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Abstract: This paper presents a study about the integration of Piezoelectric Energy Harvesting
Systems (PE-EHSs) into building envelopes for powering Fiber Bragg Grating (FBG) sensors, enabling
efficient and low-consumption monitoring with the objective of leveraging structural health monitor-
ing (SHM). The research includes preliminary tests conducted in a real environment to validate the
PE-EHS when fully integrated into a ventilated façade, capturing mechanical vibrations generated
mainly by wind loads. Based on these activities, the final configuration of PE-EHSs is defined to
provide a complete system for façade monitoring. This integrated system includes the piezoelectric
generator (PEG), supercapacitor (SC), Power Conditioner Circuit (PCC), Fiber Optic Sensing (FOS)
interrogator, and the IoT gateway transmitting measurement data within an Internet of Things (IoT)
monitoring platform. This configuration is tailored to address the challenges related to the structural
integrity of building envelopes. Results demonstrate a potential for a stand-alone solution in the
façade sector but raise issues for certain limitations, requiring further investigation. In particular, the
study emphasizes constraints related to the energy production of PE-EHSs for façade integration. It
highlights the necessity to carefully consider these limitations within the broader context of their
applicability, providing insights for the informed deployment of piezoelectric energy harvesting
technology in building envelope monitoring.

Keywords: piezoelectric energy harvesting systems; structural health monitoring; fiber Bragg grating
sensors; building envelopes; façade integration; energy production; stand-alone system

1. Introduction

The smart built environment is an increasing topic within the industry sector capable of
enabling dynamic control and operation in buildings, thanks in particular to a data-driven
approach to building environments using the Internet of Things (IoT) [1–5] to enable the
so-called intelligent building [6]. Within the EU, the adoption of smart solutions is collabo-
rating in the construction market to achieve strategic results defined by European strategies,
policies, and directives [7–11] for smart operations in the building, increasing the capability
to collect data in order to adopt actions about energy optimization, comfort deployment,
and overall efficient building management [12,13]. The integration of smart components
raises an issue related to their energy demand within the building, and the adoption of
renewable energy sources within buildings has gained significant traction in achieving
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energy independence and sustainability at the building scale [14]. Building microgrids
and nanogrids are emerging as key solutions for managing and utilizing renewable energy
sources within building environments, enabling the integration of diverse renewable energy
sources, such as solar photovoltaics (PVs), wind turbines, and micro-hydropower systems,
alongside traditional grid connections and energy storage solutions [15–17]. Intelligent
buildings integrated with renewable resources are the trend of next-generation buildings,
along with the necessity to manage energy load capacity, which refers to the maximum
amount of electrical power a building can safely draw from the grid at any given time.
Traditionally, buildings relied solely on the main grid, leaving them vulnerable to power
outages and limited control over energy costs, but microgrids offer a promising solution for
smart buildings. These localized power systems combine diverse renewable energy sources,
such as solar panels and wind turbines, with energy storage systems. By integrating these
resources, microgrids can significantly reduce reliance on the main grid, enhancing energy
security and potentially lowering costs. Several studies highlight the synergy between
smart buildings and microgrids, highlighting the challenges of designing microgrids for
buildings and emphasizing the need to balance local load capacity and renewable energy
sources. The potential of even smaller nanogrids for smart buildings within the broader
context of smart cities is gaining space [15], underlining the continuous development of
innovative solutions for managing energy load capacity and promoting the integration of re-
newable energy sources into smart buildings. In this scenario, the integration of renewable
resources into intelligent buildings aligns with the growing interest in utilizing microgrids
for energy efficiency and savings in intelligent buildings. However, unlike traditional
transmission or distribution networks, intelligent buildings with microgrids face unique
challenges due to the uncertainties and uncontrollable nature of renewable energy sources
like wind turbines and photovoltaic arrays. Their output depends heavily on factors like
temperature, solar radiation, and wind speed. In this scenario, while balancing renewable
energy sources at the building scale with microgrids and energy grids is a well-established
scenario [18–20], the smart component with IoT embedded in building products addresses
self-powered solutions adopting energy harvesting [21–23]. In this context, the role of active
modules in providing building envelopes with capabilities is a path of research widely re-
searched within smart building components [24–27], and the role of energy harvesting can
boost their adoption. The façade integration of smart components can include components
such as shading, actuators for openable vents supplied by the building energy system and
connected to the Building Management System (BMS), but also active technology such
as PVs or solar collectors, as well as IoT, sensors, and AI edge solutions. While active
components require a relevant amount of energy for their powering and the connection
to the building grid and its renewable energy sources is mandatory, the integration of IoT,
sensors, and AI embedded into the façade opens the research to market analysis for the
development of systemic solutions capable of providing self-powered systems capable of
reading data, providing data, and analyzing these data for users’ utilization. In this frame,
it appears to be an opportunity for the exploitation of energy harvesting solutions in the
façade. Although multiple projects have investigated this goal using Building Integrated
Photo Voltaic (BIPV) products [28,29] in particular, the introduction of energy harvesting
based on Piezoelectric Energy Harvesting Systems (PE-EHSs) can represent a valuable
option for building envelope integration. The scientific community has deeply investigated
piezoelectric cantilevers, even for smart building applications [30–32]. However, the adop-
tion of a PE-EHS cantilever in the façade is a challenge that needs to be further addressed.
Indeed, based on the exploitation of the wind load and rain drops [33–35], its applicability
has demonstrated some limitations due to energy constraints and overall architectural
limitations and integration [36–39]. This paper presents alternative solutions investigated
to integrate PE cantilevers into building envelopes with the purpose of validating their
ability to function effectively even under challenging environmental conditions, such as
the unstable and non-parallel airflow patterns commonly encountered within building
façades. By addressing these non-ideal boundary conditions, this study aims to broaden
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the applicability of piezoelectric energy harvesting in the context of smart buildings, paving
the way for a more robust and versatile approach to self-powered building components.

The utilization of energy harvesting from piezoelectric cantilevers opens an oppor-
tunity for self-powered monitoring systems. In recent years, the utilization of sensing
technologies to address structural health monitoring (SHM) for civil construction has
emerged [40], and it is also moving to building applications, thanks to the versatility of the
sensing technologies adopted [41–43]. With a focus on building envelopes, the importance
of integrating sensors into façades lies in the opportunity to provide data about physical
parameters useful for addressing actions for building maintenance for high-rise buildings
that are exposed to more stressful conditions. The introduction of embedded sensors within
building envelopes for SHM guarantees continuous monitoring, and the utilization of
miniaturized technologies such as fiber optic sensors (FOSs) using specific Fiber Bragg
Grating (FBG) to collect data [44] can represent an opportunity to have small-size and
low-energy-consumption technology embedded.

In line with this research scenario, one of the targets of the EU-funded InComEss
project [45] is to develop and evaluate the performance of the PE-EHS to harness its
energy production for the energy supply of a structural health monitoring system by
integrating FBG/FOS. The InComEss system architecture aims to exploit the PE-EHS to
supply energy to an FOS monadgator, which reads FBG data and communicates with a
Power Conditioner Circuit (PCC) integrated with a Printed Circuit Board (PCB) powered by
a local supercapacitor (SC). The PCC/PCB is connected via an IoT gateway to a cloud-based
Internet of Things (IoT) monitoring platform for data collection and analysis. The goal is to
demonstrate the feasibility of wireless sensor networks (WSNs) for SHM. Within the overall
project expected results, the paper presents the results achievable by the PE-EHS within the
overall InComEss system for contributing to the scientific scenario in support of analysis
useful for establishing a stand-alone solution for structural health monitoring of façades
using low-consumption sensing technology-based fiber optic sensors and the associated
low-power wireless interrogator. The research aims to integrate piezoelectric cantilevers
into building envelopes, ensuring both technological and architectural integration. The
primary advancement within the scientific framework is to investigate whether piezoelectric
cantilevers can effectively operate as energy harvesters for smart components within
building envelopes, even under challenging conditions, such as unstable and non-parallel
airflow, and considering architectural limitations, such as fully embedded and non-visible
integration required by the market, which are typical boundary conditions for façades.

The paper is structured as follows: Section 2 outlines the methods used for the identi-
fication of PE-EHS configurations and the InComEss system architecture, along with the
tests conducted for validation. Section 3 presents the outcomes from preliminary testing
activities to the final laboratory test, displaying collected data and graphical representations
for PE-EHSs and overall InComEss system architecture validation. Section 4 highlights the
successful aspects of PE-EHSs and the InComEss system architecture while also address-
ing gaps identified due to research and test limitations. Section 5 summarizes the main
achievements related to the paper’s goal of analyzing EH-PHS opportunities in supporting
SHM sensor systems as stand-alone solutions and suggests future directions for in-depth
investigations leading to marketable solutions.

2. Materials and Methods

This section outlines the methods and materials adopted for the implementation of
the research activities presented in this paper.

The methods are focused on the stages deployed for the PE-EHS configurations within
the InComEss system architecture with the following development stages:

• Analysis and design of the InComEss architecture system and components for in-
tegration into the façade—The InComEss system architecture is composed of a set
of components analyzed to understand the impact of façade integrability. PE-EHS,
FBG along FOS, FOS monadgator, PCC/PCB, and supercapacitor are the physical
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components to be embedded in the façade. Additionally, the digital component, repre-
sented by the IoT gateway for data gathering and transmitting in the IoT platform, is
analyzed for its design for façade structural health monitoring. The aim is to adapt
and integrate the InComEss architecture within the façade components and relative
requirements. This paper underlines the study of PE-EHSs. An in-depth investigation
of possible applications within the façade’s components is carried out to define the
possible configuration of PE-EHSs, considering several key factors, including aesthetic
considerations to ensure visual integration, energy efficiency for sustainable perfor-
mance, replicability for widespread application, and maintenance considerations to
facilitate long-term functionality and ease of upkeep. Multiple distinct configurations
are developed with the primary objective of identifying the optimal integration for the
façade system;

• Preliminary PE-EHS testing activities—The PE-EHS configurations designed are tested
preliminarily in small real environments with the objective of analyzing their voltage
production and defining the PE-EHS configurations for the ventilated façade integra-
tion. The comprehensive evaluation of these tests addresses the final configuration
and specific testing activities to be developed in a controlled lab environment;

• Final PE-EHS configurations and tests in a laboratory of the InComEss architecture
system—The PE-EHS final configurations are identified. Testing activities in the
controlled lab environment include collecting voltage data for analysis of piezoelectric
energy production and overall system performance to identify the results achievable
by the overall system in different façade stress conditions. The InComEss architecture
system’s components (PE-EH, FBG-FOS, PCC/PCB, IoT gateway, and IoT platform)
are validated individually and together to evaluate the stand-alone system reliability.
In particular, the PCC circuit’s capability to charge the supercapacitor is tested based
on the voltage generated by the PE-EHS integrated into the ventilated façade. The
FOS monadgator power consumption is monitored during testing activity. The air
velocity employed in the tests during laboratory activities is chosen to reflect the
typical wind load forces experienced by high-rise buildings, which serves as the
primary reference point for this research. Initial tests using a fan within a range of
5 m/s to 8 m/s are conducted to identify a suitable minimum air velocity. Ultimately,
a minimum velocity of 5 m/s is adopted for subsequent testing. Furthermore, to
ensure consistency with standardized practices and serviceability of the façade, the
wind load range during the experiments corresponds to air velocities ranging from
9.03 m/s to 31.30 m/s. These values align with the specifications outlined in the
EN 13830 standard [46], which governs test service conditions for façades. By adhering
to this established standard, the obtained results maintain relevance and applicability
to real-world building environments;

• Results and test analysis—The laboratory tests for the PE-EHS are analyzed based
on testing conditions to comprehend the piezoelectric configuration’s potential for
voltage generation. The InComEss system and its integration into the façade are
analyzed to wrap up potentialities and limitations for the application. For the lab test,
knowing this voltage (U) and the capacitance (C), the stored energy (E) generated by
the PE-EHS is calculated as follows:

E =
1
2

CU2,

hence, for time (t) t = 1 s, the value of time, the power (P) will be

P =
E
t

(1)

The results achieved for different configurations are compared for the voltage generated
and reported. The primary challenge encountered by the piezoelectric cantilever is the
generation of an electrical current in the nanoampere (nA) range, which poses significant
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difficulties for measurement using a PCB. Consequently, the output voltage is utilized as a
benchmark for comparison.

The materials adopted for the research activities are as follows:

• InComEss components—The research is based on component development within the
project [45]:

# A PE patch [47,48] is a Macro-Fiber Composite (MFC) PZT, model M8514P2,
with a dimension of 18 × 100 mm bonded to a substrate carrier beam made
of 1 mm (tb) FR-4 made by glass-reinforced epoxy laminate material and with
a dimension of 35 × 110 mm (Wb × Lb). The bluff body is a hollow cylinder
made of a polymeric material with a diameter of 10 mm (Df) and a length of
70 mm (Lc). The InComEss system architecture’s energy generation is achieved
by integrating a piezoelectric cantilever, constructed from Poly(vinylidene fluo-
ride (PVDF) tapes, into a façade. Given the challenge of inducing significant
deformation through vibration alone on a piezoelectric patch with dimensions
of 18 cm in length and 5 cm in width, a polymeric wheel designed to rotate with
wind is developed and subjected to simulation. The strategy entails attaching
permanent magnets to both the wheel and the piezoelectric cantilever, leverag-
ing magnetic repulsion to induce deformation as the wheel turns under typical
direct wind conditions (2–5 m/s). The design process utilizes SolidWorks for
the wheel’s conception, while Ansys is employed for simulation purposes, with
the goal of maximizing output voltage. Through initial analysis and simulation,
several solutions are validated, including the reduction in blade inclination
from 45◦ to 30◦, the integration of an air channel within the façade’s venti-
lated cavity to focus airflow and enhance the initial force generated, and the
reduction in the wheel’s weight to enable its activation by lower air pressures.
These adjustments are implemented and tested on the cantilevers to determine
their impact. For the development of the piezoelectric tapes used on the can-
tilever, PVDF homopolymer pellets, specifically Kynar 720 from Arkema, are
converted into tapes using a twin-screw extruder coupled with a flat die. After
that, silver ink is applied to both sides of the tapes to create electrodes. The
tapes were then poled using a DC power supply to achieve a target piezoelec-
tric coefficient (d33) of up to 20 pC/N. After polarization, the tapes are aligned
on a fiberglass composite to construct the piezoelectric generator, with the aim
of optimizing the mechanical-to-electrical energy conversion efficiency. The
output voltage, both in laboratory and real-world conditions, is measured to
evaluate the piezoelectric performance of the developed PVDF cantilever and
wheel, utilizing different energy measuring systems for voltage (reported in the
Section 2). These output voltages serve as a basis for comparison because, for
the façade integration, a dedicated PCB is developed, which is solely capable of
voltage acquisition. Consequently, the output voltage provides a comparative
analysis between the ideal scenario (laboratory conditions) and the real-world
simulation on a ventilated façade;

# An FOS monadgator based on a low-energy-consumption solution to data
gathering and transmission of the InComEss system architecture is used. The
FOS monadgator-powered consumption is measured for a full cycle (start-up,
FBG data collection, data transfer);

# A supercapacitor based on the screen-printing method with a capacitance of
125 mF and a voltage of 5 V is used. The equivalent series resistance (ESR) of
this module is 26 Ohm;

# A PCB/PCC is used to have all the components integrated and communicate
with each other. The Power Conditioning Circuit is composed of a rectifier to
transform the alternate voltage of the piezoelectrics into a direct current and
an actively controlled switched regulator to convert the voltage into a usable
value. The load resistance is variable since the PCC is powering an active circuit.
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There is a minimum voltage needed to start harvesting energy; below that
threshold, the PCC does not operate. Based on in-field data analysis, a current
of ~4 mA is necessary to reach a ~5 V threshold to charge the supercapacitor,
and consequently, the resistance is R = U/I = 5 V/0.004 A = 1250 Ohm. The
PCC needs a power of 20 mW to run. No more technical information can be
disclosed due to confidentiality issues;

# An IoT gateway, which has been recently proposed for a real-time vehicle
monitoring application [49], is customized to support the integration with the
FOS node for data collection and transmission to the IoT platform;

# An IoT platform is customized for façade structural health monitoring, visual-
ization, exploring, and alerting.

• Energy measuring system for voltage:

# For configurations A1, A2, and C2 in a real environment at Focchi premises,
a custom-built data acquisition system specifically designed for the project is
used. The system consists of a low-voltage drop diode bridge rectifier that
converts the AC that usually comes from the PEG into a DC voltage. This DC
voltage is used to charge up a low-leakage foil capacitor. The rising voltage
across this capacitor is measured using a very-high-input impedance op amp
so that no discharging effect as a result of the measurement chain occurs. No
more technical information can be disclosed due to confidentiality issues;

# For configuration D in a real environment at CENTI premises, a BK Precision
2194 oscilloscope is used;

# For configuration D in lab tests, a data-logger Keysight 34907A with 16 bits of
digital input and output, 3 active channels, and 7 Hz for the channel is used.

• Prefabricated façade—A unitized façade system for a multifactional façade is se-
lected [25] to improve solutions in the same product development;

• Test activities and method statement—In preliminary test activities, real conditions in
a small environment or wind velocity generated by a fan of 2–3 m/s are used. In the
laboratory tests, a specific method statement is adopted based on stress conditions of
the façade using wind airflow and rain forces; see Appendix A. The tests are conducted
with a fan at 600 mm and with nozzles simulating rain in correspondence with façade
joints with a continuous flow rate of 2 l/min·sqm and at 400 mm from the façade. The
PE-EHS is situated behind the façade cladding, replicating its intended integration
within a ventilated façade system. While wind load conditions are adopted to check
the PE-EHS voltage generated by airflow within the chamber, the rain exposure
induces vibrations in the external cladding, exploiting this dynamic interplay between
rain-induced vibrations in the cladding and the PE-EHS, in addition to utilizing the
airflow within the ventilated cavity. To simulate rain within the controlled laboratory
environment, a system employing a series of nozzles corresponding to the typical joint
locations in a façade is utilized. Two types of rain tests are conducted:

# Dynamic Rain Test: This test simulates wind gusts by generating pulsating
pressure variations every 3 s. The pressure fluctuates between 750 Pa and
250 Pa, mimicking the dynamic nature of wind-induced pressure changes;

# Static Rain Test: This test aims to understand the behavior under constant
rain conditions. A constant pressure of 600 Pa is maintained throughout the
test duration.

These simulated rain tests provided valuable insights into the performance of the
PE-EHS under conditions representative of real-world façade scenarios, complementing
the wind tunnel and airflow-based testing.
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3. Results
3.1. Preliminary PE-EHS Configurations and Tests

Based on the InComEss system architecture conceptualization (Figure 1) and façade
integration purposes, the PE-EHS cantilever was designed to demonstrate its integrability
within a prefabricated ventilated façade.
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communication to IoT platform.

The ventilated façade [50,51] is a building envelope system that consists of a double-
layered wall with an air cavity separating an outer cladding layer from the main building
structure. This air cavity allows for natural ventilation, facilitating the circulation of air
within the cavity and removing heat build-up during warm seasons. In colder climates,
the air cavity acts as an additional layer of insulation, reducing heat loss and improving
building energy efficiency. Beyond their thermal benefits, ventilated façades enhance
acoustic insulation, dampening external noise and contributing to a more comfortable
indoor environment. Additionally, the outer cladding provides aesthetic appeal, offering
architects a broader design palette for creating striking and visually appealing building
exteriors. Furthermore, ventilated façades can improve durability by protecting the pri-
mary wall from harsh weather conditions, extending the building’s lifespan and reducing
maintenance needs. The PE-EHS cantilevers are strategically positioned within the cavity;
they can harness ambient wind-induced vibrations or pressure fluctuations to generate
electricity. The design of these integrated cantilevers requires analysis of various factors.
The placement and orientation of the cantilevers optimized to maximize exposure to these
vibrations while ensuring structural integrity and aesthetics within the façade design are
presented here.

The airflow entering the ventilated façade cavity plays a critical role in the functionality
of the integrated piezoelectric cantilevers. Ideally, the airflow should possess certain
characteristics to optimize energy harvesting, such as sufficient velocity with a minimum
wind speed that is necessary to generate meaningful vibrations in the cantilevers, enabling
them to produce a usable amount of electricity or stability and directionality due to the
fact that turbulent or non-parallel airflow patterns can significantly reduce the efficiency
of energy harvesting. Therefore, understanding the behavior of the airflow entering the
ventilated cavity is essential for designing and optimizing the integration of piezoelectric
cantilevers. Figure 2 shows the behavior at different airflow velocities to the façade (2.5 m/s
and 10 m/s) of the airflow within the ventilated cavity. The model demonstrates that the
airflow inside the ventilation space remains consistently laminar, presenting an opportunity
to maintain a constant frequency in the vibration of PE-EHS cantilevers. Consequently, the
PE cantilevers are specifically designed to align with the cavity within the façade.
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The early-stage conceptualization is based on the utilization of PE-EHSs based on
cantilever- and vortex-induced vibration [52]. This configuration is founded in the physical
field of fluid–structure interaction based on impacting bluff bodies subjected to a continuous
flow of fluid; for façade application, the excitation mechanism of the vortex shedding
phenomenon is enabled by the wind-induced vibration with vortices periodically shredded
from the cylindrical bluff body. This design includes a PLA cylinder at the extremity of the
PE, specifically conceived to be responsive to a wind speed of 1.5 m/s. The dimensions
of the PE cantilever are 110 × 35 mm, while the designed cylinder features an outer
diameter of 10 mm constructed from PLA material. In line with this concept (Figure 3),
two configurations have been supposed for façade integrability (Figure 3a,b). While
configuration “A1” is more conventional, concerns arise regarding its dimensions for
façade integration. The cantilever, with a length of 110 mm, proves challenging to apply
seamlessly into a façade. Consequently, an alternative configuration based on a vertical
cantilever (“B1”) was devised, featuring an overall width of 25 mm, making it more practical
for integration into a façade, particularly one with a possible ventilated cavity of 35/40 mm.
The consideration of a ventilated cavity stems from an architectural requirement for the
complete integration of the PE-EHS within the façade, anticipating the concealment of
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the PE-EHS visioning with a cladding material. For this reason, two more configurations
have been defined for horizontal cantilever configuration with external cladding “A2” and
vertical cantilever configuration with external cladding “B2”. These configurations generate
energy voltage by directly stimulating the cantilever with the wind flow, creating a vortex
effect (configurations “A1” and “B1”), or by harnessing airflow entering the ventilated
cavity of the façade (configurations “A2” and “B2”).
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Figure 3. Drawing of PE-EHS cantilever with cylinder for vortex (a). Configuration with horizontal
PE cantilever and cylinder “A1” and configuration with vertical PE cantilever and cylinder “B1” (b).

The PE-EHS testing beds (Figure 4) were installed in Focchi premises in Italy (co-
ordinates 44.04671, 12.41286) into an existing façade (real environment) at 5 m in height
from the ground and with a range of wind direction of 0.5 m/s to 3 m/s monitored by
an anemometer installed in the Focchi premise (11 m height) for a period of 2 weeks
for each configuration (22 November 2021–04 December 2021, weather data available
at [53,54]). Considering days without precipitation, Table 1 reports the average energy
produced in a time stamp of 2 h for two different days with a wind velocity average of
2–3 m/s by vertical configuration “A”. The results demonstrate a low voltage output from
the PE-EHS, which is insufficient to power the FOS monadgator. The results obtained using
configuration “B” were even lower and deemed nonrelevant and, therefore, not reported.
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Table 1. Average voltage results achieved by PE-EHS “A1” and A2” configurations in one sample
day over 2 weeks of testing with a wind range of 0.5 m/s to 3 m/s.

PE-EHS “A1” Configuration PE-EHS “A2” Configuration

Time PE Voltage [V] Time PE Voltage [V]

8:00 0.5476 8:00 0.5094
10:00 0.5473 10:00 0.3357
12:00 0.5449 12:00 0.5380
14:00 0.5442 14:00 0.5191
16:00 0.5419 16:00 0.4768
18:00 0.5417 18:00 0.5283

Based on the results obtained using configuration “B” but considering the integration
into the façade’s small cavity to be crucial for the InComEss architecture, an additional set of
configurations was designed (Figure 5). These configurations were designed to investigate
the chance of adopting the PE-EHS in a small cavity by harnessing not only the airflow
entering the ventilated cavity of the façade but also the wind load on a façade’s cladding
realized in a metal sheet of 30/10 mm to exploit the related frequency of vibration.
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The two configurations selected for further investigation that were considered to have
a more promising combined effect for harnessing both airflow within the cavity and the
vibration of the metal sheet cladding are configurations in Figure 5b, named “C1”, and
Figure 5c, named “C2”. To validate these configurations, the one with the lower potential
for electrical energy generation, configuration “C2”, was tested in the Focchi premise
(Figure 6). The test was conducted by installing a metal sheet cladding in an existing façade
at 3 m in height from the ground and with a range of wind direction of 0.5 m/s to 3 m/s
for a period of 2 weeks for each configuration (6 June 2023–20 June 2023, weather data
available at [55]). Considering days without precipitation, Table 2 reports the average
energy produced in a time stamp of 2 h for two different days with a wind velocity average
of 2–3 m/s by configuration “C1”. Despite the lower voltage output, which is insufficient
to directly power the FOS monadgator, the results confirm that PE-EHS configuration “C1”
can effectively address façade integration requirements within an air-ventilated cavity.
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Table 2. Average voltage results achieved by PE-EHS “C2” configuration in one day sample over
2 weeks of testing with a wind range of 0.5 m/s to 3 m/s.

PE-EHS “C2” Configuration

Time PE Voltage [V]

08:00 0.6195
10:00 0.6140
12:00 0.6299
14:00 0.6427
16:00 0.6400
18:00 0.6321

During the development of the PE-EHS, a paradigm shift was explored based on
cantilever stimulation using magnetic forces activated by wheel rotation. The concept
involved affixing permanent magnets to both the end of the cantilever and the wheel,
thereby inducing a continuous and stable deformation of the cantilever throughout the
wheel’s rotation. To investigate the concept of using wheel rotation to induce mechanical
deformation, multiple different wheel configurations were simulated and tested in CeNTI
premises, moving from an initial wheel configuration to the final one (Figure 6). The first
configuration was obtained through the adaptation of a typical side windmill. The concept
was to gather as much wind as possible, covering the largest area. Due to the sheer size of
the structure, the windmill was not capable of jumpstarting with low-velocity winds. With
the reduction in size in mind, a four-legged wind blade with a thin support structure in the
middle was developed using SolidWorks.

While the theoretical vortex-based cantilever is well established in the literature for its
vortex simulation concepts, due to the complexity and innovative nature of this design, a
three-dimensional fluid dynamics simulation tool [56] was employed to analyze the airflow
patterns around the wheels.

The findings supported the idea that air diversion could effectively increase the force
generated by the wheel, but it was necessary to adopt a lighter wheel to be able to start
rotating under low wind velocities. To address this weight issue and minimize the risk
of airflow stagnation, which could affect the wheel’s rotation, a series of iterations were
conducted to optimize the number of blades.

Figure 7 demonstrates the effect of wind on both types of wheels. The selected
configuration for prototype implementation was configuration “D” (Figure 8b) since it
allowed the reduction of the initial configuration’s force from 0.268 N/m to the final
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configuration’s force at 0.160 N/m while reducing the weight from 0.548 Kg to 0.123 Kg.
The consequence is that despite the lower force applied by the wind on the surface, the
required force to start the turbine is lower due to the reduced weight.
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Figure 8. Wheel rotation analysis activated by a pressure density at a 2 m/s inlet: simulation with
initial wheel configuration (a); simulation with final wheel configuration (b).

The final wheel configuration, “D”, (Figure 9) was tested in a wind tunnel setup
(airflow minimum 2 m/s in the direction parallel to wheel rotation forces), integrating the
PE-EHS cantilever with permanent magnets to overcome the challenges of the blind spot
at the tips of both the blades and the cantilever. This setup is based on the utilization of
the repulsion and attraction forces between the permanent magnets, along with the elastic
properties of the PVDF-based one.

The final wheel configuration was tested in a wind tunnel setup (airflow minimum
2 m/s in the direction parallel to wheel rotation forces), integrating the PE-EHS cantilever
with permanent magnets to overcome the challenges of the blind spot at the tips of both
the blades and the cantilever. This setup is based on the utilization of the repulsion and
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attraction forces between the permanent magnets, along with the elastic properties of the
cantilever, to generate continuous motion of the cantilever synchronized with the rotation
of the wheel. This design aims to optimize the energy harvesting process by efficiently
converting the kinetic energy of wind into electrical energy.
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in laboratory (a); test bed on Centi roof for real environment test (b); wheel configuration voltage
results (c).

The results demonstrate a peak voltage of 20 V and an average close to 5 V, demon-
strating effective operation in controlled laboratory conditions with an airflow from 2 m/s
to 5 m/s with wind entering the cavity directly so that airflow is aligning perpendicularly
to the blade surfaces. However, the result also showed that in cases where the airflow did
not enter the cavity directly, the wheel failed to rotate.

Based on the voltage achieved with the PE-EHS configuration using a wheel, this final
configuration is the one adopted in the InComEss system architecture for integration into
the façade and for testing in the laboratory under façade stress conditions.

3.2. Final PE-EHS Configurations and Tests of InComEss System Architecture

The PE-EHS wheel configuration was designed and prototyped for integration into the
prefabricated façade so as to be part of the InComEss architecture system developed and
implemented for the final laboratory tests. The integrability of the wheel was demonstrated
during the façade manufacturing stages (Figure 10), allowing for integration into a cavity
with a dimension of 60 mm and its proper installation in a laboratory testing facility
(Figure 11).

In addition to PE-EHS configuration “D”, also the PE-EHS configurations “C1” and
“C2” were installed in the façade to collect information in the lab environment about the
energy generation from the combined effect already preliminary investigated. For this
purpose, an acquisition system for the PE-EHS was specifically set up to collect data about
energy voltage production independent of the InComEss architecture (Figure 12).

Before the test commenced, as described in Appendix A, the performance of PE-EHS
configuration “D”, intended to power the InComEss system, was evaluated. A laboratory
fan was positioned at two distances from the air inlet cavity: 1490 mm and 490 mm. The air
velocity varied from 5 to 8 m/s. The aim was to assess the achievable performance and
determine if the generated voltage was sufficient to power the FOS monadgator. However,
the results (Figures 13 and 14) were not promising and showed inconsistencies, with a wide
range of variation from 0.05 V to 5 V based on fan air source generation. Consequently, the
decision was made to power the InComEss system using the laboratory’s local energy grid.
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To ensure the proper functioning of the InComEss architecture, a comprehensive
testing procedure was conducted to validate each single technology before the overall
system functionality testing. The components were individually evaluated using standard
equipment, such as multimeters, batteries, and grid energy supply. The PCC was first
tested by supplying it with power from the laboratory’s local energy supply and with a
battery. This activity allowed monitoring of the charging time of the supercapacitor using a
multimeter, confirming that the PCC circuit recharged the supercapacitor. Similarly, the
monadgator was tested using the external power supply to validate its capability to measure
FBG sensors, demonstrating the functionality of both the FBG sensor and the monadgator.
Next, the Bluetooth low-energy (BLE) wireless connection between the monadgator and
the IoT gateway (ICCS) was evaluated. For this validation, an Arduino Nano, integrated
by PHTN into the PCC, facilitated the rapid start-up of the monadgator and execution
of FBG wavelength measurements. Thanks to a broadband light source (laser) operating
for 70 milliseconds, the FBG sensor was read, and data were acquired by the Arduino.
The data were transmitted via BLE to the IoT gateway. The Arduino was powered by the
PCC, which was charged using energy harvested from connected energy harvesters. Once
the circuit reached sufficient charge, the Arduino initiated FBG sensor measurements via
the monadgator. The entire measurement cycle, including wireless data transfer, required
less than 150 milliseconds and consumed 0.08 W/s of energy. The measured values were
successfully displayed on the gateway’s LCD screen, indicating that the BLE connection
was operational. Finally, the 4G connection between the gateway and the IoT platform was
tested, and its functionality was confirmed (Figure 16).
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Figure 14. Preliminary voltage validation of the PE-EHS wheel configuration installed in the façade
in a laboratory testing facility: fan placed at 490 mm from the cavity inlet with an air velocity from 5
to 8 m/s (a); PE-EHS voltage generated (b); PE-EHS power generated (c).
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Before testing activities, the laboratory environment was also used to test the overall
InComEss system architecture functionality (Figure 15).
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communication to the IoT platform.

The InComEss’s IoT gateway acts as a bridge between the sensor field (edge) and
the application user’s interface (cloud), connecting wireless sensor networks (WSNs) and
the IoT platform. Its primary role is to aggregate sensor data from various WSNs. It also
functions as short-term storage for collected data to ensure lossless transmission while
offering data processing and transformation/harmonization capabilities. The gateway
transmits data using both wired and wireless protocols like Ethernet, Wi-Fi, and LTE.
Among its competitors, the Raspberry Pi 4 Model B was chosen as the physical IoT gateway
due to its numerous advantages. It has built-in Wi-Fi and Ethernet for transmitting data
to the cloud or backend servers, Bluetooth communication for connecting with WSNs
and gathering measurements, and the ability to readily extend to other protocols like
LTE and LoRaWAN. Additionally, a powerful operating system can be installed, offering
flexibility for software usage and development. The IoT gateway software primarily
consists of Python (version 3.10.11) scripts utilizing various libraries and EdgeXFoundry
(version 3.1), simplifying and accelerating deployment. A Python script based on the Bleak
library (version 0.21.1) was developed to discover WSN devices and retrieve advertised
sensor data. The measurement data were then harmonized and sent to EdgeXFoundry
in JSON format using appropriate REST API endpoints. Data were temporarily stored
in EdgeXFoundry’s REDIS database and then exported to the desired MQTT topic. To
enable LTE communication, an extra 4G component (Waveshare 4G HAT) was added.
This component features a SIM card port and sits atop the Raspberry Pi 4 Model B. Upon
configuration, the Waveshare 4G HAT allows the IoT gateway to communicate with the
cloud using wireless LTE. A 50,000 mAh power bank serves as the power supply for the
IoT gateway, which is housed in an IP66 protective enclosure for dust and water resistance.

The IoT platform is the data’s final destination. Its primary function is to present
measurement data in a user-friendly and meaningful way using graphs and charts. It
functions as a robust web user interface (UI) leveraging well-known and widely used
software libraries for data visualization and representation. The platform is implemented
using popular languages like HTML, PHP (version 8.1.6), and Javascript. HighCharts
Javascript library (version 11.4.1) is used for data visualization, while the Datatables JQuery
plug-in (version 2.0.3) is used for data exploration. Measurement data arrive at the IoT
platform through the MQTT message broker. A client within the IoT platform acts as a
subscriber to the WSNData topic. The MQTT client collects messages, parses them, and then
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permanently stores them in a remote relational or time-series database on the IoT platform
side. This database makes the measurement data readily available for both visualization
and control purposes. Users can send feedback to the sensor field through the IoT platform
to execute control actions or activate actuators to prevent undesirable situations.

During tests (see Appendix A), the PE-EHS energy production was collected for the
configurations integrated into the façade. The results achieved during the tests conducted
are reported in Figures 17–20. For the understanding of the results, a variable curve for
wind pressure against the façade with values from 50 Pa to 600 Pa and intervals of 50 Pa
must be considered. These air pressures refer to an air velocity from 9.03 m/s to 31.30 m/s
on the façade.
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Figure 20. PE-EHS results during test “6—Rain—Dynamic”: PE-EHS voltage generated (a); PE-EHS
power generated (b).

In all the tests, configurations “C1” and “C2” were demonstrated to be more efficient
than configuration “D”. However, voltage generation in tests with only air load against
the façade achieved an average value of 0.5 V, too low to run an FOS monadgator. On
the other side, interesting results were achieved when the façade was stimulated with a
dynamic load of wind and rain: the results achieved an average voltage close to 6–8 V.
The EP-EHS results will be specifically discussed in the next chapter. The results achieved
demonstrate that during the testing activities, the InComEss system performed properly
for what concerns the data collection and transmission from the FBG and FOS monadgator,
PCC/PCB, and IoT gateway to the IoT platform within.
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To facilitate understanding of the different PE-EHS configurations, the configurations
are outlined in Table 3. For the lab test, the configurations reported the highest voltage
generation during test “6—Rain—Dynamic”.

Table 3. PE-EHS configurations comparison. PE-harvested power is calculated considering the
InComEss’s PCC and a time period. Legend: DAF = direct airflow within the ventilated cavity;
IAF = indirect airflow within the ventilated cavity; RE = rain excitation of cladding; AFS = air-
flow speed.

# Description Working Principle Testing Facility AFS [m/s] PE Voltage
[V]DAF IAF RE

A1
PE-EHS cantilever with cylinder

to enable vortex effect
without cladding

X Focchi premises 0.5–3 Max. 0.55
Min. 0.54

A2
PE-EHS cantilever with cylinder

to enable vortex effect
with cladding

X Focchi premises 0.5–3 Max. 0.54
Min. 0.34

C1
PE-EHS vertical cantilever with
cylinder to enable vortex effect

and position in external cladding
to exploit cladding vibration

X X
Lab chamber fan excitation 490 mm 5–8 Max. 4.18

Min. 4.30

Lab chamber fan excitation 1490 mm 5–8 Max. 4.74
Min. 3.96

Lab chamber
(Rain—dynamic) 9.03–31.30 Max. 30.45

Min. 25.46

C2

PE-EHS horizontal cantilever
with cylinder to enable vortex
effect and position in external

cladding to exploit
cladding vibration

X X

Focchi premises 0.5–3 Max. 0.64
Min. 0.61

Lab chamber fan excitation 490 mm 5–8 Max. 2.75
Min. 2.40

Lab chamber fan excitation 1490 mm 5–8 Max. 4.27
Min. 3.78

Lab chamber
(Rain—dynamic) 9.03–31.30 Max. 13.25

Min. 11.00

D
PE-EHS cantilever with magnet

activated by magnet installed in a
wheel rotating

X

CENTI premise 2–5 Max. 20
Min. 4

Lab chamber fan excitation 490 mm 5–8 Max. 0.54
Min. 0.13

Lab chamber fan excitation 1490 mm 5–8 Max. 0.71
Min. 0.27

Lab chamber
(Rain—dynamic) 9.03–31.30 Max. 0.65

Min. 0.45

4. Discussion

The test results for InComEss architecture and PE-EHSs provide insights, even if not
completely satisfying. The results demonstrate the following:

• PE-EHS integration into a façade:

# The feasibility of integrating PE-EHS within a building envelope’s ventilated cavity
is confirmed by configurations “C1”, “C2”, and “D”, as the lab integration into a
full-scale façade demonstrates. This opens doors for real-world implementations;

# Balancing architectural requirements with energy harvesting efficiency remains
a challenge. While exposed configurations may offer higher energy output,
as demonstrated in the preliminary test in the case of perpendicular airflow
against the wheel’s blades, they often fall short of aesthetic acceptability. Find-
ing an optimal balance is crucial.

• PE-EHS energy generation:

# In the lab test, configurations “C1” and “C2” demonstrate the potential to
combine the vortex effect with cladding vibration for enhanced energy har-
vesting, especially during wind–rain events. The voltage generated would
have been capable of activating the PCC (5 V) and starting to charge the su-
percapacitor. Additionally, these configurations are promising because their
combination, parallel with 2/3 PE-EHS, could increase the power generation
and consequently activate within wind conditions comparable to the fan test;
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# Configuration “D” showed unexpected performance variations compared to
preliminary tests. The discrepancies observed between the wind tunnel and
laboratory testing environments can be attributed largely to the wind direction
during testing. Performance appears sensitive to wind direction and airflow
stability, confirming preliminary tests’ boundary conditions even under higher
wind loads. In the controlled setting of the wind tunnel, the wind direction
aligned perfectly with the rotational direction of the wheel, maximizing its
efficiency. However, in the laboratory environment, the fan simulates real-
world wind conditions where the wind typically blows perpendicular to the
façade. This necessitates the airflow entering the ventilated cavity from the
bottom, leading to a reduction in air velocity compared to the wind tunnel
scenario. This difference in air velocity directly impacts the performance of the
proposed PE-EHS system activated by wheel rotation. In laboratory tests with
non-parallel and turbulent airflow, the wheel struggled to initiate rotation at
wind velocities between 5 and 8 m/s. This highlights the need for a more stable
wind regime, even at lower speeds. This is also the reason why configuration
“D” did not achieve the expected 5 V planned for the PCC. Lower air velocity
translates to reduced rotational force on the wheel, consequently decreasing
the efficiency of energy harvesting. Addressing this challenge is crucial for
ensuring the system’s effectiveness in real-world applications, with further
activities needed to optimize wheel design to improve further responsiveness
and performance at lower air velocities and to investigate alternative airflow
channeling strategies within the ventilated cavity to enhance air velocity and
maintain efficient wheel rotation despite the perpendicular wind direction
recommended to identify blind spots and improve performance in variable
wind conditions.

• InComEss system architecture:

# The data collection and transmission functionality of the InComEss architec-
ture for building envelope monitoring was successfully demonstrated using a
battery-replacing energy harvesting solution based on the PE-EHS;

# The low energy generated by the PE-EHS did not allow for validation of the
self-powered system to supply the FOS monadgator and enable continuous
data collection. Additional PE-EHS units are required to achieve self-powered
functionality. The PE-EHS can produce sufficient voltage in an open circuit,
but this voltage drops significantly once connected to the PCC due to its low
internal resistance. This was observed in lab testing for C1, where the peak
voltage dropped from 14 V to 1.4 V upon connection to the PCB, falling short
of the minimum required voltage to charge the supercapacitor and power the
FOS. The wheel configuration never reached this voltage during testing. The
maximum power generated was 4 mA × 1.4 V = 5.6 mW, which needed 20 mW,
not enough to start the charging of the supercapacitor and consequently run the
FOS monadgator. Power management was part of the InComEss project, but
the selection of alternative on-market power management with lower power
consumption could support lower starting voltages and, consequently, the
adoption of PE-EHSs.

• Testing procedure:

# While the testing procedure appears adequate for SHM sensing (not the
focus of this paper), it requires further refinement, small environments, fur-
ther tests, and parameter optimization for PE-EHS evaluation. Addressing
the identified challenges and establishing robust testing protocols is crucial
for future iterations.
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5. Conclusions

This study successfully demonstrates the potential of PE-EHS integration within
building envelopes for low-wind energy harvesting and SHM applications. However,
addressing the identified challenges through further research and design improve-
ments is essential for achieving widespread adoption. While confirming the valuable
investigation of stand-alone solutions to enable smart components for building en-
velopes using PE-EHSs as energy harvesting technology, more specific investigations
must include wind directions and instability of the airflow. More specific analysis
should be included before tests in a real-scale façade to identify boundary conditions
for PE-EHS applications within nonstable wind direction, confirming the issue of blind
spot affecting its rotation that emerged during the preliminary testing phase. This
activity should be mainly conducted with more comprehensive simulations and wind
tunnel testing to evaluate performance under various wind conditions and directions.
It is also useful to investigate alternative configurations to improve low wind speed
performance and, in particular, work on solutions to reduce wind pressure loss and
consequently exploit air velocity more efficiently. Further research and development
efforts focused on these areas hold promise for bridging the gap between controlled
and real-world testing conditions, ultimately leading to a more robust and adapt-
able PE-EHS system for ventilated façades. Additionally, a cost analysis should be
conducted to understand the economic sustainability of the introduction of multiple
PE-EHSs instead of a replaceable battery or a connection with the building’s electrical
grid system.

Despite the PE-EHS research activities should be further investigated, this research
demonstrates how relevant it can be to enable self-powered structural monitoring system.
While traditional renewable energy sources like solar panels or wind generators may offer
a higher energy generation capacity for building nanogrids, PE-EHSs provide a valuable
alternative for powering individual smart components that do not necessitate or cannot be
readily connected to the nanogrid. This self-powered approach offers increased flexibil-
ity and can be particularly advantageous in scenarios with limited space or challenging
installation conditions for traditional solutions. Further research and development efforts
focused on optimizing PE-EHS efficiency and integrating it with diverse building elements
hold significant promise for fostering a more sustainable and interconnected smart building
ecosystem to address challenges that emerged for maximizing the energy harvesting poten-
tial of piezoelectric cantilevers within ventilated façades, paving the way for powering a
range of smart building components in a sustainable and self-sufficient manner.

The investigated concept of PE cantilevers with magnets activated by a rotating wheel
equipped with magnets holds significant promise for optimizing PE-EHS applications
within ventilated façades, potentially leading to a more reliable and efficient method of
powering smart building components. Further research and development are needed to
refine the design and evaluate its performance under real-world conditions. However,
this paradigm shift has the potential to unlock new possibilities for harnessing renewable
energy within the built environment.

While the ventilated cavity offers a favorable environment for integrating PE-EHSs
within building façades, it also presents a challenge. The pressure drop experienced
as airflow transitions from the external environment to the cavity is beyond our direct
control. However, this challenge can potentially be addressed through specific design
strategies for the ventilated cavity. The channel solution designed within the cavity to
manipulate airflow and optimize energy harvesting potential has this purpose, but it asks
for further implementation. However, it is important to remember that a key benefit of
ventilated façades lies in their ability to leverage temperature differences to induce natural
ventilation. Therefore, further investigations are warranted to explore and potentially
integrate this aspect into the design, potentially mitigating the impact of low wind pressure
conditions using temperature differences to have naturally ventilated air. This thermal-
based ventilation analysis should specifically guide the design of the wheel.
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The InComEss architecture validated during the test demonstrates that a data-driven
approach can enable a comprehensive understanding of how the building envelope struc-
ture behaves under mechanical and thermal stresses due to wind load, seismic actions,
material stress, temperature fluctuations, and other dynamic loads. The data analysis could
allow to make informed choices within the SHM field regarding maintenance schedules,
retrofitting requirements and overall design improvements, foreseeing unexpected failures,
and minimizing the environmental impact associated with structural repairs. However,
a critical point that necessitates further investigation is the PE configuration, optimizing
the design and performance of the PE to ensure it generates sufficient current even under
the current limitations of the PCC. Similarly, it is necessary to investigate alternative ap-
proaches to enhance the overall system’s energy output and identify solutions to achieve
the desired power levels effectively. This could involve exploring different PCC designs or
implementing alternative methods for power management.

In conclusion, this research proposes a promising paradigm shift in PE-EHS technol-
ogy for ventilated façades, offering a potentially more reliable and efficient approach to
powering smart building components. While challenges exist, the proposed solutions and
future research directions outlined hold significant promise for realizing the full potential
of this innovative technology in the context of sustainable building design.
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Appendix A

Table A1. Laboratory environment’s test method statement. n.a.—not available.

Sequence Test Activity—Range Values Test Time

1A Air—infiltration Test pressure: + 600 Pa (Class A4) 45′

1B Air—exfiltration Test pressure: −600 Pa (Class A4) 1 h 15′

2 Rain—test static Test pressure: 600 Pa (Class R7) 55′

3A Wind—pression Test pressure: +1750 Pa 8′

3B Wind—depression Test pressure: −2000 Pa 8′

4A Air—infiltration Test pressure: + 600 Pa (Class A4) 8′

4B Air—exfiltration Test pressure: −600 Pa (Class A4) 8′
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Table A1. Cont.

Sequence Test Activity—Range Values Test Time

5 Rain—test static Test pressure: 600 Pa (Class R7) 1 h 5′

6 Rain—test dynamic Dynamic water penetration test with fan with a pulse every 3
s from 750 Pa to 250 Pa 36′

7A Building
movement—vertical

1. Vertical offset of the intermediate unit: uz = ±7 [mm]—2
cycles n.a.

7B Building
movement—horizontal

2. Horizontal offset of the intermediate beam: uz = ±7
[mm]—2 cycles n.a.

8A Air—infiltration Test pressure: +600 Pa (Class A4) 7′30′′

8B Air—exfiltration Test pressure: −600 Pa (Class A4) 7′30′′

9 Rain—test static Test pressure: 600 Pa (Class R7) 1 h

10A Wind—pression Test pressure: 2625 Pa 2′

10B Wind—depression Test pressure: −3000 Pa 2′

11 Fan excitation Dynamic test 1 h 35′

12A Impact test—hard body 6 J (1.224 mm height with 0.5 kg steel ball)10 J (1.020 mm
height with 1.0 kg steel ball) n.a.

12B Impact test—soft body 120 J (245 mm height)500 J (1020 mm height) n.a.

12C Impact test—double type 343 J (700 mm height) n.a.
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