). These
types of motion could cause damage to the entire structure (Zheng
et al., 2019). For this reason, some structures are protected
through vibration mitigation systems, such as vibration absorbers
and structural dampers. At the same time, these systems can be
used for energy harvesting purposes by harnessing the dynamic
energy in the other direction: that is to say, generating power in
their dissipating mechanisms. Fig. 6 shows a typical configuration
of an energy harvesting setup from a vibration isolation system,
where M1, K1 and C1 respectively represent the mass, stiffness
and damping of the host structure, whose response is to be
reduced by the addition of the attenuator of mass M2. Here, an
additional electrical system is embedded in the device such that
electromagnetically induced current can be collected and stored
for future use.

In Kecik (2018), a system of an auto parametric pendulum
vibration absorber and a Maglev harvester is presented. This EEH
is based on the motion of a permanent magnet that induces a
voltage across the terminals of an electric coil. The system is
thus allowed to recover power while the pendulum is at rest
and during swinging motion. The simulation results showed a
collected power of 0.12 W with a load resistance of 1.2 kΩ and
an excitation amplitude of 30 mm. In this type of application, the
harvested power (Phar ) is given by Rocha et al. (2019):

Phar =

(
α

Rload + Rint
ẋ
)2

Rload (8)

where α is the electromechanical coupling coefficient, Rload is the
resistance of the external load, Rint is the internal resistance of
the coil, x is the displacement of the magnet, and the coefficient
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Fig. 7. TEG configuration with a DC/DC power converter and its connection with a load (sensor node) and battery.
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α = NBl, with N being the number of coil turns, B the average
agnetic field strength, and l the coil length.
The parameter (α) is the coefficient that couples the electrical

nd mechanical systems where its experimental identification
as developed in Mitura and Kecik (2016). In this experiment,
he EEH was subjected to dynamic and quasi-static tests, and a
ignificant conclusion was that α depends strongly on the posi-
ion of the magnets in the electric coil. The functional dependency
f α is:

(x, ẋ) =
Lcoil didt + Rtotali

dx
dt

, (9)

where x is the displacement of the magnet, i and Lcoil are the
urrents through the coil and its inductance, respectively, Rtotal
s the sum of the load and inductance (coil) resistors.

A new definition of the coupling coefficient of Eq. (9) is intro-
uced in Kecik et al. (2017). The experimental results showed that
is a non-linear function of the magnet position and depends

ighly on the magnetic coordinate inside the electric coil, where
he maximum power occurs at the coil terminals.

Certain modifications at the pendulum can improve the power
ecovery of mitigation systems. An EEH prototype based on a
ouble pendulum subjected to base excitation using electric coils
ttached to the pendulum masses was reported in Chunawala
t al. (2016). The mathematical modeling of this system predicted
generated power of up to 9 mW, with a vibration frequency
f 2 Hz and an amplitude of 1 mm. The authors suggest that
he power level obtained is sufficient to power a sensor. Kecik
nd Mitura (2020) demonstrated a Maglev-configuration-based
EH with the addition of an EH, placed in the electrical generator
oupled to the pendulum shaft. The experimental results showed
power recovery of 100 mW, where approximately 64 mW came
rom the EH placed in the electric generator. Several research
rojects reported differences between modeled and experimental
esults attributed to the friction of magnets in motion inside
he pendulum tubes. Furthermore, the induced voltage at the
erminals of the electric coil and the motion of the magnets must
aintain a correct relationship, which is of great relevance for the

mprovement of the power delivery of the EEH prototypes.

. Energy harvesters from thermal energy

EHs that use thermal energy to generate power are known as
hermoelectric energy harvesters, also known as thermoelectric
nergy generators (TEGs) (Enescu, 2019). These EHs are based on
combination of the Peltier, Seebeck, and Thomson effects (Sun
t al., 2020), all of which allow the transformation of temperature
radients from the environment into electric voltage and vice-
ersa (Fan et al., 2017). In other words, a TEG transducer consists
f two sides: one cold and one hot. Power is generated depending
n the temperature differential to which these sides are exposed.
basic TEG configuration is shown in Fig. 7.
3817
HVAC systems and exhaust systems in buildings can be used
s potential sources for this technology due to the temperature
evels generated in their heating and cooling processes. These
EGs have a low thermal to electrical power conversion efficiency,
hich could reach from 1% to 20% (Wu et al., 2018). According
o the power levels generated by the elements mentioned above,
EGs can be used to power sensors, mobile phone chargers,
larms, and other low-power appliances. Other advantages of the
EGs include the fact that they do not generate noise, have a
ong lifespan with high reliability due to their compact form, they
o not require spare parts, have no operating costs, and their
peration does not generate polluting gases (Demir and Dincer,
017; Li others, 2017; Kim et al., 2018). The power generated by
he TEGs reviewed in this section range from a few mW to about
5 W, due to the stacking capabilities of these transducers.

.1. HVAC systems

Temperature differentials from a few degrees to over 100 ◦C
can be found in multiple sections of the HVAC systems (Ramadan
et al., 2017). In experiments conducted by Milić et al. (2017), one
of the tests with TEGs in a sensor node produced approximately
500 µW and a current load of 12 mA with a temperature differ-
ntial of 15 ◦C, taking into account that one of the sides of the
ransducer was at ambient temperature (30 ◦C). This result was
imilar to those obtained in the simulations conducted under the
ame conditions. In tests carried out for the self-powering of a
ensor node during the sending of signals every 3 min, the lowest
pen-circuit voltage obtained by a TEG was 62 mV and a power
f 84 µW with a temperature differential of 2.6 ◦C (Guan et al.,
017). It is essential to highlight the efficiency of a transducer
ηTE), which is given by Favarel et al. (2016):

TE =
∆T
TH

m
m+1

1 +
m+1
ZTH

−
∆T

2TH (m+1)

(10)

where ∆T = TH − TC is the temperature difference: TH (hot side
temperature), TC (cold side temperature), Z is a merit factor of
thermoelectric material, and m is the ratio between the electric
load and the internal resistance of the transducer.

5.2. Exhaust systems

Waste heat from combustion processes in buildings is a poten-
tial source of power for sensors. For example, waste incineration
plants at hospitals and chimneys could be optimal places for the
research and implementation of TEG technology. In Aranguren
et al. (2017), the authors developed a prototype made up of
16 TEG modules (for each level) applied on two levels along
with the chimney of a combustion chamber. This prototype was
validated using a previously developed computational model. The
maximum power generated by the TEGs was 24.59 W with a
maximum temperature of 560 ◦C. The relative error between the
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Fig. 8. Schematic diagram of solar cells for purposes of indoor light energy harvesting.
esults of the model and the prototype was between ±12%. Khalil
nd Hassan (2020) showed analyses of placing 3 TEGs with heat
preaders along with a chimney. In one of the cases analyzed,
total of about 220 mW was generated considering the length
f the spreaders of 140 mm and a separation between them of
40 mm, the temperatures of hot gases of approximately 200 ◦C

(hot sides) and 25 ◦C of ambient temperature (cold sides). A
significant conclusion of this work establishes that the upper TEG
has the lowest conversion efficiency and the lower TEG has the
highest conversion efficiency.

6. Energy harvesters from light

Light energy harvesting is the process by which the available
light in the environment is converted to electrical energy by using
an EH device. Artificial lighting in buildings can be used in light
energy harvesters (LEHs) for generating low power (Kim et al.,
2019). The transducer of LEH is a cell or panel based on the
photovoltaic effect. Fig. 8 shows a basic schematic diagram of
solar cells for indoor light energy harvesting. These devices are
considered among the technologies with the highest power den-
sity of all the EH transducers (Fröhlich et al., 2015). Nevertheless,
the exposure of these transducers to conditions such as light
intensity, duration, temperature variation, spatial positioning, and
light technology (Fröhlich et al., 2015), need to be complemented
with other EH technologies or with the use of batteries or ca-
pacitors (Takshi et al., 2015), to maintain a continuous supply of
power to the load.

6.1. Indoor lighting

Artificial lighting technologies used for solar cell testing in this
section include LEDs, fluorescent, and incandescent bulbs. The
light intensity ranges for these technologies vary from 200 to
1000 lux. These intensities correspond to typical light bulbs found
in schools, universities, hospitals, offices, hotels, restaurants, and
other buildings (Richman, 2015). LEHs with batteries could be
used to power nodes in WSNs.

In Li et al. (2015), four types of solar cells were exposed to
different lighting sources and intensities inside a building. The
types of lighting used were incandescent, fluorescent, and white
light LEDs. The results showed that the amorphous-Si solar cells
had a similar power output under three light sources, making
these cells the most suitable for energy harvesting. Similarly,
GaAs solar cells are studied in Mathews et al. (2015) with a
GaInP solar cell being compared to commercial cells and ex-
posed to light from light-emitting diode (LED) lamps and compact
fluorescent lamps (CFLs). The lighting levels used were 200 lux
and 1000 lux, where the GaAs cell had a higher power density
3818
(92.2 µWcm−2) than the GaInP cell (87.2 µWcm−2) at 1000 lux.
A higher power density was found using flexible dye solar cells,
where said cells showed performances of 12.4% and 10% exposed
to fluorescent and LED lighting, respectively (De Rossi et al.,
2015). The light intensity level during testing was 200 lux. These
percentages surpassed the performance of other cells in indoor
tests such as polycrystalline and amorphous silicon cells. These
cells have a low cost in the market, but studies are being carried
out on their constitutive materials to improve cell efficiency and
durability (Lee et al., 2017b). In Di Giacomo et al. (2016), three
different perovskite solar cells were tested at outdoor and indoor
lighting settings. With CFL lamps at 200 lux, the cell with a layer
of plasma-enhanced atomic layer deposition showed a maximum
power density of 15.4 µWcm−2 and maximum efficiency of 24%.
Likewise, this type of cell showed the best performance with
outdoor lighting during testing. Table 2 summarizes the results
obtained from experiments with various solar cell technologies,
some previously analyzed. It can be seen that the performance of
cells mainly depends on their manufacturing materials.

6.2. Façades

During the last decade, research efforts have also focused on
implementing solar systems on the facades of buildings. This
includes building walls, windows, or any glazing elements, which
are part of the building envelope (Litardo et al., 2019b). Vasiliev
and Alameh (2019b) published a review that summarizes recent
advancements in these technologies and provides examples of
their performance on buildings around the world. Some of the
solar panel arrays on façades reached performances of the order
of watts per square meter of maximum power output generation.
An interesting case is an experiment in Australia (Vasiliev and
Alameh, 2019a), which was carried out to demonstrate the field
performance characteristics and practical application potential
of high-transparency, clear glass-based solar windows. Here, a
group of 18 solar windows with monocrystalline silicon cells,
placed in an atrium entrance, produced power magnitudes from
a few watts to 200 W during tests carried out between May/2019
and June/2019. Also, the results showed that the north-facing
windows with an area of approximately 1.3 m2 were able to
harvest about 0.1 kWh each on a sunny winter day.

7. Energy harvesters from radio frequency

Radiofrequency (RF) waves, also called RF spectrum, can be
exploited to supply power to low-power devices such as sensors
inside buildings. These harvesters require input signals from the
frequency spectrum radiating between 3 kHz and 300 kHz (Cansiz
et al., 2019). RF spectrum is mainly used for communications
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Table 2
Comparison of various solar cell technologies for energy harvesting.
Work Type of solar cell Efficiency

(%)
Area
(cm2)

Source of lighting for
delivered power

Maximum power
(µWcm−2)

Li et al. (2015) Polycrystalline silicon
Amorphous silicon
Dye-sensitized TiO2

14
13.4
11.4

68.64
20.28–25.2
30.5

Incandescent,
RGB color-controllable LED light
Incandescent

570
75–113
24

Mathews et al. (2015) Gallium Arsenide
Gallium Indium Phosphide

20.6
10.4

8.5
29.7

LED lamp
LED lamp

16.6
17.6

De Rossi et al. (2015) Flexible dye
Flexible dye

12.4
10

0.25
0.25

Fluorescent
LED

8
6.6

Di Giacomo et al. (2016) Perovskite with Glass ITO substrate
Perovskite with Glass FTO substrate

24
22–35

Not specified
Not specified

Fluorescent
Fluorescent

15.4
0.3–5.9
Fig. 9. System architecture of power transfer between the base station and RF energy harvester.
here base stations transmit and receive waves. Different ser-
ices are broadcasted within this spectrum, such as AM/FM radio,
V, LTE, GSM, GPRS, and Wi-Fi (Wang et al., 2016). Signal prop-
gation from a base station to a device (e.g., sensors) for power
ransfer depends on distance. However, the signal intensity loss
an be minimized by using devices such as power beacons (Huang
t al., 2015). Cansiz et al. (2019) showed that these RF harvesters
ould reach efficiencies that range between 15% and 84%. Al-
hough the power density of these devices is low, it is sufficient
o power sensors.

.1. RF signals

Wi-Fi devices can transmit signals inside buildings, which
ould be used to power sensor nodes, mainly in areas with power
estrictions. Unlike other harvesting technologies reviewed, RF
arvesters use antennas (transducers or RF receivers) to capture
he RF waves. Furthermore, these harvesters have additional com-
onents such as impedance matching circuits, RF-to-DC rectifiers,
oltage multipliers, and load (or energy storage) devices (Cansiz
t al., 2019). Wireless sensors use small batteries for their oper-
tion; thus, the purpose of these RF harvesters is to extend the
ife or reduce the use of these batteries. The efficiency of an RF
arvester (ηRFh) with all its components can be calculated as:

ηRFh = ηantηrecηmulηload (11)

where ηant is the efficiency of the antenna and matching cir-
cuit, ηrec is the efficiency of the RF-to-DC rectifier, ηmul is the
efficiency of voltage multiplier, and ηload is the efficiency of the
load (or energy storage device). A simple schematic for power
transfer between wireless devices using a base station as a trans-
mitter can be seen in Fig. 9. RF transducers require adequate
impedance matching circuits to improve their power harvesting
capabilities (Nechibvute et al., 2017).

Some authors indicate that energy harvesting from RF signals
has significant challenges since the power supply at each sensor
node is dynamic and stochastic (Park and Hong, 2014). In Shen
et al. (2017), the authors presented an optimized triple-port pixel
antenna and triple-port rectifier with a DC power converter,
which improved the RF power harvesting inside a determined
area. The authors reported that a GSM-1800 (1.8–1.88 GHz) band
3819
was chosen for testing, and the efficiency achieved by the antenna
system for the RF power harvesting application reached 9% with
a maximum harvested power of 57 µW. The overall system
efficiency was calculated by using the following expression:

ηM =
PDC

PRF1 + PRF2 + PRF3
(12)

where PDC is output DC power and PRF is the power harvesting
for each port.

An IoT system was designed in Hou et al. (2017) consisting of
several Data Access Points (DAPs) for information collection and
several Energy Access Points (EAPs). The EAPs can perform wire-
less power transfer through the use of RF energy harvesting. Here,
the authors concluded that the performance of the IoT system
depends on whether the EAPs allow for optimization of the power
received by their sensors. In Taghadosi et al. (2017), a harvesting
circuit, composed of two highly efficient RF–DC rectifiers for IoT
sensor applications were tested with an operating frequency of
953 MHz. The power conversion efficiencies achieved in the ex-
perimental tests were 84.4% and 56% with power inputs of −12.5
dBm and −15 dBm, respectively. The power outputs achieved
with these inputs were 46.5 µW and 17.76 µW, respectively. In
the authors’ opinion, this circuit can also operate in a frequency
band around 2.4 GHz (Bluetooth/WLAN) with the appropriate
impedance matching.

A significant limitation of energy transfer from RF signals is
the interference with other frequency bands, where different ap-
plications (including other energy transfer devices) are operating.
A potential solution to this problem was proposed in Lee et al.
(2017a) through the Medium Access Control (MAC) protocol for
IEEE 802.11 Wi-Fi stations. This protocol allows wireless power
transfer to devices within a wireless-powered communication
network by using power beacons. Likewise, studies are being
conducted to establish optimized functions focused on data and
energy transfers for powering mobile wireless devices through RF
energy harvesting. This was analyzed in Khalfi et al. (2017), where
results showed an increase in battery lifespan but a slight increase
in base station power consumption.

8. Energy harvesters from fluid flow

Water flow in building pipelines could be another way to use
EHs. Microturbines could use the potential energy (high water
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Fig. 10. Configuration of conventional MEH for small cross-sectional diameter water pipelines in buildings.
head), kinetic energy, and water pressure in water pipelines to
produce power. The vertical water pipelines have great kinetic
and pressure energy potential for energy harvesting (Hussein and
Farouk). A microturbine energy harvester (MEH) mainly consists
of a propeller (blades), an energy extraction circuit, and an AC
alternator (Rödel et al., 2016). Fig. 10 shows a typical configura-
tion of a MEH for small cross-sectional diameter water pipelines
in buildings. The mini-hydro turbine generates AC voltage, which
needs to be conditioned with a power conversion stage similar
to the one in Fig. 3. This stage has to consider the electronics re-
quired to rectify the signal from an AC voltage. In the commercial
market, some of these devices commonly produce DC voltages of
5 V and 12 V and power up to 10 W (Walmart, 2021).

The power supply rate of MEHs depends on the size of the
microturbine and the pipeline diameter, which can deliver power
in the range of a few mW to high power levels 24/7 (for public
electric grid insertion or self-consumption power applications).
For example, some companies such as SOAR Hydropower (Soar-
Turbines, 2022) have been exploiting this technology on a large
scale in urban water pipelines in cities where this process is
reliable and 100% environmentally friendly without impacting the
water delivery (Porkumaran et al., 2017).

In building applications, potential sites for the application of
MEHs are tap water supply, drainage, and hot/cold water return
pipes for large air conditioning systems (Casini, 2015). MEHs can
be very useful for intelligent metering, data monitoring systems,
and wireless sensors. New types of control valves for dissipating
overpressure in water pipelines offer great potential for energy
harvesting because these can recover the energy losses that occur
in pressure reductions (Samora et al., 2016b).

8.1. Water pipelines

In Hoffmann et al. (2013), a water flow meter was modified to
harvest energy in domestic pipelines. The modified harvester was
based on a flow-driven impeller wheel and an electromagnetic
energy converter incorporating a three-phase coil circuit and a
three-phase rectifier. The results showed that up to 720 mW
could be obtained in a 20 liters/min flow. Also, the experimental
measurements had a low error compared to the simulations.
Similarly, in Du et al. (2017), a centrifugal water pump was used
as a turbine in a prototype within a pipeline network built by
Hong Kong Polytechnic University researchers. This prototype
was made to be expanded into a typical high-rise building. The
results showed that the pump under 10 m3/h with a pressure
drop of 48 psi delivered a maximum output power of 110 W. The
hydraulics laboratory of Politecnico di Milano used its patented
turbine (called GreenValve) inside an 80 mm ball valve to control
3820
pressure and harvest energy at the same time (Malavasi et al.,
2018). The authors found that the maximum efficiency of the
valve is given at intermediate flow rates, which generally occur
in buildings. A turbine/generator prototype was installed in a
DN250 water pipeline, consisting of a hydroelectric generator:
an efficient water turbine with an energy storage system (Ma
et al., 2018). The experimental results showed that at a flow
speed of 0.8 m/s the maximum output power was 24 W with
a water pressure drop of approximately 7 psi. A new shape of
the turbine type was presented in Samora et al. (2016a), which
the Instituto Superior Tecnico of Portugal developed. This turbine
was placed in an 85 mm water pipeline where the maximum
power obtained was 328 W, in conditions such as 1500 rpm
turbine rotation speed, 48.15 m3/h, a pressure drop of 6.77 psi,
and 51.45% efficiency. The relationship between the flow and
efficiency, the hydraulic power (Ph), the mechanical power (Pmec),
and the efficiency (ηh) are given by:

Ph = ρgQH (13)

Pmec =
2πN
60

Tmec (14)

ηh =
Pmec

Ph
(15)

where ρ is the water density, g is the acceleration of gravity, Q is
flowrate, H is the water head (pressure drop), N is rotation speed
and Tmec is the mechanical torque.

A 135 mm turbine was used in the water pipelines of a 15 m
building for energy harvesting. This device was then connected
to a 12 Vdc generator (MMSRS et al., 2016). The authors rec-
ommended that the selected turbines should be of the Turgo or
Pelton type for high-rise buildings. The maximum output power
obtained in this experiment was 1.54 W. In Rödel et al. (2016), a
MEH prototype generated up to 65 mW with a water velocity of
1.6 m/s inside a water pipeline, which had 80 mm in diameter and
2 m long. The efficiency achieved by this prototype was 0.55%.

9. Research findings

9.1. Benchmark and comparison of EH technologies

The EHs reviewed in this paper focused on supplying low-
power devices such as wireless sensor nodes at the building level.
However, there is a wide variation in the reported results of
the power levels delivered by these devices due to factors such
as the number of transducers, the combination of transducers
of different harvesting technologies, shapes and dimensions of
modules and prototypes, the intensity of radio frequency signals,
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Table 3
Environmental energy sources and building potential sites/ building systems — reported power magnitudes from harvesters and their references.
Environmental energy sources
Building potential sites/ building systems

Unit Power magnitudes and references

Mechanical motion: Piezoelectric vibration

HVAC systems µW 37.45 (Elvira-Hernández et al., 2019), 83.5 (Guan and Liao, 2016), 200 (Petrini and Gkoumas,
2018), 400 (Gkoumas et al., 2017), 400 (Petrini and Gkoumas, 2018), 825 (Guan and Liao,
2016)

Floor panel µW
mW

66 (Cascetta et al., 2018), 70 (Kathpalia et al., 2017), 770 (Hwang et al., 2015)
55 (Hwang et al., 2015)

Mechanical motion: Pendular oscillation

Other possible systems/sites mW
W

1 (Punyakaew and Parnichkun, 2020), 23.2 (Punyakaew and Parnichkun, 2020)
0.4 (Marszal et al., 2017)

Mechanical motion: Electromagnetic induction

Vibration mitigation systems mW
W

9 (Chunawala et al., 2016), 100 (Kecik and Mitura, 2020)
0.12 (Kecik, 2018)

Thermal Energy

HVAC systems µW 84 (Guan et al., 2017), 500 (Milić et al., 2017)

Exhaust systems mW
W

220 (Khalil and Hassan, 2020)
24.59 (Aranguren et al., 2017)

Light

Indoor lighting µW/cm2 0.3 (Di Giacomo et al., 2016), 5.9 (Di Giacomo et al., 2016), 6.6 (De Rossi et al., 2015), 8
(De Rossi et al., 2015), 15.4 (Di Giacomo et al., 2016),
16.6 (Mathews et al., 2015), 17.6 (Mathews et al., 2015), 24 (Li et al., 2015), 75 (Li et al.,
2015), 113 (Li et al., 2015), 570 (Li et al., 2015)

Facades W 200 (Vasiliev and Alameh, 2019a)

Radio frequency

RF signals µW 17.76 (Taghadosi et al., 2017), 46.5 (Taghadosi et al., 2017), 57 (Shen et al., 2017)

Fluid flow

Water pipelines mW
W

65 (Rödel et al., 2016), 720 (Hoffmann et al., 2013)
1.54 (MMSRS et al., 2016), 24 (Ma et al., 2018), 110 (Du et al., 2017), 328 (Samora et al.,
2016a)
water pipeline sizes, and flow intensity, vibration, and lighting
levels.

In recent years, wireless sensor networks have been expanding
o buildings and other types of infrastructures, and even in urban
reas. Also, the operation of sensor nodes in WSNs is becoming
ore efficient energy-consumption-wise. This will allow current
H developments to supply the necessary power to such nodes
nd possibly extend their batteries’ lifetime.
This paper has identified and discussed both the modeling

nd experimental testing of EH prototypes for different potential
ower sources in buildings. We have focused on the experimental
esults in each EH studied. Table 3 shows some of the power mag-
itudes found in each of the potential sites and building systems
y the harvesters in the present work. The information presented
ere would allow the reader to benchmark different EH tech-
ologies by the amount of power they can potentially generate
nder their specified operating conditions. The power magnitudes
ave been ordered in units of power such as µW, mW, and W. In
he case of harvesters based on pendular oscillation, the column
‘Other possible systems/sites’’ has been identified. This is because
he prototypes presented in Section 3 were designed and tested to
ake advantage of the vibrations that occur in places such as water
eservoirs, swimming pools, water tanks, and electrical machines.
t should be mentioned that the power magnitudes shown in
he table are given according to the conditions established in
heir respective sections. Also, the power magnitudes have been
rdered from lowest to highest in the column ‘‘Power magnitudes
nd references’’ in each application.
The harvesters reviewed in Table 3 can fulfill the purpose of

upplying power by exploiting their respective environmental en-
rgy source, particularly when installed in sites within intelligent
nd smart building systems. Among all these technologies, the
ain differences are in the operating principles of the harvesters’
3821
transducers and energy harvesting mechanisms. While no one
solution or technology is applicable for all sites, the intent here is
to show a variety of technologies that could be used in different
scenarios or locations. In the rest of this section, some examples
of EH technologies will be presented in descending order of
potential power generation.

The highest power magnitudes were harvested in water
pipelines and exhausted systems. Experimental tests on water
pipelines reached magnitudes between 65 mW and 328 mW.
These harvested powers depend mainly on the pipeline diameter
and the size/power of the transducer used (electric turbine). On
the other hand, TEGs show high potential for power harvesting in
building exhaust systems. The magnitudes of power extracted in
these systems were 220 mW, and 24.59 W. These results show
that the stacking of these transducers plays a crucial role in
improving the power supply to the sensor nodes.

In their power harvesting applications from pendulum oscilla-
tion and electromagnetic induction, harvesters are still in a cur-
rent state of development. Few works in these fields were found
in the literature within the scope of this work. The power ranges
achieved with these technologies were from milliwatts to a few
watts. The transducers of these revised harvester technologies
consisted mainly of pendulummechanisms exposed to vibrations.
One pendulum system achieved a power of 0.4 W, considering
changes in the distance between the shaft and the pendulum
mass. Similarly, performing mechanical modifications on a pen-
dulum system, the powers achieved were 1 mW and 23.2 mW. On
the other hand, pendulum mechanisms with electromechanical
induction devices reached higher power levels than the pendu-
lum mechanisms previously mentioned. Here, the magnitudes
achieved ranged from 9 mW to 0.12 W.

Much of the studies reviewed have been conducted on HVAC
systems. In HVAC systems, the maximum power magnitudes
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btained were in the order of microwatts. The maximum power
eached with TEGs was 500 µWwhile in PEHs it was 825 µW. The
atter value was reached in the rotational mechanisms of these
ystems.
Similarly, other indoor areas such as the floor show the feasi-

ility of generating power magnitudes with the harvesters reach-
ng levels up to milliwatts. The power magnitudes harvested by
he PEHs in their floor panel application were between 66 and
70 µW. Only one prototype reached a power of 55 mW due
o four piezoelectric modules, including an indirect power trans-
ission system. On the other hand, an RF harvester delivered a
aximum power of 57 µW using the GSM-1800 radio frequency
and. Other magnitudes achieved were 17.76 µW and 16.5 µW.
Also, the power density range obtained with indoor lighting

as between 0.3 and 570 µW/cm2. This last density was obtained
ith incandescent lighting; however, LED lighting is predominant

n indoor environments. With this type of lighting, the densities
chieved were 6.6 to 17.6 µW/cm2. It is worth noting that build-
ng façades exposed to artificial and natural lighting, the solar
ells would be able to generate higher power densities. However,
ompared to the other EH technologies, the focus has been on
ndoor lighting.

.2. Potential of EHs for their use in WSNs

The results in Table 3 also show how some harvester tech-
ologies could fully cover the power requirements of some of the
perating modes of the sensors in Table 1. For example, the air ve-
ocity sensor in Table 1 has a power consumption of 0.6 µW and
.2 µW in its operating modes sleep and idle, respectively. PEHs
nstalled in HVAC systems would instantly cover the power of this
ensor because the reported power levels range from 37.45 µW
o 55 mW. The harvester that supplies 55 mW could even cover
he power requirement when the sensor is in RX mode. In the
ase of TX mode, the sensor node consumes 67.8 mW so it should
raw power from the harvester and the battery. Here, we can see
he reduction in battery usage, which would extend the battery
ifespan. Likewise, all other harvester technologies could also fully
over the power of the sleep and idle modes of the air velocity
ensor. The frequency of harvester power collection from the
mbient power source is vital to meet the power requirements
f the WSN nodes.
One of the challenges in some EH technologies is their con-

traint depending on the location where the WSN and sensor
odes would be installed. While the focus of this work is not on
ptimizing the location or selecting the most appropriate EH for
ach area, it is a constraint that needs to be addressed in the
esign stage of the WSN. For example, among the technologies
eviewed that should have more precautions for their installa-
ions are MEHs. A MEH should preferably be installed with a
ypass circuit to avoid disturbances in the water flow of the
ain water pipe. Furthermore, this setup is a safety measure

f this device does not function properly. Likewise, floor panels
ith PEHs should be designed not to disturb the original floor.

n the case of HVAC systems, PEHs must be installed without
ffecting the airflow in the ductwork such that there is minimum
r no noise generation from fluid turbulence phenomena. These
rief considerations are also vital for the correct operation of the
arvester at each of their target sensor nodes.

.3. Economic analysis

The literature reviewed showed no information regarding the
conomic analysis of the implementation of each harvester pro-
otype. The authors of these papers indicated that some of the
3822
arvester technologies such as PEH, MEH, TEG, LEH, and RF har-
ester demand low design and implementation costs for their ap-
lication in buildings. However, they did not estimate or calculate
hese values or mention installation costs. Also, no maintenance
osts were mentioned in technologies that have moving parts
uch as MEH and EEH. The prices of these technologies are a lim-
tation that has also been presented in the literature (Gholikhani
t al., 2020).
The motivation for these harvester technologies is to generate

ower using low-cost transducers and simple prototype elec-
ronic circuits. However, the implementation costs of a sensor
ode will rise with the use of a harvester. For example, com-
ared to a conventional (battery-powered only) sensor node in
WSN, we can assure that the harvester and battery-powered
ode will register an increase in the initial investment costs for
mplementation in its WSN. This is because the new transducer
nd electronic circuit, which will work in parallel with the sensor
ode battery, will demand additional costs related to its purchase
nd assembly. In addition, stacking transducers to improve the
ower supply to the sensor node is another consideration that
an raise installation costs.

.4. Challenges and opportunities

.4.1. Piezoelectric energy harvesters
Future studies of PEH applications in ductwork systems should

ocus on understanding the effects of airflow dynamics on these
evices in different configurations (prototypes). Likewise, the use
f rotational energy in some parts of these systems and other
uilding machinery is a potential place for using these types
f solutions. The performance of PEHs according to the rotation
peeds of these systems is also a topic that should be studied in
uture research. On the other hand, the assembly and housing of
hese harvesters in HVAC systems still presents issues that must
e solved in the future.
The assembly and encapsulation of PEHs inside floor panels

till present issues that should be addressed in the future. In
ddition, the power generated from floor panels dramatically
luctuates depending on the location and walking patterns of
eople throughout the building, limiting the potential to power
ensors continuously. The development of new studies related to
he mechanical effects of vibrations caused by footsteps on floor
anels and their power generation is essential for advancing this
echnology.

.4.2. Electromagnetic energy harvesters
The prototypes EEHs applied to vibration control systems

how the largest dimensions compared to the prototypes of
he other technologies. Therefore, it is possible to obtain higher
owers from these systems. However, the large sizes required for
hese types of systems invalidate their use for powering WSNs,
s the location of the sensor nodes will likely be constrained in
pace. Nonetheless, EEH can still be used for powering other sys-
ems inside buildings. Additional improvements such as adding
endulums with EEH can help mitigate vibrations and produce
ow power. Also, the estimation of the coupling coefficient is a
actor of vital importance in the performance of these systems.
his coefficient is assumed to be fixed in many studies, leading
o inaccurate results (Kecik et al., 2017). Therefore, researchers
hould identify functions to appropriately choose the coupling
oefficient according to the magnet’s position (or velocity).
The improvement of EHs from pendular oscillation depends

reatly upon high-performance electrical generators. Further re-
earch efforts should improve the mechanical coupling between
he pendulum mechanism and the electric generator to minimize
otential losses caused by the reciprocating system. Likewise,
aining more insight into the dynamics of the entire mechanism
f the pendulum (crank rotation plus pendulum oscillation) could
ignificantly improve the power recovery from the system.
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.4.3. Thermoelectric energy generators
The main challenge facing TEGs for WSN is the nominal tem-

erature and temperature differential required for power gener-
tion, which may affect the operation of a sensor node is located
ear this ambient source. In addition, the assembly and clamping
f the hot and cold sides of each TEG (or module) on the pipes of
he HVAC systems present issues that still need to be improved
o achieve higher temperature differentials. The advancement
f these technologies in their various applications depends on
nhancing their manufacturing materials.
Developing larger prototypes with TEGs can produce higher

ower densities in HVAC systems. Because of this, this technology
s a convenient choice for effectively using waste heat in such
cenarios. This allows TEGs to be a promising EH application for
owering different energy systems in buildings. Further experi-
ental studies and modeling should be conducted for the TEG
pplication, mainly focusing on understanding the interaction
etween flue gas parameters (temperatures, gas flow rates) and
hese devices from the base to the exit of the chambers.

.4.4. Light energy harvesters
Light energy harvesters combined with batteries have a great

otential to be used to power nodes in WSNs. The availability
f indoor artificial light throughout most of the building envi-
onment during most of the workday (and sometimes even at
ight) might allow the continuous operation of sensor nodes. One
hallenge would be to ensure the solar cell is not obstructed from
irect ambient lighting. This configuration must also consider
eplacing the battery at the end of its life, increasing imple-
entation costs. Furthermore, solar systems in buildings’ façades
re a well-established technology that can supply a significant
ercentage of the building’s load, provided sufficient solar ra-
iation is available throughout the year. Currently, considerable
esearch efforts seek to improve the materials for solar cells
o achieve higher power densities. Amorphous silicon and dye-
ensitized cells are of particular interest for indoor applications
ue to considerations such as flexibility, weight, pricing, and
nvironmentally friendly manufacturing materials (Kim et al.,
019).

.4.5. RF harvesters
RF harvesting technology is considered fundamental for im-

roving power supply in sensor nodes and low-power devices
n the field of IoT. Further research efforts in this technology
ield could enable the development of RF harvesters to supply
ong-term small amounts of power without incurring health and
afety risks from electromagnetic exposure of living beings. The
ptimization of the components of this harvester is fundamental
o obtain maximum efficiency while also considering other fac-
ors such as the magnitude of the transmitted powers, antenna
ains, transmission distances, and operating frequencies. Also, the
tudy of RF harvesters with several antennas for extracting energy
rom various bands in the RF spectrum will improve the power
elivered to sensors.

.4.6. Microturbine energy harvester
While MEHs have proven to be useful for various applications

n buildings, one of their main constraints for their application in
SNs is their restriction to work in locations where water flow

s present. This may limit the operation of these EHs in some
ensor node locations. In addition, the output power of MEHs
ould be determined by the intermittent and unexpected water
low behavior. To compensate for the variability in generation, a
attery or storage device may be used.
The suitable selection of the microturbine is essential for col-

ecting water flow in the building water pipelines. The energy
3823
harvesting of water flow in domestic pipelines should include
bypass circuits to avoid disturbance of the main water flow or
the risk of these harvesters falling into the main pipeline, mainly
because these pipelines are generally small in diameter. Simi-
larly, the development of new types of propellers will improve
the rotation speed of the microturbine, which will increase the
performance of the MEH. Since these harvesters are intrusive,
they will provoke a pressure drop as any other fitting does on
a piping system. Therefore, the installation of these devices on
buildings should be in strategic places where the collected energy
is larger than the additional pumping energy required for the
proper operation of the piping system, or on large piping systems
where the pressure loss would be relatively small, or on places
where there is constant overpressure.

10. Conclusions

The EHs reviewed in this paper have strengths, but still, these
technologies suffer from the intermittency of their environmental
power sources. From the literature review, the authors of this
paper have not found a single harvester technology that can
completely replace the use of batteries. Therefore, harvesters still
need to be coupled with batteries to provide power to the sensor
node continuously and stably. Also, Section 9 demonstrates that
the energy harvested by these devices in the building environ-
ment and building systems can supply power to the sensor nodes.
Even these could completely cover the power required in their
operating modes, such as sleep and idle in Table 1, verified by
the results shown in Table 3. Similarly, EHs could increase their
power harvesting levels by stacking transducers of the same tech-
nology or developing electronic harvester circuits that use two or
more transducers of different physical operating principles.

The possibilities of extending the lifetime of sensor node bat-
teries are a reality. Through further research in the field, EH
technologies could be developed in the future as harvesters that
could ultimately replace batteries. This latter is of vital impor-
tance since extending the use of a battery in a sensor node, or
any electronic application will reduce the risk of contamination
if this device is not handled/disposed of correctly. The pollution
generated by disposing of batteries in landfills is harmful to all
living things. Also, reducing the frequency of battery changes in
the location of the sensor nodes will reduce costs. Therefore, it is
critical to develop science and technology focused on improving
the performance of harvesters.

The sections of this paper have given some guidance on where
studies should be focused to improve harvester performance. The
presented works analyzed harvester configurations applied in the
building environment. Here, the research findings determined
the magnitudes of power harvested by these devices. Still, we
can easily intuit that much of the improvement of these tech-
nologies will depend on the development of advanced materials
of construction and shapes of transducers and their assemblies
and encapsulations, such is the case of technologies based on
PEH, TEG, LEH and MEH. Similarly, in harvesters based on os-
cillation mechanisms exposed to vibrations, the development of
electromechanical couplings will allow a more efficient power
transfer during their operations. The same happens with the EEH,
where functions should be sought to appropriately choose the
coupling coefficients according to the movement of their mag-
nets. In summary, the improvement of these devices will allow
sensor nodes to permanently monitor building systems and their
different areas of coverage, which is the fundamental basis for
improving the energy efficiency of buildings.

According to the present study results, we believe that one
of the technologies that could achieve this purpose in the fu-
ture is RF-based technology, which still needs to be extensively
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tudied. These studies should be mainly focused on the fact
hat these devices do not increase the power consumption of
F transmitters and that the massification of these harvesters
oes not incur health and safety risks from electromagnetic expo-
ure of living beings. This is because everyday Wi-Fi coverage in
uildings improves with electronic devices such as the so-called
‘Wi-Fi repeaters’’. RF harvesters could harvest energy even in the
arthest places of facilities where other technologies based on
iezoelectric, thermoelectric, photoelectric, and other transducers
ould not be applied.
The trend in building design nowadays points toward be-

oming more intelligent. This will be achieved through more
fficient real-time monitoring and advanced control of each of
he processes at the building level. Here, wireless sensor nodes
lay an essential role in intelligent buildings. Likewise, the expan-
ion of these sensor networks will depend upon advancements
n intelligent buildings, the internet of things, smart grids, and
mart cities. However, a well-known limitation in WSNs is the
ower supply at the sensor nodes. Still, EHs will help increase the
ifespan of these networks not only in the building environment
ut also in other types of infrastructure and even in urban areas.
The reviewed works do not show a detailed analysis of the

mplementation costs of each harvester technology. These works
ere focused on providing a technical analysis of the power har-
esting magnitudes of the EHs under certain operating conditions.
Even though we have attempted to produce a comprehensive

urvey, many issues on EHs in buildings have not been fully cov-
red due to the broad scope and topics, such as additional types
f EHs and other environmental energy sources, applications
n different sites and systems of the building, improvement of
ransducer materials, outdoor applications, development of other
xperimental prototypes, improved control systems for EHs, and
ybrid EHs.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared
o influence the work reported in this paper.

cknowledgments

We would like to acknowledge our home institutions, ESPOL,
illanova University, Guilin University of Technology, and the
niversity of Chile, for their support of our academic activities.
n addition, the authors wish to thank PhD(c). Jaqueline Litardo
or very helpful insights.

eferences

lluri, N.R., Saravanakumar, B., Kim, S.-J., Flexible, 2015. Hybrid piezoelectric film
(BaTi (1–x) Zr x O3)/PVDF nanogenerator as a self-powered fluid velocity
sensor. ACS Appl. Mater. Interfaces 7 (18), 9831–9840.

ranguren, P., Araiz, M., Astrain, D., Martínez, A., 2017. Thermoelectric generators
for waste heat harvesting: A computational and experimental approach.
Energy Convers. Manag. 148, 680–691.

sadian, E., Azari, K.T., Ardebili, A.V., 2018. Multicriteria selection factors for eval-
uation of intelligent buildings—A novel approach for energy management. In:
Exergetic, Energetic and Environmental Dimensions. Elsevier, pp. 87–102.

aloch, A.A., Shaikh, H., Shaikh, F., Leghari, Z.H., Mirjat, N.H., Uqaili, M.A.,
2018. Simulation tools application for artificial lighting in buildings. Renew.
Sustain. Energy Rev. 82, 3007–3026.

an, O., Sahingoz, O.K., 2015. A survey of intrusion detection systems in
wireless sensor networks. In: 2015 6th international conference on modeling,
simulation, and applied optimization. ICMSAO, pp. 1–6.

ansiz, M., Altinel, D., Kurt, G.K., 2019. Efficiency in RF energy harvesting
systems: A comprehensive review. Energy 174, 292–309.

ascetta, F., Lo Schiavo, A., Minardo, A., Musto, M., Rotondo, G., Calcagni, A., 2018.
Analysis of the energy extracted by a harvester based on a piezoelectric tile.
Curr. Appl. Phys. 18 (8), 905–911.
3824
Casini, M., 2015. Harvesting energy from in-pipe hydro systems at urban and
building scale. Int. J. Smart Grid Clean Energy 4 (4), 316–327.

Chang, S., Yang, J., Yamagata, Y., Tobey, M.B., 2020. Modeling and design of smart
buildings. In: Urban Systems Design. Elsevier, pp. 59–86.

Chen, N., Jung, H.J., Jabbar, H., Sung, T.H., Wei, T., 2017. A piezoelectric impact-
induced vibration cantilever energy harvester from speed bump with a
low-power power management circuit. Sensors Actuators A Phys. 254,
134–144.

Chen, Z., Masood, M.K., Soh, Y.C., 2016. A fusion framework for occupancy
estimation in office buildings based on environmental sensor data. Energy
Build. 133, 790–798.

Chu, S., Yeh, S., Lu, L., Peng, C., 2017. A leverage-type stiffness controllable mass
damper for vibration mitigation of structures. Struct. Control Heal. Monit. 24
(4), e1896.

Chunawala, T., Ghandchi-Tehrani, M., Yan, J., 2016. An optimum design of
a double pendulum in autoparametric resonance for energy harvesting
applications. Vibroengineering PROCEDIA 8, 163–168.

Cioncolini, A., Nabawy, M.R.A., Silva-Leon, J., O’Connor, J., Revell, A., 2019.
An experimental and computational study on inverted flag dynamics for
simultaneous wind–solar energy harvesting. Fluids 4 (2), 87.

De Rossi, F., Pontecorvo, T., Brown, T.M., 2015. Characterization of photovoltaic
devices for indoor light harvesting and customization of flexible dye solar
cells to deliver superior efficiency under artificial lighting. Appl. Energy 156,
413–422.

Demir, M.E., Dincer, I., 2017. Development and heat transfer analysis of a
new heat recovery system with thermoelectric generator. Int. J. Heat Mass
Transfer 108, 2002–2010.

Di Giacomo, F., et al., 2016. Mesoporous perovskite solar cells and the role
of nanoscale compact layers for remarkable all-round high efficiency under
both indoor and outdoor illumination. Nano Energy 30, 460–469.

Dotti, F.E., Reguera, F., Machado, S., 2017. Damping in a parametric pendulum
with a view on energy harvesting. Mech. Res. Commun. 81, 11–16.

Doulos, L.T., Kontadakis, A., Madias, E.N., Sinou, M., Tsangrassoulis, A., 2019.
Minimizing energy consumption for artificial lighting in a typical classroom
of a hellenic public school aiming for near zero energy building using LED
DC luminaires and daylight harvesting systems. Energy Build. 194, 201–217.

Du, J., Yang, H., Shen, Z., Chen, J., 2017. Micro hydro power generation from
water supply system in high rise buildings using pump as turbines. Energy
137, 431–440.

Ekwevugbe, T., Brown, N., Pakka, V., Fan, D., 2017. Improved occupancy
monitoring in non-domestic buildings. Sustain. Cities Soc. 30, 97–107.

Elvira-Hernández, E.A., Uscanga-González, L.A., de León, A., López-Huerta, F.,
Herrera-May, A.L., 2019. Electromechanical modeling of a piezoelectric vi-
bration energy harvesting microdevice based on multilayer resonator for air
conditioning vents at office buildings. Micromachines 10 (3), 211.

Enescu, D., 2019. Thermoelectric energy harvesting: basic principles and
applications. Green Energy Adv. 1.

Fan, D., Ruiz, L.L., Gong, J., Lach, J., 2017. EHDC: An energy harvesting modeling
and profiling platform for body sensor networks. IEEE J. Biomed. Heal. Inf.
22 (1), 33–39.

Favarel, C., Bédécarrats, J.-P., Kousksou, T., Champier, D., 2016. Experimental
analysis with numerical comparison for different thermoelectric generators
configurations. Energy Convers. Manag. 107, 114–122.

Fröhlich, A.A., Bezerra, E.A., Slongo, L.K., 2015. Experimental analysis of solar
energy harvesting circuits efficiency for low power applications. Comput.
Electr. Eng. 45, 143–154.

Gholikhani, M., Roshani, H., Dessouky, S., Papagiannakis, A.T., 2020. A criti-
cal review of roadway energy harvesting technologies. Appl. Energy 261,
114388.

Gkoumas, K., Petrini, F., Bontempi, F., 2017. Piezoelectric vibration energy
harvesting from airflow in HVAC (heating ventilation and air conditioning)
systems. Procedia Eng. 199, 3444–3449.

Goushcha, O., Akaydin, H.D., Elvin, N., Andreopoulos, Y., 2015. Energy harvesting
prospects in turbulent boundary layers by using piezoelectric transduction.
J. Fluids Struct. 54, 823–847.

Guan, M., Liao, W.-H., 2016. Design and analysis of a piezoelectric energy
harvester for rotational motion system. Energy Convers. Manag. 111,
239–244.

Guan, M., Wang, K., Xu, D., Liao, W.-H., 2017. Design and experimental investi-
gation of a low-voltage thermoelectric energy harvesting system for wireless
sensor nodes. Energy Convers Manag. 138, 30–37.

Han others, H.J., 2019. An advanced lighting system combining solar and
an artificial light source for constant illumination and energy saving in
buildings. Energy Build. 203, 109404.

Hannan, M.A., et al., 2018. A review of internet of energy based building
energy management systems: Issues and recommendations. Ieee Access 6,
38997–39014.

Hayat others, H., 2019. The state-of-the-art of sensors and environmental
monitoring technologies in buildings. Sensors 19 (17), 3648.

http://refhub.elsevier.com/S2352-4847(22)00528-5/sb1
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb1
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb1
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb1
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb1
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb2
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb2
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb2
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb2
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb2
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb3
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb3
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb3
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb3
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb3
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb4
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb4
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb4
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb4
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb4
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb5
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb5
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb5
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb5
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb5
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb6
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb6
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb6
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb7
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb7
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb7
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb7
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb7
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb8
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb8
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb8
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb9
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb9
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb9
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb10
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb11
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb11
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb11
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb11
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb11
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb12
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb12
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb12
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb12
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb12
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb13
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb13
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb13
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb13
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb13
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb14
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb14
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb14
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb14
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb14
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb15
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb16
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb16
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb16
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb16
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb16
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb17
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb17
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb17
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb17
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb17
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb18
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb18
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb18
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb19
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb20
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb20
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb20
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb20
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb20
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb21
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb21
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb21
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb22
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb23
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb23
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb23
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb24
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb24
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb24
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb24
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb24
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb25
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb25
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb25
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb25
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb25
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb26
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb26
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb26
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb26
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb26
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb27
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb27
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb27
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb27
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb27
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb28
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb28
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb28
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb28
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb28
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb29
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb29
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb29
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb29
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb29
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb30
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb30
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb30
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb30
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb30
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb31
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb31
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb31
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb31
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb31
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb32
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb32
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb32
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb32
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb32
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb33
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb33
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb33
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb33
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb33
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb34
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb34
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb34


R. Hidalgo-Leon, J. Urquizo, C.E. Silva et al. Energy Reports 8 (2022) 3809–3826

H

H

H

H

H

H

H

H

H

I

J
K

K

K

K

K

K

K

K

K

L

L

L

L

L

L

L

L

L

idalgo Leon, R.L., 2017. Simulación de emulador de descarga para baterías
de litio-ion basado en circuitos equivalentes eléctricos obtenidos con las
técnicas de espectroscopia de impedancia electroquímica y extracción de
parámetros en el dominio del tiempo.

idalgo-León, R., Litardo, J., Urquizo, J., Moreira, D., Singh, Soriano, G., 2019.
Some factors involved in the improvement of building energy consumption:
A brief review. In: 2019 IEEE Fourth Ecuador Technical Chapters Meeting.
ETCM, pp. 1–6.

idalgo-Leon others, R., 2018. Energy harvesting technologies: Analysis of their
potential for supplying power to sensors in buildings. http://dx.doi.org/10.
1109/ETCM.2018.8580292.

offmann, D., Willmann, A., Göpfert, R., Becker, P., Folkmer, B., Manoli, Y., 2013.
Energy harvesting from fluid flow in water pipelines for smart metering
applications. J. Phys. Conf. Ser. 476 (1), 12104.

ou, Z., Chen, H., Li, Y., Vucetic, B., 2017. Incentive mechanism design for
wireless energy harvesting-based internet of things. IEEE Internet Things J.
5 (4), 2620–2632.

uang, Q., Mao, C., 2017. Occupancy estimation in smart building using hybrid
CO2/light wireless sensor network. J. Appl. Sci. Arts 1 (2), 5.

uang, K., Zhong, C., Zhu, G., 2015. Some new trends in wirelessly powered
communications. CoRR, abs/1508.03728.

ussein, I.I.M.E.-S., Farouk, A.-R.A., In-Pipe Micro-Hydropower Systems for
Energy Harvesting.

wang, S.J., et al., 2015. Designing and manufacturing a piezoelectric tile for
harvesting energy from footsteps. Curr. Appl. Phys. 15 (6), 669–674.

nternational Energy Agency (IEA), 2019. 2019 Global status report for
buildings and construction. [Online]. Available: https://www.unenvironment.
org/resources/publication/2019-global-status-report-buildings-and-
construction-sector.

ouhara, H., Yang, J., 2018. Energy efficient HVAC systems. Elsevier.
athpalia, B., Tan, D., Stern, I., Valdes, F., Kim, S., Erturk, A., 2017. Modeling and

characterization of a curved piezoelectric energy harvester for smart paver
tiles. Procedia Comput. Sci. 109, 1060–1066.

ecik, K., 2018. Assessment of energy harvesting and vibration mitigation of a
pendulum dynamic absorber. Mech. Syst. Signal Process. 106, 198–209.

ecik, K., Mitura, A., 2020. Energy recovery from a pendulum tuned mass damper
with two independent harvesting sources. Int. J. Mech. Sci. 174, 105568.

ecik, K., Mitura, A., Lenci, S., Warminski, J., 2017. Energy harvesting from a
magnetic levitation system. Int. J. Non. Linear Mech. 94, 200–206.

halfi, B., Hamdaoui, B., Ben Ghorbel, M., Guizani, M., Zhang, X., Zorba, N., 2017.
Optimizing joint data and power transfer in energy harvesting multiuser
wireless networks. IEEE Trans. Veh. Technol. 66 (12), 10989–11000.

halil, H., Hassan, H., 2020. Enhancement of waste heat recovery from vertical
chimney via thermoelectric generators by heat spreader. Process Saf. Environ.
Prot. 140, 314–329.

im, S., Jahandar, M., Jeong, J.H., Lim, D.C., 2019. Recent progress in solar cell
technology for low-light indoor applications. Curr. Altern. Energy 3, 3–17.

im, T.Y., Kwak, J., Kim, B., 2018. Energy harvesting performance of hexagonal
shaped thermoelectric generator for passenger vehicle applications: An
experimental approach. Energy Convers. Manag. 160, 14–21.

im, Y.-S., Srebric, J., 2017. Impact of occupancy rates on the building electricity
consumption in commercial buildings. Energy Build. 138, 591–600.

a, Q.D., Chan, Y.W.E., Soong, B.-H., 2015. Power management of intelligent
buildings facilitated by smart grid: A market approach. IEEE Trans. Smart
Grid 7 (3), 1389–1400.

ee, H., Kim, Y., Ahn, J.H., Chung, M.Y., Lee, T.-J., 2017a. Wi-fi and wireless power
transfer live together. IEEE Commun. Lett. 22 (3), 518–521.

ee, C.-P., Li, C.-T., Ho, K.-C., 2017b. Use of organic materials in dye-sensitized
solar cells. Mater. Today 20 (5), 267–283.

i, Y., Grabham, N.J., Beeby, S., Tudor, M.J., 2015. The effect of the type of
illumination on the energy harvesting performance of solar cells. Sol. Energy
111, 21–29.

i, X., Strezov, V., 2014. Modelling piezoelectric energy harvesting potential in
an educational building. Energy Convers. Manag. 85, 435–442.

i others, C., 2017. A simple thermoelectric device based on inorganic/organic
composite thin film for energy harvesting. Chem. Eng. J. 320, 201–210.

ionel, W.Y.L., Chunlian, O., Yuandong, G., 2018. Inexhaustible battery: An energy
harvester based battery for IoT applications. In: 2018 IEEE 13th Annual
International Conference on Nano/Micro Engineered and Molecular Systems.
NEMS, pp. 495–498.

itardo, J., Hidalgo-León, R., Macías, J., Delgado, K., Soriano, G., 2019a. Estimating
energy consumption and conservation measures for ESPOL campus main
building model using EnergyPlus. In: 2019 IEEE 39th Central America and
Panama Convention (CONCAPAN XXXIX). pp. 1–6.

itardo, J., Macías, J., Hidalgo-León, R., Cando, M.G., Soriano, G., 2019b. Measuring
the effect of local commercial roofing samples on the thermal behavior of
a social interest dwelling located in different climates in ecuador. In: ASME
International Mechanical Engineering Congress and Exposition, Proceedings,
vol. 6. IMECE, http://dx.doi.org/10.1115/IMECE2019-11472.
3825
Litardo, J., Palme, M., Hidalgo-León, R., Amoroso, F., Soriano, G., 2021. Energy
saving strategies and on-site power generation in a university building from
a tropical climate. Appl. Sci. 11 (2), 542.

Liu, H., Zhong, J., Lee, C., Lee, S.-W., Lin, L., 2018. A comprehensive review
on piezoelectric energy harvesting technology: Materials, mechanisms, and
applications. Appl. Phys. Rev. 5 (4), 41306.

Ma, T., et al., 2018. Development of inline hydroelectric generation system from
municipal water pipelines. Energy 144, 535–548.

Malavasi, S., Rossi, M.M.A., Ferrarese, G., 2018. GreenValve: hydrodynamics and
applications of the control valve for energy harvesting. Urban Water J. 15
(3), 200–209.

Manic, M., Amarasinghe, K., Rodriguez-Andina, J.J., Rieger, C., 2016a. Intelligent
buildings of the future: Cyberaware, deep learning powered, and human
interacting. IEEE Ind. Electron. Mag. 10 (4), 32–49.

Manic, M., Wijayasekara, D., Amarasinghe, K., Rodriguez-Andina, J.J., 2016b.
Building energy management systems: The age of intelligent and adaptive
buildings. IEEE Ind. Electron. Mag. 10 (1), 25–39.

Marszal, M., Witkowski, B., Jankowski, K., Perlikowski, P., Kapitaniak, T., 2017.
Energy harvesting from pendulum oscillations. Int. J. Non. Linear. Mech. 94,
251–256.

Mathews, I., King, J., Stafford, F., Frizzell, R., 2015. Performance of III–V solar
cells as indoor light energy harvesters. IEEE J. Photovoltaics 6 (1), 230–235.

May, G.J., Davidson, A., Monahov, B., 2018. Lead batteries for utility energy
storage: A review. J. Energy Storage 15, 145–157.

Milić, D., Prijić, A., Vračar, L., Prijić, Z., 2017. Characterization of commercial
thermoelectric modules for application in energy harvesting wireless sensor
nodes. Appl. Therm. Eng. 121, 74–82.

Minoli, D., Sohraby, K., Occhiogrosso, B., 2017. Iot considerations, require-
ments, and architectures for smart buildings—Energy optimization and
next-generation building management systems. IEEE Internet Things J. 4 (1),
269–283.

Mitura, A., Kecik, K., 2016. Influences of system parameters on energy harvesting
from autoparametric absorber, experimental research. Vib. Phys. Syst. 27,
287–291.

MMSRS, B., Anbuudayasankar, S.P., Balaji, K., 2016. Power generation by high
head water in a building using micro hydro turbine—a greener approach.
Environ. Sci. Pollut. Res. 23 (10), 9381–9390.

Nechibvute, A., Chawanda, A., Taruvinga, N., Luhanga, P., 2017. Radio frequency
energy harvesting sources.

Nguyen, L., Nguyen, H.T., 2020. Mobility based network lifetime in wireless
sensor networks: A review. Comput. Networks 174, 107236.

Ouammi, A., 2016. Optimal power scheduling for a cooperative network of smart
residential buildings. IEEE Trans. Sustain. Energy 7 (3), 1317–1326.

Park, S., Hong, D., 2014. Achievable throughput of energy harvesting cognitive
radio networks. IEEE Trans. Wirel. Commun. 13 (2), 1010–1022.

Petrini, F., Gkoumas, K., 2018. Piezoelectric energy harvesting from vortex
shedding and galloping induced vibrations inside HVAC ducts. Energy Build.
158, 371–383.

Piccardo, G., Pagnini, L.C., Tubino, F., 2015. Some research perspectives in
galloping phenomena: critical conditions and post-critical behavior. Contin.
Mech. Thermodyn. 27 (1), 261–285.

Pop-Vadean, A., Pop, Latinovic, T., Barz, C., Lung, C., 2017. Harvesting energy an
sustainable power source, replace batteries for powering WSN and devices
on the IoT. In: IOP Conf. Ser. Mater. Sci. Eng.. 200, (1), 12043.

Porkumaran, K., Tharu, R., Sukanya, S., Elezabeth, V.V.I., Gowtham, N., 2017.
Micro in-pipe hydro power plant for rural electrification using labview.
In: 2017 International Conference on Innovations in Green Energy and
Healthcare Technologies. IGEHT, pp. 1–5.

Pule, M., Yahya, A., Chuma, J., 2017. Wireless sensor networks: A survey on
monitoring water quality. J. Appl. Res. Technol. 15 (6), 562–570.

Punyakaew, S., Parnichkun, M., 2020. Vibration energy harvesting for low
frequency using auto-tuning parametric rolling pendulum under exogenous
multi-frequency excitations. Theor. Appl. Mech. Lett. 10 (6), 448–455.

Ramadan, M., Ali, S., Bazzi, H., Khaled, M., 2017. New hybrid system combining
TEG, condenser hot air and exhaust airflow of all-air hvac systems. Case
Stud. Therm. Eng. 10, 154–160.

Rashid, A., Khan, F., Gul, T., Khan, S., Khalil, F.K., 2018. Improving energy
conservation in wireless sensor networks using energy harvesting system.
Int. J. Adv. Comput. Sci. Appl. 9 (1).

Raturi, A.K., 2019. Renewables 2019 global status report.
Richman, E.E., 2015. Requirements for lighting levels, Pacific northwest natl. Lab.

https://www.wbdg.org/pdfs/usace_lightinglevels.pdf. (Accessed 8 April 2015).
Rocha, R.T., Balthazar, J.M., Tusset, A.M., de Souza, S.L.T., Janzen, F.C., Ar-

bex, H.C., 2019. On a non-ideal magnetic levitation system: nonlinear
dynamical behavior and energy harvesting analyses. Nonlinear Dynam. 95
(4), 3423–3438.

Rödel, S., Krätzig, T., Meyer, L., 2016. Testing and developing energy harvester
systems for operation of energy-self-sufficient measurement and control
units in drinking water supply. Water Sci. Technol. Water Supply 16 (2),
263–273.

http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb35
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb36
http://dx.doi.org/10.1109/ETCM.2018.8580292
http://dx.doi.org/10.1109/ETCM.2018.8580292
http://dx.doi.org/10.1109/ETCM.2018.8580292
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb38
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb38
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb38
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb38
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb38
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb39
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb39
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb39
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb39
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb39
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb40
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb40
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb40
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb41
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb41
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb41
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb43
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb43
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb43
https://www.unenvironment.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
https://www.unenvironment.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
https://www.unenvironment.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
https://www.unenvironment.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
https://www.unenvironment.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb45
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb46
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb46
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb46
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb46
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb46
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb47
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb47
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb47
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb48
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb48
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb48
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb49
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb49
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb49
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb50
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb50
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb50
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb50
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb50
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb51
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb51
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb51
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb51
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb51
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb52
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb52
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb52
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb53
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb53
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb53
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb53
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb53
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb54
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb54
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb54
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb55
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb55
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb55
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb55
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb55
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb56
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb56
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb56
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb57
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb57
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb57
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb58
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb58
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb58
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb58
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb58
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb59
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb59
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb59
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb60
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb60
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb60
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb61
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb62
http://dx.doi.org/10.1115/IMECE2019-11472
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb64
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb64
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb64
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb64
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb64
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb65
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb65
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb65
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb65
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb65
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb66
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb66
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb66
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb67
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb67
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb67
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb67
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb67
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb68
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb68
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb68
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb68
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb68
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb69
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb69
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb69
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb69
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb69
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb70
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb70
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb70
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb70
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb70
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb71
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb71
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb71
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb72
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb72
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb72
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb73
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb73
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb73
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb73
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb73
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb74
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb75
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb75
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb75
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb75
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb75
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb76
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb76
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb76
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb76
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb76
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb77
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb77
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb77
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb78
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb78
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb78
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb79
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb79
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb79
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb80
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb80
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb80
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb81
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb81
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb81
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb81
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb81
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb82
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb82
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb82
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb82
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb82
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb83
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb83
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb83
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb83
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb83
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb84
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb85
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb85
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb85
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb86
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb86
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb86
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb86
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb86
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb87
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb87
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb87
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb87
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb87
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb88
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb88
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb88
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb88
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb88
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb89
https://www.wbdg.org/pdfs/usace_lightinglevels.pdf
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb91
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb92


R. Hidalgo-Leon, J. Urquizo, C.E. Silva et al. Energy Reports 8 (2022) 3809–3826

S

S

S

S

S

S

S

T

T

T

T

amora, I., Hasmatuchi, V., Münch-Alligné, C., Franca, M.J., Schleiss, A.J.,
Ramos, H.M., 2016a. Experimental characterization of a five blade tubular
propeller turbine for pipe inline installation. Renew. Energy 95, 356–366.

amora, I., Manso, P., Franca, M.J., Schleiss, A.J., Ramos, H.M., 2016b. Energy
recovery using micro-hydropower technology in water supply systems: The
case study of the city of fribourg. Water 8 (8), 344.

harpes, N., Vučković, D., Priya, S., 2016. Floor tile energy harvester for
self-powered wireless occupancy sensing. Energy Harvest. Syst. 3 (1), 43–60.

hen, S., Chiu, C.-Y., Murch, R.D., 2017. Multiport pixel rectenna for ambient RF
energy harvesting. IEEE Trans. Antennas Propag. 66 (2), 644–656.

him, M., Kim, J., Jeong, J., Park, S., Kim, C., 2015. Self-powered 30µW to 10
mW piezoelectric energy harvesting system with 9.09 ms/V maximum power
point tracking time. IEEE J. Solid-State Circuits 50 (10), 2367–2379.

oar-Turbines, 2022. Energy recovery hydroelectric turbines. https://soarhydro.
com/equipment/. (Accessed 03 January 2022).

un, D., et al., 2020. Modeling and analysis of the influence of thomson effect on
micro-thermoelectric coolers considering interfacial and size effects. Energy
196, 117116.

aghadosi, M., Albasha, L., Quadir, N.A., Rahama, Y.A., Qaddoumi, N., 2017. High
efficiency energy harvesters in 65 nm CMOS process for autonomous IoT
sensor applications. IEEE Access 6, 2397–2409.

akshi, A., Yaghoubi, H., Tevi, T., Bakhshi, S., 2015. Photoactive supercapacitors
for solar energy harvesting and storage. J. Power Sources 275, 621–626.

ao, J.X., Viet, N.V., Carpinteri, A., Wang, Q., 2017. Energy harvesting from wind
by a piezoelectric harvester. Eng. Struct. 133, 74–80.

ian, Z., Si, B., Shi, X., Fang, Z., 2019. An application of Bayesian network approach
for selecting energy efficient HVAC systems. J. Build. Eng. 25, 100796.
3826
Vasiliev, M., Alameh, K., 2019a. Initial field testing results from building-
integrated solar energy harvesting windows installation in perth. Australia,
Appl. Sci. 9 (19), 4002.

Vasiliev, M., Alameh, K., 2019b. Recent developments in solar energy-harvesting
technologies for building integration and distributed energy generation.
Energies 12 (6), 1080.

Walmart, 2021. Micro-hydro generator.
Wang, L., et al., 2016. Radio frequency energy harvesting technology. In: 2016

International SoC Design Conference. (ISOCC), pp. 219–220.
Wu, T.-Q., Yang, H.-C., 2015. On the performance of overlaid wireless sensor

transmission with RF energy harvesting. IEEE J. Sel. Areas Commun. 33 (8),
1693–1705.

Wu, Y., Zhang, H., Zuo, L., 2018. Thermoelectric energy harvesting for the
gas turbine sensing and monitoring system. Energy Convers. Manag. 157,
215–223.

Xie, X.D., Wang, Q., Wang, S.J., 2015. Energy harvesting from high-rise buildings
by a piezoelectric harvester device. Energy 93, 1345–1352.

Yang, Z., Zhou, S., Zu, J., Inman, D., 2018. High-performance piezoelectric energy
harvesters and their applications. Joule 2 (4), 642–697.

Zhang, X., Pipattanasomporn, M., Chen, T., Rahman, S., 2019. An IoT-based
thermal model learning framework for smart buildings. IEEE Internet Things
J. 7 (1), 518–527.

Zhang, X., et al., 2018. Toward sustainable and systematic recycling of spent
rechargeable batteries. Chem. Soc. Rev. 47 (19), 7239–7302.

Zheng, X.-W., Li, H.-N., Yang, Y.-B., Li, G., Huo, L.-S., Liu, Y., 2019. Damage risk
assessment of a high-rise building against multihazard of earthquake and
strong wind with recorded data. Eng. Struct. 200, 109697.

http://refhub.elsevier.com/S2352-4847(22)00528-5/sb93
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb93
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb93
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb93
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb93
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb94
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb94
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb94
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb94
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb94
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb95
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb95
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb95
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb96
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb96
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb96
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb97
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb97
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb97
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb97
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb97
https://soarhydro.com/equipment/
https://soarhydro.com/equipment/
https://soarhydro.com/equipment/
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb99
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb99
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb99
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb99
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb99
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb100
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb100
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb100
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb100
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb100
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb101
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb101
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb101
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb102
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb102
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb102
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb103
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb103
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb103
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb104
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb104
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb104
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb104
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb104
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb105
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb105
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb105
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb105
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb105
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb106
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb107
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb107
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb107
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb108
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb108
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb108
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb108
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb108
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb109
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb109
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb109
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb109
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb109
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb110
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb110
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb110
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb111
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb111
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb111
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb112
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb112
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb112
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb112
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb112
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb113
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb113
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb113
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb114
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb114
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb114
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb114
http://refhub.elsevier.com/S2352-4847(22)00528-5/sb114

	Powering nodes of wireless sensor networks with energy harvesters for intelligent buildings: A review
	Introduction
	Energy harvesters from piezoelectric vibration
	HVAC systems
	Floor panels

	Energy harvesters from pendular oscillation
	Other possible systems/sites

	Energy harvesters from electromagnetic induction
	Vibration mitigation systems

	Energy harvesters from thermal energy
	HVAC systems
	Exhaust systems

	Energy harvesters from light
	Indoor lighting
	Facades

	Energy harvesters from radio frequency
	RF signals

	Energy harvesters from fluid flow
	Water pipelines

	Research findings
	Benchmark and comparison of EH technologies
	Potential of EHs for their use in WSNs
	Economic analysis
	Challenges and opportunities
	Piezoelectric energy harvesters 
	Electromagnetic energy harvesters 
	Thermoelectric energy generators 
	Light energy harvesters 
	RF harvesters 
	Microturbine energy harvester 


	Conclusions
	Declaration of competing interest
	Acknowledgments
	References


