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Abstract

This paper presents the development and validation of an IoT-enabled temperature-sensing
device for real-time monitoring of the thermal insulation properties of glass windows.
The system integrates contact and non-contact temperature sensors into a compact PCB
platform equipped with WiFi connectivity, enabling seamless integration into smart home
and building management frameworks. By continuously assessing window insulation
performance, the device addresses the challenge of energy loss in buildings, where glazing
efficiency often degrades over time. The collected data can be transmitted to cloud-based
services or local IoT infrastructures, allowing for advanced analytics, remote access, and
adaptive control of heating, ventilation, and air-conditioning (HVAC) systems. Experimen-
tal results demonstrate the accuracy and reliability of the proposed system, confirming its
potential to contribute to energy conservation and sustainable living practices. Beyond en-
ergy efficiency, the device provides a scalable approach to environmental monitoring within
the broader future internet ecosystem, supporting the evolution of intelligent, connected,
and human-centered living environments.

Keywords: temperature-sensing device; internet of things; thermal insulation; window

1. Introduction

Temperature-sensing devices have been widely employed in the fields of medicine,
industry, agriculture, and other areas and have become the principal method of informa-
tion collection due to the rapid development of microelectronics and sensor technology.
These sensors are placed at key locations within the monitored area to capture thermal
characteristics with high accuracy, and then are usually transmitted to users via wireless
communication equipment [1,2]. Distributed temperature sensors with high processing
capability and low power consumption are used in smart homes, and they can capture
data on a resident’s interactions with the environment [3]. These settings are designed to
recognize situations to support users in their daily activities and offer smart solutions to
some of the issues brought on by the expanding population [4].

These devices can be utilized to lower the energy consumption of building components
that may lose their insulating capacity over time. The most vulnerable component of
the building is the window where the outside protective structure’s heat insulation is
the weakest. Additionally, it is a crucial tool for visual performance, which contributes
significantly to building energy savings. Contradictions exist between energy consumption,
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visual performance, and thermal environment because of the weather and sun radiation.
Consequently, an efficient optimization technique is required to optimize the mentioned
parameters. Most of the studies that are now available for window design concentrate
more on the examination of energy consumption performance. Additionally, the best way
to arrange windows and a shading system with various climatic zones and orientations
has been determined. The building’s energy use has increased significantly in recent years.
A recent study [5] stated that 36% of the world’s energy usage and carbon emissions have
been attributed to it. Due to a lack of energy and high energy prices, the modern building
industry is paying increasing attention to energy efficiency. Countries have implemented
relevant energy-saving regulations and policies, and energy efficiency as an aspect of
architectural design is a crucial factor [6].

Moreover, purpose design can be seamlessly integrated into smart home systems
by IoT technologies, enabling additional functionalities such as heating control, energy
management, and other smart home applications [7]. This multifunctional approach
enhances the overall utility of such systems, making them adaptable to various user needs.
To achieve this level of functionality, researchers frequently employ platforms like Arduino
or Raspberry Pi, which provide the computational power and flexibility required to meet
the system’s demands [8,9]. These platforms enable the creation of advanced, integrated
devices that combine energy efficiency with smart home capabilities.

Multi-Layer Glazing

Nowadays, most of the windows in private or industrial areas are made of multi-layer
glazing, which has excellent thermal insulation. Moreover, the space between the two glass
panels is filled with special gas to reduce the thermal conductivity between these glass
panels [10]. Most commonly used internal gases in multi-layer glazing are argon (Ar) and
krypton (Kr), which have better insulating properties than ordinary air [11].

Contemporary insulators include vacuum insulation panels [12], gas-filled panels,
aerogels [13], and thermal insulation materials. The primary characteristics of insulating
materials include very low thermal conductivity and their potential transparency. The
authors of [14,15] point out that the gas will leak over time. The rate of leakage depends
on the production quality of the window;, installation, the building’s climate, including its
exposure to the sun and altitude, and other factors. Even after several years of gradual
depressurization, a window can be expected to maintain its properties and effectiveness.
The stress between the glass panels and the seal due to cyclic thermal loading causes the
deformation and weakening of the seal, which leads to the infiltration of gases into the
glass chamber. This can lead to the dilution of the inert gas concentration [16].

There are two key components of the multi-layer glazing construction. The first one
consists of glass panels that are attached together by a frame and special glue. A special gas
is used to fill the space between the glass panels, reducing the thermal conductivity of the
area between two or more glass panels [17]. For example, argon gas is heavier than oxygen
and has less energy and heat transmission than diatomic molecules. The second component
is the plastic frame that holds the glass panel. Typically, the structure is separated into
multiple chambers to increase insulation properties [18].

The gas leakage or the deterioration of the inner gas properties inside the multi-layer
glazing is very difficult to measure or evaluate. One possible way to measure the gas
properties between two glass panels is to place a sensor inside the gap during the assembly.
Another way is to place the needed sensor inside the multi-layer glazing, where it can
measure environmental variables, as well as the temperature.

This study presents a compact environmental monitoring system for multi-layer
glazing, capable of measuring both contact and gas temperatures. The versatile temperature-
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sensing device supports various IoT and smart home applications, enhancing energy
efficiency and offering valuable insights into long-term insulation property trends.

2. Related Work

Several authors have addressed heat transfer in multi-layer glazing systems using
thermocouples. The authors of [19] used several thermocouples to measure the temperature
inside triple-chamber glazing. Two thermocouples were placed inside each cavity to
measure the heat transfer through the glazing. However, this research focuses on the
comparison of the thermal performance of four triple-glazed window configurations (TG,
TG-LW, TG-PCM, TG-LW-PCM) in the range from 20 °C up to 50 °C. Another author [20]
used a similar approach by using the TRNSYS program within a temperature range from
17 °C up to 40 °C with an additional cooling phase. The authors of [21] used different
simulation models for glazing windows filled with a special phase change material. These
authors have stated that accurate thermal monitoring within the glazing system requires
measuring the glass panel’s contact temperature and the air temperature inside the cavity.

A practical approach is to use a compact sensor module mounted on a small PCB.
Thermocouples or resistance temperature detectors are ideal due to their minimal ther-
mal mass and fast response time for contact measurement of the temperature. Dig-
ital sensors like BMP280 offer high accuracy and low power consumption for tem-
perature measurement [22]. Moreover, the sensor is very small with dimensions of
2.5 x 2.5 x 1 mm [23], and it is suitable for temperature measurement, which is used as a
basis task for this research.

Furthermore, the authors of [24] proposed integrating ultra-thin flexible temperature
sensors laminated directly onto the glass surface to minimize disturbance of the thermal
field while enabling high-resolution spatiotemporal monitoring. Other research [25] has
focused on wireless passive sensors, such as RFID-based temperature probes, which can be
hermetically sealed within the glazing cavity during manufacture. Furthermore, machine-
learning-assisted interpretation of temperature profiles has been investigated as a method
for estimating the remaining insulating lifespan of glazing systems under varying envi-
ronmental loads [26]. These solutions demonstrate the growing interest in non-intrusive
diagnostic tools capable of detecting changes in thermal properties.

3. Materials and Methods

This section outlines the materials, experimental setup, and analytical methods em-
ployed to evaluate the thermal and environmental performance of the proposed system.
The research integrates advanced simulation techniques with controlled physical experi-
ments to provide a comprehensive understanding of the heat transfer dynamics, sensor
functionality, and overall energy efficiency of the window.

In common applications, such a window is intended to have dimensions of up to
several meters, reflecting the standard sizes commonly used in building construction for
energy-efficient glazing systems. This full-scale design would allow for a comprehensive
evaluation of the window’s performance in practical scenarios, including its thermal
insulation capabilities and integration with building management systems. However, for
this research, a scaled-down model with dimensions of 200 x 200 mm was designed. This
smaller prototype was designed to replicate the essential features of the larger window
while remaining applicable for computational simulations and laboratory experiments. The
reduced size enabled temperature control over the experimental conditions and facilitated
the efficient application of computational fluid dynamics (CFD) techniques, which require
detailed meshing and significant computational resources.
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The designed system in the form of several printed circuit boards (PCBs) (Printed s.r.o.,
Melnik, Czech Republic) with sensors is placed inside the glazing on the inner and outer
glass panels. Two boards were placed on each glass panel, where all boards consisted of the
microcontroller with a wireless communication interface and a pair of BME280 environmen-
tal sensors (Printed s.r.0., Melnik, Czech Republic). All boards were glued to the side of each
glass panel for temperature measurement. Each sensor was strategically positioned on the
board, ensuring accurate readings of both indoor and outdoor environmental conditions.
The sensors operate within a wide temperature range, making them suitable for measuring
environmental conditions. The concept can be extended to any number of chambers, where
each chamber needs to have four boards. The proposed concept is shown in Figure 1.

Figure 1. The concept of temperature-sensing device design placed in multi-layer glazing.

The proposed system was designed to seamlessly integrate with modern building
management systems. It can provide real-time environmental data to optimize heating,
ventilation, and air-conditioning (HVAC) operations, reducing energy consumption and
improving. In this research, a compact model facilitated the setup of controlled thermal
gradients and sensor measurements, ensuring accurate data collection without the logistical
challenges associated with handling a full-sized window. Despite its smaller dimensions,
the prototype maintained the key characteristics of the larger window, including gas-
filled gaps and integrated sensors for temperature. By scaling down the window for
this study, it was possible to test its performance while ensuring that the results could
be extrapolated to a full-scale implementation. This approach provided a practical and
efficient pathway to validate the system’s functionality and establish its potential for energy
efficiency applications. The scaled-down model for both scenarios can be found in Figure 2.

The chamber system incorporates standard glass panels with gas-filled gaps to en-
hance thermal insulation. Each panel was made from low-emissivity glass, which reduces
heat transfer and improves energy efficiency. The inner and outer panels are coated with a
thin metallic layer to reflect infrared radiation, while the middle panels are left untreated to
facilitate temperature distribution analysis. The frame between the panels was constructed
from aluminum, and the sealing material ensures airtightness to maintain consistent envi-
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ronmental conditions within the gaps. The list of material properties of the single-layer
glazing is listed in Table 1.
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Figure 2. The scaled-down model of the single-layer glazing.

Table 1. Material properties of the single-layer glazing.

Material Density [kg/m] SpeCIﬁ[cllf(Ilfga.tK()f]apaaty Therm[;l] /((jgffli;l]Cthlty
Air 1.2 1005.0 0.1
Glass-low-e 2464.9 898.6 0.9
Semiconductor 3098.4 658.0 1174
Copper 8978.0 381.0 387.6
Industrial carbon 1529.7 959.8 12.2
Aluminum 2719.0 871.0 202.4

3.1. Setup for the Real Experiment

In the experimental setup, each embedded ESP8266-based sensing board (Printed s.r.o.,
Melnik, Czech Republic) communicated with a nearby ESP8266 access point positioned
1 m from the glazing surface. Although the PCB was installed inside the window cavity,
the short transmission distance ensured stable WiFi connectivity throughout the entire
measurement period. While full RF characterization (RSSI, packet loss rate, or latency
under varying thermal conditions) was not performed, the stable operation at this range is
consistent with typical ESP8266 performance, where RSSI values around —40 to —55 dBm
are expected at a line-of-sight distance of 1 m, even with moderate attenuation from glass.
For data transmission, each embedded board operated as an independent client node.
Outside the glass panel, an additional ESP8266 module was configured as a WiFi access
point (AP) acting as the central server. During the experiment, all boards established a
wireless connection to this AP and periodically transmitted their measured temperature
values. The access point was connected to a PC, where all incoming data were collected
and stored for further analysis. This architecture enabled reliable communication between
the sensor boards and the data acquisition system without requiring any physical data
cables within the window chamber (Figure 3). No data retransmissions or communication
interruptions were observed during the experiment, indicating that the system remained
sufficiently reliable for continuous temperature reporting over this short-range link.
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Figure 3. Communication architecture of the proposed system.

3.2. Temperature Sensors for Glazing Applications

The core of the system is based on the ESP8266 microcontroller, chosen for its reliability
and flexibility in handling sensor data and wireless communication. It supports low-
power operation to align with the energy efficiency goals of the smart window. The
microcontroller’s firmware is programmed to process sensor data, namely the temperature
received from the connected sensors. The schematic part of the board can be found

in Figure 4.
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Figure 4. The schematic design of the board embedded into a single —layer glazing.

The board has all the components necessary for external and internal communication.
The main microcontroller placed on the board, ESP8266, is responsible for internal com-
munication with sensors, and it is also responsible for external wireless communication.
It uses the 40 MHz crystal for the lower power voltage of 3.3 V. All components use the
12C communication interface, which is used for communication between the sensors and
the main microcontroller. The main microcontroller has a small package, an important
communication interface, and sufficient computing power.

The input voltage of +5V for the whole device is supplied by the USB terminal, and it
must be converted to +3V3, which is suitable for the different components in the design. It
also has the input and output sets of the capacitors, which can smooth the output voltage
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in case of a sinusoidal input. The final physical design of the PCB must be small enough
to fit in the gap inside the window frame. In the study by Osorio-de-la-Rosa et al. [27], a
comparable compact IoT sensing platform is presented, where the complete wireless sensor
is implemented on a 20 x 20 mm PCB. This provides a useful engineering benchmark for
the required miniaturization of embedded sensing electronics. In our case, although the
ESP8266 module imposes slightly larger spatial requirements, the resulting PCB layout of
20 x 30 mm remains within the dimensional limits of the glazing cavity and satisfies the
constraints for integration inside the window chamber. The terminal for the USB interface
is placed at the edge of the mainboard. The Wi-Fi antenna is located on the top part of
the PCB.

3.3. Manufacturing Process of the Single-Layer Glazing

The designed boards were manufactured from a composite material FR-4 1,5/Cu
35 um, which is a usual material and can be manufactured by a common manufacturer on
the market. The soldering of the components on the board is also a standard procedure.
For this research, the components were soldered on the board by an external manufacturer.
Figure 5 presents a sectional view of a single-glazed window, illustrating the placement of
four temperature sensors (T1-T4) used for thermal analysis.

Figure 5. The placement of the sensors inside the single-layer glazing.

Two boards were positioned on the outer glass panel: T1, which measured the tempera-
ture of the outer glass surface, and T2, which measured the temperature of the environment
close to the outer glass. On the inner glass panel, T3 measured the environment temper-
ature near the inner glass, while T4 measured the temperature of the inner glass surface.
This setup enabled a detailed evaluation of heat transfer across the window, capturing tem-
perature variations between the inner and outer environments and assessing the insulating
performance of the gas between the glass panels.

All boards with sensors and other electronic components were embedded into the
chamber of the window in the fabrication process, where the boards were attached to the
glass panels. A heat-conducting adhesive was used for attaching the boards to the glass
panels. For the experiments, the boards were powered using an ultra-thin flexible PCB
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cable. Its minimal thickness ensured that it did not create a significant thermal bridge inside
the window chamber, allowing the temperature measurements to remain unaffected by
heat conduction from the power supply. Once the boards were glued to the glass panel and
connected via the flexible strip, the aluminum frame could be placed along the edges of the
glass panel. Finally, the second glass panel could be placed on the frame with the boards
closed inside. The same manufacturing process can also be used for multi-layer glazing.

3.4. Experimental and Simulation Approaches

To comprehensively evaluate the thermal insulation properties of the developed
temperature-sensing device, two complementary approaches were employed: computa-
tional modeling and laboratory testing. First, a Computational Fluid Dynamics (CFD)
simulation was carried out to analyze heat transfer mechanisms and temperature distribu-
tion across the single-glass window under controlled boundary conditions. This allowed
for a detailed examination of thermal behavior without external disturbances. Second, a
real experimental setup was designed to validate the simulation results under practical
conditions, using heated air and integrated sensors to measure thermal responses of the
glazing system. Together, these approaches provided both predictive insights and empirical
verification, ensuring robust assessment of the device’s performance.

3.4.1. Solution Approach Using CFD Simulation

The performance of the smart window system was evaluated through CFD simulation.
The window was designed as a single-glazed structure equipped with integrated sensors
to monitor the surface temperature of the environment inside the window. These sensors
were strategically placed to capture accurate data across the window. The primary goal of
the analysis was to investigate the heat transfer characteristics across the single-layered
construction of the window. Additionally, the study aimed to determine the temperature
distribution at specific measurement points, including the inner and outer surfaces of the
glass layers and the air cavities in between.

The operating conditions were selected to simulate realistic environments. The out-
door air temperature range was set from 0 °C up to 73 °C, while the indoor air temperature
was set to 15 °C, reflecting an indoor environment. These temperatures created a gradient,
enabling the assessment of thermal performance under challenging conditions. This ap-
proach ensured that the results were relevant to real scenarios and could contribute to the
development of energy-efficient glazing systems.

The CFD simulation was designed to achieve a detailed analysis of the thermal perfor-
mance of the window system. To provide a more accurate representation of the thermal
environment, two distinct regions were created within the model. The inner region repre-
sented the indoor space adjacent to the window, while the outer region represented the
outdoor space exposed to external environmental conditions. In both regions, low-intensity
airflow was assumed to mimic natural convection effects. The equation that represents the
conservation of energy in a physical system and is crucial for understanding heat transfer
is listed in Equation (1).

0 2 2 1 N _
at(p<€+ U2>> +v~<PU<h+ 02)> = V(keffVT—Zh]]]—Q—Teff;) +Sh (1)
]

Equation (1) balances the total energy within a system by accounting for energy storage,
transport, and sources. This balance is vital in applications such as thermal analysis of
materials, fluid dynamics, and the design of systems such as energy-efficient windows.

The left-hand side of the equation expresses energy storage and transport. The first
term denotes the rate of change of total energy (internal plus kinetic) within the system,
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showing how energy is accumulated or depleted over time. The second term represents
convective transport, where fluid motion carries energy in the form of enthalpy and kinetic
energy. Together, these terms describe how energy evolves and moves through the system.

The right-hand side accounts for mechanisms of energy transfer and generation. The
first term corresponds to heat conduction, governed by Fourier’s law, which drives heat
flow through temperature gradients. The second term captures energy transport due to
mass diffusion, as different species in a mixture contribute to the balance. The third term
reflects viscous dissipation, where internal friction converts mechanical energy into heat.
Finally, the volumetric source term includes additional energy inputs or losses, such as
those from radiation, chemical reactions, or electrical processes.

To investigate the heat transfer and thermal insulation performance of the proposed
smart window system, a comprehensive computational fluid dynamics (CFD) simulation
was conducted, closely aligned with the experimental configuration. The digital model was
constructed to replicate the physical test sample in all key geometric and material aspects,
ensuring that the simulation results would be directly comparable to empirical data.

The CAD model defined all relevant physical domains: solid components, such as
the glass panes, the structural aluminum frame, and the printed circuit boards (PCBs)
housing the sensors, as well as multiple fluid zones representing the interior room air,
the external environment, and the insulating cavity between the glass layers. The spatial
placement and thickness of each domain strictly followed the actual test specimen, with
precise accommodation of the sensor boards’ geometry, since their thermal interaction with
the glazing system may influence local heat flow and temperature gradients.

The computational mesh was generated using Ansys Fluent (version 2024R1), leverag-
ing polyhedral elements to achieve greater flexibility and accuracy in modeling complex
geometries and fine structures. The total mesh density reached 13.3 million cells, with tar-
geted refinement in regions of expected high thermal gradients and velocity shear, notably
within the insulating cavity and near the sensors. Throughout the mesh generation process,
particular attention was paid to the wall-adjacent flow zones, reflected in adaptive local
refinements based on the evolving wall function parameter Y+, which was carefully con-
strained to remain below 1. Whenever steeper gradients developed during the simulation,
automated mesh adaptation further improved local resolution. Mesh-independence was
assessed through simulations on several mesh densities; when increasing the mesh density
led to negligible variation (below 2%) in the tracked temperatures and heat flows, the grid
was deemed sufficiently converged for reliable results.

The CFD solver setup was based on a pressure-based, pseudo-transient approach,
utilizing a relaxation factor of 0.5 to ensure numerical stability while capturing the thermal
dynamics efficiently. Pressure—velocity coupling employed the pseudo-transient scheme,
with momentum and energy equations discretized at second-order upwind accuracy, and
pressure discretization set to the body-force-weighted scheme. Radiative transfer was
included using the Discrete Ordinates (DO) model, discretized at first order upwind. These
choices guaranteed sufficient accuracy for both strong transient behavior and smooth
propagation of heat fronts through solid and fluid regions.

A detailed analysis of the flow regime was conducted prior to simulation via compu-
tation of dimensionless numbers—Prandtl, Grashof, and Reynolds—for each fluid domain.
While laminar conditions prevailed in some smaller cavities, most regions experienced tran-
sitional or low-turbulence flow due to the imposed thermal gradients and geometric con-
straints. Accordingly, the k-w SST turbulence model was selected for its well-documented
ability to handle both laminar-to-turbulent transitions and near-wall effects accurately,
ensuring robust simulation of convective heat transfer.
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Material properties were defined with high fidelity: air was modeled as an incom-
pressible ideal gas, with temperature-dependent density (using the NASA 9-piecewise
polynomial function for specific heat) and thermal conductivity (calculated by kinetic
theory), while dynamic viscosity followed Sutherland’s law. Solid domains, including
glass, aluminum, and PCBs, were assigned literature-based values for density, specific heat
capacity, and thermal conductivity. Of particular importance is that the thermal contact
resistance between the sensor PCB and the inner glass surface was physically modeled as a
thin resistive layer, corresponding to the heat-conducting adhesive used in the assembly,
with resistance values matching manufacturer data (~0.0015 m2K /W), a factor shown to be
critical in local thermal dynamics.

Boundary and initial conditions were rigorously derived from the experimental proto-
col. The window system’s outer surface was exposed to a controlled heating ramp, starting
at 3 °C and rising to 73 °C according to the linear formula theat = 0.031 [°C sT11*t+3[°C].
Ambient temperature was maintained at 11 °C for both interior and exterior domains. Grav-
ity acted in the negative y-direction, instigating natural convection within the air cavities
and ensuring that buoyancy-driven flows reproduced their real-life counterparts. All initial
temperatures within fluid and solid domains matched their respective ambient conditions.

Time-stepping was assigned with great care to ensure numerical robustness. The
minimum characteristic length scales-primarily the thicknesses of the glass and PCB-
dictated a strict maximum stable time-step via the CFL criterion, found to be approximately
3 s. The simulation adopted an adaptive approach; initial highly transient phases were
resolved with a time-step of 0.005 s to accurately capture rapid changes, after which the
step size was gradually increased to 0.5 s as gradients stabilized. For every time step,
20 solver iterations were performed, and key residuals were tightly controlled: energy
equations required convergence below (107%) to (10~7), while other equations converged
below (10~%) to (1075). Additionally, heat flow and temperature changes were monitored
to ensure solution change below 1% between iterations.

Throughout the simulation, critical quantities were continuously monitored—sensor
temperatures, maximum and average temperatures across each component, heat fluxes
through the glazing system, and maximum flow velocities within the fluid domains. These
data streams enabled both local and global validation against experimental measurements
and facilitated multipoint comparison of temperature trajectories over time. The entire
post-processing procedure was carried out using Ansys Fluent’s suite of visualization and
analysis tools.

This sophisticated computational approach, with the rigorous definition of all mesh,
solver, boundary, and material parameters, guarantees methodological transparency and
reproducibility. By capturing and quantitatively evaluating heat transfer phenomena at
high spatial and temporal acuity, the CFD simulation provides a solid foundation for direct
comparison with experiment and ensures the scientific credibility of all subsequent claims
regarding the insulation performance and dynamic behavior of the smart window system.

3.4.2. Solution Approach Using Real Experiment

The experimental setup was designed to closely replicate the boundary conditions
of the computational model. Hot air was used as the heat transfer medium. An electric
oven was used to uniformly heat the outer glass panel from 0 to 73 °C. The manufactured
boards with temperature sensors were placed on the glass surfaces within each chamber
and secured with heat-conductive adhesive to ensure accurate data collection.

The experiment was conducted in a controlled laboratory environment at a constant
temperature of 15 °C and 50% relative humidity, eliminating external variables such as
ambient temperature fluctuations. The air temperature was monitored with a digital
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thermometer and heated incrementally to minimize thermal shock and accurately observe
the glazing’s response. This controlled setup ensured reliable results focused solely on the
interaction between the glazing and the heated air.

3.5. Temperature Sensor Calibration

The temperature sensors BME280 used in the prototype were calibrated prior to the
experiment using a traceable reference thermometer (accuracy +0.1 °C, ISO/IEC 17025 [28]
certified). The calibration was performed inside a temperature-controlled chamber in the
range of 10-80 °C, which corresponds to the expected operating conditions of insulated
glazing units. A total of eight calibration points (from 10 °C to 80 °C) were selected with a
dwell time of 10 min at each temperature to ensure thermal stabilization.

At every calibration point, five repeated measurements were taken to evaluate sensor
repeatability, for which the coefficient of variation remained below 0.2%. A linear regression
model was used to fit the measured values to the reference instrument, as no significant
nonlinearity was detected within the calibration range. The resulting correction factor
(slope and offset) was applied during the data-processing stage.

The expanded measurement uncertainty (k = 2) of the calibrated sensors was estimated
to be approximately £0.25 °C by combining reference instrument uncertainty, chamber
stability, and sensor repeatability. Potential hysteresis effects were assessed by repeating
the calibration cycle in reverse order (cool-down), with maximum observed deviation not
exceeding 0.1 °C, indicating negligible hysteresis for the intended application.

To evaluate the influence of integration into the glazing system, a post-embedding
verification was performed by comparing the calibrated sensor output against the refer-
ence thermometer after mounting the PCB inside the glass cavity. An additional offset
of 0.1-0.2 °C was observed, attributed to conductive and radiative coupling with the
PCB-adhesive-glass stack; this offset is included in the uncertainty budget. No measurable
drift was detected during the 24 h experimental period.

3.6. Impact of Miniaturization on Measurement Accuracy

The integration of electronic components inside the glazing cavity imposes strict
constraints on device miniaturization, which directly affect thermal accuracy, measurement
dynamics, and wireless communication performance. The PCB must remain as small
as possible to minimize the thermal disturbance introduced into the cavity. A larger
board increases thermal mass and alters the local heat distribution, potentially biasing
the temperature readings. As shown in recent compact IoT sensing platforms [27], PCB
footprints on the order of 20 x 20 mm are feasible and help reduce thermal inertia. In the
present design, the use of ESP8266-based electronics required a slightly larger footprint of
20 x 30 mm, which still fits within the glazing gap while keeping added thermal mass low.

Copper density on the PCB is also a critical factor; high copper coverage increases heat
spreading and slows sensor response. To minimize this effect, only essential copper traces
were used, and no ground plane was placed directly under the temperature sensor. The
selected FR-4 substrate (1.0 mm thickness) (Printed s.r.0., Melnik, Czech Republic) limits
thermal conduction while providing sufficient mechanical support. Similarly, SMD package
size affects thermal inertia; the BME280 sensor in its LGA package exhibits low thermal
mass, enabling a rapid response to changes in air temperature within the glazing cavity.

The adhesive layer used for mechanical fixation introduces additional thermal resistance.
To reduce offset effects, a thin, low-conductivity optical adhesive was applied only at the PCB
perimeter, avoiding direct contact with the sensor region. Pre- and post-embedding calibration
confirmed that adhesive-induced offsets remained within the expected uncertainty range.
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From an IoT standpoint, proximity to glass and metallic window frames may detune
the PCB antenna and attenuate the Wi-Fi signal. Although the communication distance
in the experiment was only 1 m, RSSI remained stable, indicating that the PCB-mounted
antenna performed reliably despite the confined environment. Future iterations may
employ antenna matching or external antenna routing to further mitigate detuning.

3.7. Influence of Embedded Electronics on the Thermal Field

Embedding active electronics inside the glazing cavity introduces localized heat sources
that can affect temperature measurements if they are not properly controlled. Although
the ESP8266 and the associated voltage-regulation circuitry dissipate heat during operation,
several measures were taken to minimize their impact on the thermal field. First, the boards
were operated with a low-duty communication cycle, and during the experiment, the Wi-
Fi transmission load was minimal because the access point was located only 1 m from
the window chamber. As a result, RF-related heating was negligible, and no observable
temperature steps correlated with transmission activity were detected in the recorded data.

To further limit electronics-induced heating, the voltage regulator and power distribu-
tion traces were placed away from the sensor region, and the BME280 was positioned on the
thermally isolated edge of the PCB. Thermal mass was minimized through reduced copper
coverage and a compact 20 x 30 mm board layout. Measurements performed with the sys-
tem idle (no Wi-Fi transmission) showed no measurable offset compared with fully active
operation, indicating that self-heating remained below the sensor’s uncertainty range.

The flexible PCB power cable used in the experiment introduced an insignificant
thermal bridge due to its very small cross-section, preventing heat conduction from external
equipment into the cavity. Overall, the observed thermal gradients were dominated by
the glazing behavior rather than the electronics, and the implemented design practices
effectively limited hardware-related thermal bias.

4. Results and Discussion

The results from the simulation and the experiment provide valuable insights into the
performance of the thermal conductivity in the window, demonstrating the effectiveness of
the single-layer glazing design in energy-efficient thermal insulation. The main objective of
this study was to validate the simulation model using experimental data, ensuring that the
computational predictions were aligned with the observed behavior.

4.1. Results Using CFD Simulation

The CFD simulation revealed a distinct temperature gradient across the glazing cham-
ber, increasing steadily from the cooler interior toward the heated exterior panel. Within the
air gap, buoyancy-driven circulation developed as warmer, less dense air rose and cooler,
denser air sank, creating a continuous convective loop. Similar natural convection phe-
nomena in enclosed cavities have been widely reported in recent CFD studies, such as [29],
confirming that buoyancy effects dominate heat transfer within narrow glazing gaps.

The transient behavior of the simulated sensors further illustrates this effect. Sensor
Sim-T1, located closest to the heated panel, recorded the fastest temperature rise, while
Sim-T4, positioned near the opposite side, responded more slowly. This delay reflects the
time required for heat to propagate through the gas and glass layers. Comparable delays in
transient sensor response have been noted in [30], where gas conduction and convection
govern thermal dynamics. The outcome of the simulation model can be found in Figure 6.

The graph in Figure 6 illustrates the temperature progression over time as heat was
gradually applied to the outer side of the glass panel. The x-axis represents time in seconds,
while the y-axis shows temperature in degrees Celsius. The lines labeled Sim-T1, Sim-T2,
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Sim-T3, and Sim-T4 correspond to the readings from four simulated sensors placed within
the chamber, capturing the heat transfer through the cavity gas from the heated panel to
the opposite panel. The black line represents the medium temperature of heating.
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Figure 6. The outcome of the CFD simulation model.

These results not only validate the physical accuracy of the simulation but also align
with advanced 3D CFD investigations of window systems, which emphasize the impor-
tance of convective and conductive interactions across both glazing cavities and frame
structures [31]. Together, the findings reinforce that CFD is a reliable tool for predicting the
thermal behavior of glazing systems and for identifying areas—such as cavity convection
and frame conduction—that strongly influence insulation performance.

4.2. Results Using Real Experiment

The heating source used in the experiment was a laboratory oven, where one of the
side panels was removed and replaced by the tested glazing chamber. In this configuration,
the inner side of the chamber was exposed directly to the controlled hot-air environment
inside the oven, while the outer side remained in contact with ambient room air, enabling a
well-defined temperature gradient across the window. The oven’s heating element ensured
stable and uniform thermal conditions on the hot side, while no forced convection was
applied; thus, heat transfer occurred under natural convection on both sides. The tempera-
ture distribution was recorded over time using four sensors placed within the chamber. As
heating progressed, the air temperature within the chamber steadily increased, and heat
flowed through the glazing as sensed by the temperature sensors. Sensor T1—closest to
the heated outer panel—records the most rapid increase, while T4, located near the inner
side, responds more slowly. This gradient underscores that ordinary air, with its higher
thermal conductivity, transfers heat more quickly across the cavity than inert gases would.
In fact, Cho et al. [32] reported that reducing the argon filling rate from 95% to 0% led
to roughly a 10.9% decline in thermal performance, corroborating our findings of accel-
erated heat transfer with air-filled gaps. Additionally, recent work by Rimshin et al. [33]
highlights the effectiveness of inert gas fillings and thermal coatings in improving window
insulation. These external studies align well with our high-resolution, second-by-second
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temperature data, reinforcing that using low-conductivity gases is key for enhancing the
thermal efficiency of single-layer glazing systems.

The graph in Figure 7 demonstrates a consistent temperature gradient, with all sensors
showing a steady rise in temperature over time. The steeper slopes of the sensor readings
compared to experiments with inert gases highlight the reduced insulation properties
of air, emphasizing the importance of using low-conductivity gases in glazing systems
for enhanced thermal insulation. The data collection process captured detailed thermal
performance metrics of the single-layer glazing system, with temperature measurements
taken every second for high-resolution results. Calibrated sensors and a data logger ensured
accurate and continuous data recording, which was analyzed using software to visualize
temperature trends in graphical form.
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Figure 7. The outcome of the experiment with the heated air.

4.3. Comparison Between CFD Simulation and Real Experiment

The mathematical model and equations used in the simulation were validated through
experimental testing to assess their accuracy in predicting thermal behavior. The experiment
replicated the simulated conditions by gradually heating one side of the chamber and
measuring the heat transfer through the glazing using several temperature sensors. The
comparison between simulated and experimental results demonstrated a strong correlation,
confirming the reliability of the model. A key finding was the measured temperature
difference across the glazing, which plays a crucial role in thermal insulation. This difference
directly influences the effectiveness of the window in minimizing heat loss, making it a
critical factor in energy-efficient building design.

The simulation results revealed clear temperature gradients across the chamber of
the window, with the outer glass panel exposed to the rising temperature, where the
outer glass panel reflected the rising temperature, the middle air gap exhibiting moderate
temperatures, and the inner glass panel showing the lowest temperatures. These findings
were consistently mirrored in the experiment. Temperature measurements taken from
the physical prototype confirmed the predicted thermal behavior, with each chamber
displaying distinct temperature zones that corresponded closely with the simulation data.
The comparison between the simulation and the experiment is shown in Figure 8.
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Figure 8. Comparison between the CFD simulation and the experiment.

The graph in Figure 8 presents the temperature evolution over time, illustrating
the thermal insulation properties of the window. The x-axis represents time in seconds
(02500 s), while the y-axis shows temperature in degrees Celsius (0-73 °C). A dotted black
line represents the reference temperature of the air, which increases steadily. Experimental
(Exp) and simulation (S5im) data are provided for four measurement points (T1-T4), with
experimental values shown as solid lines and simulated values as dashed lines. The
temperature trends indicate that T1 and T2 experience a rapid increase, closely following
the air temperature. In contrast, T3 and T4 exhibit a significantly slower temperature rise,
indicating thermal resistance. The close alignment between experimental and simulated
data confirms the accuracy of the computational model.

The simulation also revealed that the temperature sensors themselves contributed to
heat conduction within the system. The heat from the glass was transferred to the sensors,
which then acted as a thermal bridge, conducting heat into the chamber. This unintended
behavior introduced an additional pathway for heat transfer, potentially affecting the
accuracy of the measurements. Such sensor-induced heat conduction is undesirable, and
it can change the thermal dynamics of the glazing system and introduce errors in the
experimental data. These findings emphasize the need for careful sensor design and
placement to minimize their impact on the system’s thermal performance.

4.4. Quantitative Validation Metrics

To provide a rigorous evaluation of the agreement between the CFD simulation and
the experimental measurements, a quantitative comparison was performed using common
statistical error metrics. For each temperature sensing position (T1-T4), the root-mean-
square error (RMSE), mean absolute error (MAE), bias error, and Pearson correlation
coefficient r were computed based on paired experimental and simulated temperature data.
These metrics allow for the assessment of absolute accuracy (RMSE, MAE), systematic over-
or underestimation (bias), and temporal agreement in dynamic response (r).
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The results show a high correlation between the simulated and measured temperature
curves (r > 0.98 for all measurement points), indicating that the CFD model accurately
reproduces the temporal evolution of the thermal process. The RMSE values range from
approximately 2.9 °C to 3.3 °C, and the MAE varies between 2.3 °C and 2.7 °C across
all sensors. The bias values remain between —2.1 °C and +1.4 °C depending on the
sensor location, demonstrating that the model does not exhibit any substantial systematic
offset. Overall, these quantitative results confirm that the simulation provides a reliable
approximation of the thermal behavior observed in the experiments.

4.5. Heat Circulation and Thermal Bridges in the Chamber

The simulation results revealed that the spacer frame connecting the two glass panels
acts as a significant thermal bridge within the system. Heat conduction through the frame
and adjacent glass edges creates an additional pathway for thermal transfer between the
inner and outer surfaces. This effect reduces the overall insulation efficiency of the glazing
unit, as more heat can escape or enter the chamber. The airflow visualization further
illustrates the presence of convection currents that circulate warm air across the chamber,
intensifying heat exchange near the edges. These findings highlight the importance of
optimizing spacer frame materials and geometry to minimize thermal bridging and improve
the thermal performance of glazing systems. The temperature distribution and airflow
patterns corresponding to this effect are presented in Figure 9.

Ay = 117 = 390 W/(m.K)

Figure 9. Visualization of the temperature convection of the CFD simulation.

A key source of discrepancy between the simulation and the experiment arises from
the representation of the temperature sensor. In the simulation, the sensor is modeled as a
full board, whereas in reality, it has a thickness of only 1 mm. This difference introduces
potential errors, as the real sensor possesses thermal mass and can conduct heat between the
glass and chamber air, effectively acting as a thermal bridge. Its material composition also
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enables it to absorb and store heat, slowing its response time and influencing transient read-
ings. Additionally, physical contact with the glass introduces localized thermal resistance
not captured in the numerical model. Prior studies confirm that sensor design and thermal
inertia significantly affect accuracy; for example, Taler [34] showed that the presence of a
thermowell or added mass increases thermal capacitance and delays response, while Matek
and Koczyk [35] demonstrated that even small sensor inaccuracies can substantially alter
the interpretation of thermal experiments.

Despite certain limitations, the close correlation between simulation and experimental
outcomes validates the proposed smart window design. The study revealed areas for refinement,
including mitigating the impact of the higher thermal conductivity of air compared to inert
gas fills and minimizing the thermal influence of sensors acting as heat bridges. Beyond
confirming thermal performance, the integration of IoT functionality enables continuous real-
time monitoring, wireless data transmission, and seamless connection with building automation
or HVAC systems. This combination of accurate thermal characterization and IoT connectivity
demonstrates the potential for scalable deployment in smart homes and buildings, contributing
to long-term energy efficiency and sustainable living practices.

5. Conclusions

The integration of multiple sensors into a single IoT-enabled device embedded within
glazing represents a significant advancement in building technology and energy manage-
ment. By combining computational simulations with controlled experiments, this research
provides valuable insights into the thermal behavior of glazing materials and the influence
of sensor placement on overall performance. The experiments, conducted with air as the
heating medium, revealed that the absence of inert gases such as argon or krypton signifi-
cantly reduces insulation effectiveness due to air’s higher thermal conductivity. Moreover,
the study highlighted that the sensors themselves acted as thermal bridges, reinforcing the
need for improved sensor design to minimize unintended heat transfer.

Despite these challenges, the strong correlation between experimental and simulated
results validates the scalable design of the proposed system. Crucially, embedding a
temperature-sensing IoT device within glazing extends its function beyond passive insula-
tion toward active, data-driven building management. Real-time monitoring enables contin-
uous performance assessment, cloud-based analytics, and seamless integration with HVAC
control systems, ensuring adaptive energy optimization in smart homes and buildings.

This research demonstrates the feasibility of transforming glazing into an intelligent,
connected subsystem within the Internet of Things ecosystem. Such integration not only
enhances thermal insulation but also contributes to holistic environmental monitoring,
supporting energy-efficient, sustainable, and resilient living spaces. The proposed approach
lays the foundation for next-generation smart building solutions, where materials and
embedded devices collaborate to actively reduce energy consumption and promote a more
sustainable built environment. Future work will focus on testing the connectivity, stability,
and operational limits of the device within IoT infrastructures, ensuring robust long-term
performance in real-world applications.
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