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Abstract

This paper presents the metrological characterization of low-cost sensors integrated into
a multi-sensor system for Indoor Environmental Quality monitoring, developed within
the MIRABLE project. The analysis focuses on two domains: the thermal domain, using
Sensirion SHT45 and SEN55 temperature sensors; and the Indoor Air Quality (IAQ) domain,
using an Infineon photoacoustic spectroscopy (PAS)-based sensor for carbon dioxide (CO2).
All tests were conducted under controlled laboratory conditions using calibrated reference
instruments. In the thermal domain, the influence of sensor integration within the device
case was investigated at temperature (T) between 15 ◦C and 35 ◦C and relative humidities
(RH) between 30 %rh and 60 %rh. The results revealed self-heating effects in the desk
unit, causing temperature biases of up to 0.6 ◦C. In the IAQ domain, the repeatability and
the impact of T and RH on CO2 measurements were evaluated. T was identified as the
main influencing factor; whereas, RH had a negligible effect. These results were supported
by statistical analysis ANOVA. A correction strategy based on concentration intervals is
proposed for operation between 15 ◦C and 25 ◦C, with an expanded uncertainty (k = 2) of
(3.26–6.42) ppm for the with-case configuration. These results support the reliable use of
the MIRABLE system.

Keywords: low-cost sensors; metrological characterization; thermal domain; indoor air
quality; measurement uncertainty

1. Introduction
Indoor Environmental Quality (IEQ) is a growing scientific and social concern. As

people spend around 90% of their time indoors, the thermal, visual, acoustic, and air quality
conditions of enclosed spaces has a significant impact on occupants’ comfort, psycholog-
ical health, well-being, and productivity [1,2]. Consequently, continuous monitoring of
these parameters has become an indispensable tool for ensuring adequate environmental
conditions in residential and commercial buildings [2]. The 2024 revision of the European
Energy Performance of Buildings Directive (EPBD) explicitly recognizes IEQ as a key com-
plement to energy efficiency, introducing occupant-centred metrics and promoting the
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adoption of smart technologies in the built environment [3]. Thermal comfort and Indoor
Air Quality (IAQ) play a central role in the parameters that contribute to the definition
of IEQ. In particular, the carbon dioxide (CO2) concentration is commonly used as an
indicator of ventilation quality and air exchange [4]. The American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) has published a position paper
on the role of indoor CO2 which covers its use as a metric of IAQ and ventilation, its
impacts on occupants, how concentrations are measured, and its relationship with the
airborne transmission of infectious diseases [5]. ASHRAE Standard 62.1-2022 recommends
keeping the stationary CO2 concentration in an enclosed environment within a maximum
limit of 700 ppm above outdoor air levels, with an operating threshold commonly set at
1000 ppm for demand-controlled ventilation systems [6]. Historically, the gold standard for
CO2 monitoring has relied on high-precision analytical instruments, such as photoacoustic
spectroscopy (PAS) or non-dispersive infrared (NDIR) analysers. While these technologies
can provide highly accurate, traceable measurements, their widespread deployment is
limited by high acquisition costs, logistical complexity and limited scalability [7]. This has
led to the rapid proliferation of low-cost sensor (LCS) networks as a practical alternative
for achieving dense spatial and temporal coverage of indoor environments.

Simultaneously, the accurate measurement of air temperature in the proximity of
building occupants is fundamental for the evaluation of thermal comfort in accordance
with international standards such as ISO 7730 [8] and ASHRAE 55 [9]. Temperature sensors
integrated into multi-sensor devices are increasingly used for this purpose; however, their
deployment in compact electronics introduces self-heating artefacts that can compromise
measurement accuracy if not properly characterized [10].

The development of low-cost sensor-based monitoring systems has opened new
perspectives for distributed and widespread monitoring of IEQ. Continuous monitoring
of IEQ plays a crucial role in improving the understanding of the main parameters that
influence the health and perception of users [11]. In this context, the proliferation of low-cost
Internet of Things (IoT) devices has facilitated the dissemination of integrated multi-sensor
systems, which possess the capacity to simultaneously acquire multiple environmental
parameters [7]. The EQ-OX and PROMET&O systems have been designed for simultaneous
monitoring of multiple IEQ quantities with a low level of uncertainty and low cost [11,12].

Beyond single-parameter IAQ monitoring, low-cost sensor arrays have also been
widely exploited in electronic nose (e-nose) platforms for the identification and discrimi-
nation of gases. Recent examples include the utilization of graphene-based chemiresistor
arrays functionalized with metal phthalocyanines and porphyrazines for the simultane-
ous discrimination of ammonia, benzene, and hydrogen sulfide [13], and adaptive e-nose
frameworks combining heterogeneous metal-oxide, MEMS, electrochemical, and NDIR
sensors for VOC pattern recognition via multivariate analysis [14]. While these platforms
target different gas species and prioritize pattern discrimination over metrological trace-
ability, they highlight two aspects that are directly relevant to the present study: the strong
dependence of low-cost sensor arrays on environmental conditions and enclosure design,
and the practical need for systematic characterization strategies before such devices can be
reliably deployed.

However, the spread of these sensors gives rise to important metrological questions. It
is well established that such devices are generally susceptible to instrumental drift, cross-
sensitivity to interfering gases, and dependence on thermo-hygrometric conditions. The
consequence of these factors is an increase in measurement uncertainty and a limitation of
the reliability of the collected data [15]. In distributed sensor networks, many nodes have
unquantified measurement uncertainties and lack traceability to the International System
of Units (SI), necessitating the development of reliable methods for assessing data quality

https://doi.org/10.3390/chemosensors14090190

https://doi.org/10.3390/chemosensors14090190


Chemosensors 2026, 14, 190 3 of 22

and measurement uncertainty in real-world environments [16]. Metrological traceability
and the correct propagation of uncertainty are therefore essential requirements for any
environmental monitoring system that aspires to provide comparable and reliable data.

The literature proposes several calibration methodologies for low-cost sensors mea-
suring temperature, relative humidity, and CO2. These approaches are generally based on
simple experimental procedures and have been successfully applied over ranges of 0–50 ◦C
for temperature, (0–90) %rh for relative humidity, and (0–1100) ppm for CO2 concentra-
tions [11,17]. In particular, recent studies have focused on improving the performance of
low-cost CO2 sensors through the implementation of correction algorithms and data-driven
calibration techniques [18–20]. Despite these advances, the metrological characterization of
multi-sensor systems remains challenging.

While several calibration methodologies have been proposed for individual low-cost
sensors measuring temperature, relative humidity, and CO2 [11,15,18], the majority of these
studies characterize sensing elements in isolation, under laboratory conditions that do
not reproduce the thermal and electronic interactions occurring once the sensor is inte-
grated into a compact multi-sensor enclosure. In particular, the combined influence of
enclosure-induced self-heating on temperature readings and of humidity/temperature
cross-sensitivity on PAS-based CO2 measurements has rarely been addressed within a
single, traceable metrological framework applied to a fully integrated device. This gap,
between single-sensor calibration studies and the actual behaviour of deployed multi-
sensor systems, is the specific issue addressed in the present work, which character-
izes the specific multi-sensor as an integrated unit rather than as a set of independently
calibrated components.

The MIRABLE project (Measurement Infrastructure for Research on heAlthy and
Zero-Energy Buildings in Novel Living Lab Ecosystems), was developed through a col-
laboration between Politecnico di Torino and Istituto Nazionale di Ricerca Metrologica
(INRiM). The project was conceived to address these challenges. The objective of the
project was to develop and validate a measurement infrastructure for monitoring IEQ and
occupant–environment interactions in full-scale Living Laboratories. A distinctive feature
of MIRABLE is the combination of a multi-domain monitoring approach, covering thermal,
visual, acoustic, and IAQ parameters, with a rigorous metrological framework based on
metrological traceability, uncertainty evaluation, and sensor characterization.

In this context, the present paper focuses on the metrological characterization of the
thermal and IAQ domains of the MIRABLE multi-sensor system (MIRABLE MS). Particular
attention is devoted to the characterization of low-cost temperature sensors and an Infineon
PAS-based CO2 sensor under controlled laboratory conditions. The influence of sensor
enclosure, temperature, and relative humidity on measurement accuracy, repeatability,
and uncertainty is investigated. It is evident from the experimental results that practical
correction strategies are proposed to support the reliable deployment of low-cost multi-
sensor systems for IEQ monitoring in real building applications.

2. Materials and Methods
The metrological characterization of the MIRABLE MS (developed in the PRIN Project

MIRABLE, Turin, Italy) was conducted on a fully assembled prototype comprising two
sub-units: the MIRABLE DESK (desktop device) and the MIRABLE CHAIR (chair-mounted
device). The system integrates multiple sensors; in this study, the focus was on analyzing
thermal comfort and IAQ monitoring. All characterization activities were carried out at the
INRiM laboratories in Torino, Italy.

All the sensors are mounted on a custom-designed PCB developed for the MIRABLE
architecture and communicate via the I2C interface.

https://doi.org/10.3390/chemosensors14090190

https://doi.org/10.3390/chemosensors14090190


Chemosensors 2026, 14, 190 4 of 22

2.1. Thermal Domain Characterization

The thermometers subjected to metrological characterization were three Sensirion
SHT45 (Sensirion AG, Stäfa, Switzerland) thermo-hygrometers (two of which were installed
in the chair unit and one in the desk unit) and the Sensirion SEN55 (Sensirion AG, Stäfa,
Switzerland) air quality module (which was installed in the desk unit). The SHT45 sensors
are specifically employed to measure air temperature in the proximity of the building
occupant, while the SEN55, although primarily an air quality module, provides a temper-
ature output that was also evaluated. The SEN55 employs a fan to enhance convective
coupling between ambient air and the sensing element which was of particular interest
for comparison.

The characterization was performed by comparison against two calibrated Pt100
reference thermometers (CalPower srl, Como, Italy), which were traceable to the Interna-
tional Temperature Scale of 1990 (ITS-90), with calibration uncertainties of 0.02 ◦C and
0.01 ◦C (k = 2) below and above 0 ◦C, respectively. The experiment was conducted in a
programmable climatic chamber (Kambic KK-190 CHLT, Kambic d.o.o., Semič, Slovenia) to
generate a controlled environment, with stable temperature and defined relative humidity
(Figure 1). The measurement of interest is the air temperature inside the chamber, estimated
from the averaged readings of the two reference thermometers.

Figure 1. Experimental setup for the thermal characterization of the MIRABLE MS temperature sensors.

Two test phases were conducted. The sensors were first subjected to different tempera-
tures between 15 and 35 ◦C (relative humidity 50 %rh) and compared to the references to
determine the instrumental errors. Then the response of the thermometers to relative hu-
midity was studied by varying this variable at a fixed air temperature of 23 ◦C. This range
of T and RH was chosen as most representative of indoor environmental condition, as some
research has shown that indoor comfort ranges are represented by T between 17 ◦C and
25 ◦C and associated RH from ~40 %rh to ~60 %rh [21,22]. Each test was performed in two
configurations: without the external case (to characterize the intrinsic sensor performance)
and with the external case (to characterize the sensor under actual operating conditions).
The measurement error ε was evaluated at each set-point as:

ε = Traw − Tref (1)

where Traw is the mean sensor reading and Tref is the mean reference temperature, both
computed over a 2 min stability window, corresponding to 24 measurements acquired at a
sampling rate of 5 s (stability criterion: peak-to-peak variation ≤ 0.01 ◦C).
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The measurement uncertainty of the error (uε) was evaluated by considering the
following uncertainty terms:

• Calibration of the reference (ucal): uncertainty term that ensures the traceability of the
reference sensors, equal to 0.005 ◦C.

• Time stability of the chamber (ustab): contribution linked to the stability of the signal
within the 2 min time interval, evaluated by modelling the peak-to-peak temperature
difference with a uniform probability distribution.

• Uniformity of the chamber (uunif): spatial uniformity of the chamber evaluated by mod-
elling with a uniform probability distribution the maximum temperature difference in
the reference sensors within the 2 min interval.

• Resolution (ures): resolution of the sensor under test reported in the datasheet modelled
by a uniform probability distribution.

• Repeatability (urepeat): repeatability of the sensor under test evaluated as the standard
deviation of measurements divided by the square root of N, that is the number of
measurements within the 2 min interval.

• Reproducibility (ureprod): reproducibility of the sensor under test evaluated by mod-
elling with a uniform probability distribution the error difference observed for two
independent realizations of the temperature point at 25 ◦C. This contribution was
retrieved from the measurements without the external case, and it was added to all
the uncertainty budgets related to the same sensor.

The uncertainty terms not mentioned in the above list were considered negligible for
the present study.

The expanded uncertainty of the correction, U, was then calculated using a coverage
factor k equal to 2, corresponding to about 95% of coverage probability.

A correction ∆Tc for each sensor was estimated by fitting the errors using a second
order polynomial equation:

∆Tc = b0 + b1 Traw + b2 T2
raw (2)

where ∆Tc denotes the temperature correction, Traw is the uncorrected temperature mea-
sured by the sensor, and b0, b1, and b2 are the polynomial fitting coefficients determined
through least-squares regression.

2.2. Indoor Air Quality Domain Characterization

The IAQ characterization focused on the CO2 measurement module integrated in the
MIRABLE DESK. The sensor employed is the XENSIV™ PAS CO2 12 V sensor (Infineon
Technologies AG, Neubiberg, Germany), which is based on the photo acoustic spectroscopy
principle. Table 1 summarizes the sensor technical specifications provided by the manufac-
turer [23]. The characterization was performed both with and without the external case, to
quantify the influence of mechanical integration on measurement performance.

Table 1. Technical specifications of the Infineon Technologies PAS CO2 sensor.

Parameter Value

Measurement Range 0–32,000 ppm
Specified Accuracy ±(30 ppm + 3%) within 400–5000 ppm

Communication Interface I2C
Operating Temperature Range 0–50 ◦C
Operational Relative Humidity 0–85% (non-condensing)

Estimated Operational Life 10 years (at 1 measurement/min)
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2.2.1. Experimental Set-Up for CO2 Characterization

The primary characterization experiments were conducted in the QM02 “Gravimetric
Mixtures and Organic Analysis Laboratory” at INRiM. The characterization was conducted
within an isolator, in accordance with the procedure presented in [20]. The reference
instrument that was adopted was a LI-COR LI-850 (LI-COR, Inc., Lincoln, NE, USA) [24]
non-dispersive infrared (NDIR) gas analysers, previously calibrated at INRiM and was
denoted as LI-cor1. The MIRABLE sensor (with or without-case, depending on the test
configuration) was installed within the isolator, together with a thermo-hygrometric probe
by DeltaOHM (Padova, Italy) that was installed to monitor ambient conditions, and a 5 V
fan to ensure gas homogeneity.

Pure nitrogen (N2, grade 6.0, Air Liquide, Milan, Italy) was used as the zero gas. A
certified reference mixture of CO2 in synthetic air at 396.9 ppm (gravimetrically prepared
at INRiM, in accordance with the International Standard ISO 6142-1 [15]) was used as
span calibration gas for both LI-COR instruments. A second reference mixture of CO2

in N2 at 80,325 ppm (gravimetrically prepared at INRiM) was used for generating target
concentrations inside the container by dynamic dilution. The gas flow was regulated
by calibrated mass flow controllers (MFC, MKS Instruments, Andover, MA, USA) with
full-scale ranges of 2000 SCCM.

The objective of this activity was to characterize the performance of the MIRABLE low-
cost CO2 sensor both with and without its case, to assess the actual operating conditions of
the measurement system.

As a first step, a repeatability analysis was performed, as it is a fundamental metro-
logical parameter describing the ability of a measurement system to provide consistent
results when repeated measurements of the same quantity are carried out under identical
conditions. Repeatability was evaluated through the dispersion of repeated measurements
and quantified by the standard uncertainty of the mean, u, calculated as:

u =
s√
n

(3)

where s is the standard deviation of the measurements and n is the number of observations.
This quantity provides an estimate of the uncertainty associated with the average measured
value and decreases as the number of measurements increases.

For each test, the average measured value, of a time interval of 3 min, was calculated
after excluding transient data potentially affected by temporary instabilities during the con-
centration stabilization phase. The measurement differences, ∆CO2, were then determined
as the difference between the average value measured by the MIRABLE sensor and the
corresponding average value measured by the reference instrument (LI-cor1):

∆CO2 = CO2,MIRABLE − CO2,LI − cor1 (4)

where CO2,MIRABLE is the average value of measurements of the low-cost sensor, and
CO2,LI − cor1 is the average value of the LI-cor1 at the corresponding time interval of the
measurement of the MIRABLE sensor.

The uncertainty associated with the correction was evaluated according to the law
of propagation of uncertainty. The standard deviation of the mean for each sensor was
calculated as reported in Equation (3). The combined uncertainty associated with the
correction, uc, was then obtained as:

uc =
√

u2
MIRABLE + u2

LI − cor1 (5)

where uMIRABLE and uLI − cor1 represent the standard uncertainties associated with the
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MIRABLE sensor and the reference instrument, respectively.
The expanded uncertainty of the correction, U, was then calculated using a coverage

factor k equal to 2, corresponding to a confidence level of approximately 95%.
Rather than implementing a calibration function directly within the sensor firmware,

this study proposes a metrologically robust correction strategy based on preserving the raw
sensor output and applying corrections during the post-processing stage. This approach
ensures full transparency, traceability, and reproducibility of the data treatment, allowing
the analyst to verify and, if necessary, revise the applied corrections.

The proposed correction consists of adding (or subtracting, depending on its sign)
a correction term, ∆CO2, to the raw low-cost sensor measurement. The value of ∆CO2

is determined during the pre-deployment characterization phase and is calculated as
the average correction obtained from at least three independent repetitions at the same
reference concentration. Since the behaviour of low-cost sensors is not always linear, the
use of a single calibration curve is not recommended. Instead, a correction table derived
from the experimental characterization data should be employed.

The correction values are defined for specific concentration intervals and operating
conditions representative of the intended application. Consequently, the expected mea-
surement range should be identified before deployment, and the corresponding correction
factors selected accordingly. This is particularly important because the validity of the
correction is limited to the concentration and environmental ranges investigated during
the characterization process. Within these limits, the proposed approach provides a more
reliable representation of sensor performance while preserving metrological traceability
and data integrity.

2.2.2. Experimental Set-Up for Environmental Influence Assessment

Additional experiments to evaluate the influence of temperature and relative humidity
on the MIRABLE CO2 sensor were carried out in the Applied Thermodynamics Laboratory
at INRiM. These experiments were undertaken as part of the thermal domain characteriza-
tion described in Section 2.1. In this configuration, the MIRABLE sensor was placed inside
the chamber, while LI-cor1 was positioned externally, thus avoiding thermal interference
from the instrument’s own electronics. The tubes utilized for sampling were routed through
sealed openings in the chamber wall, while the outlet tube was returned to the chamber
interior with the objective of maintaining a closed gas circuit and ensuring constant CO2

concentration throughout each test (Figure 2). Two calibrated Pt100 probes were installed
on both sides of the MIRABLE sensor to accurately monitor local temperature conditions.

Figure 2. Scheme of the experimental set-up for the analysis of environmental influence factors on
low-cost CO2 sensor.

https://doi.org/10.3390/chemosensors14090190
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Temperature and relative humidity tests were performed considering the MIRABLE
sensor both with and without the sensor case, in the first experiment at a constant relative
humidity of 50 %rh, while varying the temperature between 15 ◦C and 35 ◦C, and in
the second case at a constant temperature of 23 ◦C, over the range of (30–60) %rh. The
experimental conditions were selected to represent typical indoor environments, including
potential overheating scenarios. During all the experiments, the CO2 concentration inside
the chamber was not actively controlled; however, it was subject to continuous monitoring
by the reference instrument LI-cor1, which provided the reference value for each test
condition. The sensor performance was evaluated in terms of repeatability, correction,
combined uncertainty, expanded uncertainty, according to Equations (3)–(5).

2.3. Statistical Analysis

The primary statistical tool applied to assess the significance of the effects of the
main influence quantities on the sensor measurements was one-way analysis of variance
(ANOVA). The objective of this test is to ascertain whether the means of two or more
independent groups differ significantly, under the null hypothesis H0, that all group
means are equal. The test computes the F-statistic as the ratio between the between-group
variance and the within-group variance [25]. A large F-statistic, associated with a p-value
below the significance threshold α = 0.05, results in the rejection of H0, indicating that
at least one pair of group means is statistically significantly different [25]. Conversely,
a p-value ≥ 0.05 provides no evidence to reject H0, and the effect of the factor under
investigation is considered not statistically significant at the chosen confidence level [25].

The analysis was performed using Python 3.13.5 with NumPy 2.3.5 and pandas 2.3.3.
One-way ANOVA was applied to the following comparisons, considering a signifi-

cance level α = 0.05:

• Effect of relative humidity on temperature measurements: for the thermal domain, one-
way ANOVA was used to evaluate whether the errors of the desk-SHT45, chair_up-
SHT45, and chair_low-SHT45 sensors vary significantly across the tested relative
humidity levels, in both the with-case and without-case configurations.

• Effect of the enclosure (with-case vs. without-case) on CO2 measurements: for each
nominal concentration level, three independent measurement series were available for
each configuration. ANOVA was applied both to the individual series and to their com-
bined mean, comparing the distribution of readings between the two configurations.

• Effect of temperature on CO2 measurements: the sensor readings collected at different
temperature set-points were compared using one-way ANOVA, separately for the with-
case and without-case configurations, to determine whether temperature introduces
statistically significant differences in the measured CO2 values.

• Effect of relative humidity on CO2 measurements: analogously, one-way ANOVA was
applied to the measurements collected at different relative humidity levels at constant
temperature, for both sensor configurations.

3. Results
This section presents the experimental results, organized into the thermal and IAQ

domains, followed by the statistical analysis.

3.1. Thermal Domain

The metrological characteristics of the thermometers were tested in two phases. In
the first phase (temperature test), sensors were exposed to five temperature set-points
(15, 20, 25, 30, 35) ◦C at a fixed relative humidity of 50 %rh. The point at 25 ◦C was
replicated in order to assess the short-term reproducibility. In the second phase (relative
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humidity test), the temperature was fixed at 23 ◦C and the relative humidity varied over
(30, 40, 50, 60) %rh, up to 70 %rh for the desk unit with-case.

3.1.1. Temperature Test Without External Case

Figure 3 shows the time series of temperature measurements obtained from all four
sensors during the characterization process, conducted without the external case. The
reference temperature Tref was determined as the mean of the two Pt100 readings within
each 2 min stability window. The measurement error ε, for every sensor at each set-
point is reported in Table 2 as an example and in Supplementary Materials Table S1, for
chair sensors.

Figure 3. Time series of temperature readings from all sensors under test during the thermal charac-
terization without the external case. The 25 ◦C set-point was repeated twice to assess reproducibility.

Table 2. Uncertainty budget for the two sensors on MS desk without the external case, the SHT45
and the SEN55, analysis of different T and same RH (50 %rh). Where (a) is the first measurement and
(b) is the second measurement of the same point.

15 ◦C 20 ◦C 25 ◦C (a) 30 ◦C 35 ◦C 25 ◦C (b)

Desk-
SHT45

Desk-
SEN55

Desk-
SHT45

Desk-
SEN55

Desk-
SHT45

Desk-
SEN55

Desk-
SHT45

Desk-
SEN55

Desk-
SHT45

Desk-
SEN55

Desk-
SHT45

Desk-
SEN55

Tref (◦C) 15.292 15.292 20.304 20.304 25.274 25.274 30.256 30.256 35.225 35.225 25.291 25.291

Traw
(◦C) 15.548 14.780 20.535 19.945 25.428 25.027 30.389 30.122 35.288 35.150 25.490 25.195

ε (◦C) 0.256 −0.512 0.231 −0.359 0.154 −0.247 0.133 −0.135 0.064 −0.075 0.199 −0.096

ucal (◦C) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

ustab
(◦C) 0.003 0.003 0.003 0.003 0.004 0.004 0.005 0.005 0.006 0.006 0.003 0.003

uunif
(◦C)

0.026 0.026 0.010 0.010 0.003 0.003 0.008 0.008 0.016 0.016 0.006 0.006

ures (◦C) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

urepeat
(◦C) 0.002 <0.001 0.002 0.000 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.001

ureprod
(◦C)

0.013 0.044 0.013 0.044 0.013 0.044 0.013 0.044 0.013 0.044 0.013 0.044

uε (◦C) 0.030 0.051 0.017 0.045 0.015 0.044 0.017 0.045 0.022 0.047 0.016 0.045

U (◦C)
(k = 2) 0.060 0.102 0.034 0.090 0.030 0.088 0.034 0.090 0.044 0.094 0.032 0.090

For the desk-SHT45, the error is always positive ranging from 0.064 ◦C to 0.256 ◦C,
with a decreasing trend with temperature. This positive bias is interpreted as a self-heating
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effect: the dense PCB that hosts multiple sensing modules (thermal, CO2, particulate
matter) generates a localized heat source that increases the air temperature immediately
surrounding the thermometer element. The largest uncertainty terms are those related to
the spatial uniformity of the chamber and to the sensor reproducibility. This last term is
particularly relevant because it is strictly related to the sensor and should be always taken
into consideration while performing measurements.

The chair_up-SHT45 and chair_low-SHT45 sensors demonstrate a substantially re-
duced error margin, ranging from −0.079 ◦C to −0.059 ◦C and from −0.026 ◦C to +0.012 ◦C
respectively. These results are in accordance with the manufacturer’s accuracy specification
of ±0.1 ◦C. The significantly reduced error compared to desk-SHT45 is consistent with the
architectural difference: the chair units host only a minimal set of electronic components on
a flat PCB with unobstructed heat dissipation, thus generating negligible self-heating. The
uncertainty contribution from reproducibility is correspondingly an order of magnitude
smaller (0.001 ◦C versus 0.013 ◦C for the desk unit), thus confirming the Sensirion SHT45 as
a reliable sensor, at least in the short term. However, it is imperative to pay close attention
during the design phase to avoid excessive generation of heat in its proximity.

The desk-SEN55 sensor, despite its aspirated design, intended to improve thermal
coupling between ambient air and the sensing element, exhibits a significant negative bias,
ranging from −0.512 ◦C at 15 ◦C to −0.075 ◦C at 35 ◦C. This negative offset is consistent with
the manufacturer’s stated accuracy. Furthermore, the reproducibility of the desk-SEN55
(0.044 ◦C) is approximately four times larger than that of the desk-SHT45 (0.013 ◦C), thereby
confirming that the SEN55 is not well-suited for precision thermometric applications in
this context (Figure 4).

Figure 4. Measurement errors of all sensors with associated uncertainty bars (k = 2) as a func-
tion of temperature, without the external case. Dashed lines represent second-order polynomial
correction curves.

For completeness, a second-order polynomial correction (Equation (2)) was fitted to
the errors of each sensor in the configuration without the case. The regression coefficients
are reported in Table 3. It is important to note that these corrections are valid only for the
uncased configuration; as discussed in the following section, the errors change significantly
when the external case is mounted, thereby rendering these corrections inapplicable to
normal operating conditions.
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Table 3. Regression coefficient of the polynomial correction for each tested sensor (without external
case).

b0 b1 b2

desk-SHT45 −0.3238 0.0015 0.0002
desk-SEN55 1.3798 −0.0732 0.0010

chair_up-SHT45 −0.0250 0.0072 −0.0001
chair_low-SHT45 −0.1271 0.0086 −0.0001

3.1.2. Temperature Test with External Case

To better characterize the MIRABLE MS under operating conditions, other measure-
ments were performed at 15 ◦C, 20 ◦C, 25 ◦C with the external case mounted. Only the
desk-SHT45 and the desk-SEN55 were considered for this test since the chair units do not
have an external coverage.

Table 4 report the estimated errors and the uncertainty budgets which are plotted in
Figure 5.

Table 4. Uncertainty budget for the two sensors on MS desk with external case, the SHT45 and the
SEN55, analysis of different T and same RH (50 %rh).

15 ◦C 20 ◦C 25 ◦C

Desk-SHT45 Desk-SEN55 Desk-SHT45 Desk-SEN55 Desk-SHT45 Desk-SEN55

Tref (◦C) 15.330 15.330 20.330 20.330 25.288 25.288
Traw (◦C) 15.960 15.589 20.903 20.377 25.821 25.453

ε (◦C) 0.630 0.259 0.573 0.047 0.533 0.165

ucal (◦C) 0.005 0.005 0.005 0.005 0.005 0.005
ustab (◦C) 0.005 0.005 0.004 0.004 0.003 0.003
uunif (◦C) 0.026 0.026 0.001 0.001 0.005 0.005
ures (◦C) 0.001 0.001 0.001 0.001 0.001 0.001

urepeat (◦C) 0.003 0.001 0.003 0.001 0.003 0.001
ureprod (◦C) 0.013 0.044 0.013 0.044 0.013 0.044

uε (◦C) 0.030 0.051 0.015 0.044 0.016 0.044

U (◦C) (k = 2) 0.090 0.102 0.030 0.088 0.032 0.088

Figure 5. Measurement errors of desk-SHT45 and desk-SEN55 sensors with associated uncertainty
bars (k = 2) as a function of temperature, with the external case.
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For the desk-SHT45, the measurement error was found to be positive and more than
double compared to the test conducted without the case, with values between ranging
from 0.533 ◦C to 0.630 ◦C. This increase in error magnitude is physically consistent with
the thermal insulation provided by the case, as reduced heat dissipation from the PCB
creates a warmer microenvironment around the sensor. The error varies within a relatively
narrow range across the three set-points (approximately 0.1 ◦C peak-to-peak), suggesting
a predominantly additive offset rather than a strong temperature dependence, hence a
correction curve is not recommended. Nevertheless, considering the application and
assuming slow temperature variations around 20 ◦C, a conservative correction may be
applied, which is ∆Tc = −0.6 ◦C, leading to a calibration uncertainty of 0.2 ◦C (k = 2, 95%),
which satisfies the project requirements for thermal comfort assessment.

For desk-SEN55, the errors in the configuration with-case are all positive (range:
0.047–0.259 ◦C), in contrast to the negative errors observed without the case. The additional
thermal energy trapped by the case partially compensates for the natural cold bias of the
SEN55. However, the poor reproducibility of this sensor (0.044 ◦C) remains unchanged,
and no correction is proposed for this device.

3.1.3. Relative Humidity Test

The influence of relative humidity on the thermometers’ performances was investi-
gated exploiting the humidity control of the climatic chamber. The temperature was set to
23 ◦C and did not change during the test and relative humidity levels of (30, 40, 50, 60) %rh
and additionally at 70 %rh for desk-SHT45 with-case (Tables S2 and S3). In the course of
this analysis, consideration was given exclusively to the SHT45 sensors, on the basis that
they had demonstrated superior performance in the previous test.

The estimated measurement errors (plotted in Figure 6 for the configuration without
the case) demonstrate negligible variation with the relative humidity, meaning that the
performance of the thermometers is not altered by different relative humidity conditions.
The presence of minor discrepancies between the errors measured at 50 %rh (without-case)
in this test and those predicted by the polynomial corrections derived from the temperature
test (e.g., chair_low-SHT45: measured +0.034 ◦C vs. predicted −0.02 ◦C) serves to confirm
that a stable, analytically definable correction function cannot be reliably established for
these sensors. Instead, the most appropriate metrological strategy is to assign a conservative
expanded uncertainty of 0.2 ◦C (k = 2, 95%) to all chair unit sensors without correction,
and to apply the constant offset correction ∆Tc = −0.6 ◦C to the desk-SHT45 with the same
expanded uncertainty.

Figure 6. Measurement errors of SHT45 sensors as a function of relative humidity (without external
case), at constant temperature T = 23 ◦C (k = 2).
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The desk-SHT45 with-case at 50 %rh shows an error of 0.789 ◦C, consistent with the
proposed correction of −0.6 ◦C when the associated expanded uncertainty (0.2 ◦C, k = 2) is
considered. This result supports the validity of the metrological approach adopted for this
sensor configuration.

3.2. IAQ Domain

This section presents the main results related to the characterization of the MIRABLE
low-cost CO2 sensor, done both in the QM02 laboratory and in the climatic chamber.

3.2.1. Characterization of the MIRABLE CO2 Sensor in the (500−1050) ppm Range

To obtain the calibration of the sensor, measurements were conducted in a sealed
isolator, thus ensuring stable concentration conditions. The data were acquired every 20 s
for both the reference instrument (LI-cor1) and the MIRABLE sensor. For each concentration
level, three independent measurement campaigns were conducted, both with and without
the sensor enclosure, in order to ensure the reliability of the results.

Table S4 in the Supplementary Materials provides the complete uncertainty analysis
over the investigated concentration range, including the mean readings, differences ∆CO2,
standard deviations, and expanded uncertainties for all six concentration levels (~500, ~600,
~700, ~800, ~900, ~1000) ppm and both sensor configurations.

The uncertainty analysis reveals several consistent patterns across the concentration
range. In the without-case configuration, the MIRABLE sensor closely tracks the reference
instrument at concentrations close to 500 ppm, with differences in ∆CO2 ranging between
−4.76 ppm and +4.96 ppm and expanded uncertainties U (k = 2) in the range of (2.0–3.8)
ppm. As the nominal concentration increases, a positive systematic bias emerges and grows
progressively. At 700 ppm the mean difference across the three series is approximately
+6 ppm, at 800 ppm it reaches approximately +11 ppm, at 923 ppm the offset increases
to values between +8 and +28 ppm (with considerable variability between series), and
at around 1023 ppm the difference reaches +28 to +40 ppm. The expanded uncertainty
also tends to increase at higher concentrations, reaching 6.4 ppm. This growing positive
offset is consistent with the known behaviour of the PAS sensing principle, which becomes
increasingly sensitive to internal thermal conditions at higher gas concentrations.

In the with-case configuration, the systematic bias is less pronounced at lower con-
centrations (∆CO2 between −7.7 ppm and +5.7 ppm at concentration between 500 ppm
and 600 ppm) but increases more sharply at higher levels. At 800 ppm the mean offset
is approximately +8.6 ppm, at 905 ppm it is approximately +12 ppm, and at 1017 ppm
it is approximately +31 ppm. The expanded uncertainties are slightly lower than in the
without-case configuration at most concentration levels; this is probably due to the damp-
ing effect of the case on short-term signal fluctuations. At 600 ppm the maximum expanded
uncertainty reaches 6.4 ppm, representing the most conservative value adopted in the
correction table for that interval.

An important feature of the data is the inter-series variability at certain concentration
levels. At 923 ppm in the without-case configuration, for example, ∆CO2 ranges from
+8.2 ppm to +28.4 ppm across the three independent series. This indicates that the sensor
response at this level is less stable and potentially more sensitive to minor fluctuations in
operating conditions. This variability is reflected in the conservative approach adopted
when constructing the correction table (Section 3.2.2).

3.2.2. Correction Table

The experimental data described above were used to derive a practical correction
table for the MIRABLE CO2 sensor. Given the non-monotonic behaviour of the inter-series
differences and the relatively large between-series variability at certain concentration levels,
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a continuous analytical function would overfit individual series and provide a false sense
of accuracy, so a polynomial regression calibration curve was considered and rejected.
Instead, a tabular correction approach was adopted, as this is more appropriate for a device
intended for field deployment with periodic verification.

The correction value for each concentration interval was computed as the mean of the
three experimental differences ∆CO2 observed across the three independent campaigns,
for each configuration. The associated uncertainty was conservatively set to the largest
expanded uncertainty U measured experimentally across the three series within each inter-
val, to ensure that the correction table provides safe coverage across realistic measurement
conditions. The resulting correction table is reported in Table 5.

Table 5. Correction table for the MIRABLE CO2 sensor. For each measurement range, the correction
to be added to the raw sensor reading is reported for both configurations, together with the associated
expanded uncertainty (k = 2).

MIRABLE Reading Range
(ppm)

CO2 Correction
Without-Case

(ppm)

CO2 Correction
With-Case

(ppm)

U Without-Case
(ppm)

U With-Case
(ppm)

450–549 −0.29 −1.25 3.77 5.31
550–649 −2.30 −2.85 2.92 6.42
650–749 −6.01 1.22 2.30 3.98
750–849 −11.19 −8.60 5.70 4.25
850–949 −21.10 −12.25 6.42 3.26

950–1049 −34.49 −31.56 2.89 4.05

Several observations emerge from Table 5. Firstly, the correction is very small for a
low-cost sensor (<3 ppm in magnitude) at the lowest concentration interval in both config-
urations, confirming that the sensor performs adequately without correction near typical
ambient CO2 levels. Secondly, the correction increases substantially with concentration,
reaching −34.5 ppm (without-case) and −31.6 ppm (with-case) in the (950–1049) ppm
interval. This progressive divergence from the reference is not linear, particularly in the
without-case configuration: the jump from the (800–849) ppm interval to the (850–949) ppm
interval (from −11 ppm to −21 ppm) suggests a non-linear response above approximately
800 ppm. Thirdly, the sign of the correction at 650–749 ppm differs between the two
configurations (−6.01 ppm without-case vs. +1.22 ppm with-case), indicating that the
enclosure modifies not only the magnitude but also the direction of the sensor offset in this
specific range.

3.2.3. Influence of Temperature

The temperature dependence of the CO2 sensor was assessed by comparing MIRABLE
sensor and LI-cor1 readings at four set temperatures (15 ◦C, 25 ◦C, 30 ◦C, and 35 ◦C)
and at constant relative humidity (50 %rh). The closed-circuit experimental arrangement
maintained the ambient CO2 concentration at near-ambient levels.

In this case, 32 MIRABLE sensor measurements (sampling every 5 s) and the corre-
sponding LI-cor1 measurements were analyzed.

The results, reported in Table 6 and illustrated in Figure 7, reveal a strong temperature
dependence of the sensor response. In the with-case configuration, the systematic offset
decreases monotonically from −106 ppm at 15 ◦C to −16 ppm at 30 ◦C, indicating that the
sensor progressively approaches the reference instrument reading as temperature increases.
Similar behaviour is observed in the without-case configuration, but it is more pronounced:
the offset reduces from −81 ppm at 15 ◦C and to near zero (−7 ppm) at 30 ◦C, but it reverses
sign at 35 ◦C where the MIRABLE sensor over-reads the reference by approximately 49 ppm.
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This reversal indicates that at 35 ◦C, the temperature effect dominates the sensor response,
and the measured signal is no longer representative of the ambient CO2 concentration.

Table 6. Analysis of repeatability of MIRABLE CO2 sensor (with and without-case) at different
temperatures (◦C) and relative humidity (50 %rh).

With-Case Without-Case

Tref 15 ◦C 25 ◦C 30 ◦C 15 ◦C 25 ◦C 30 ◦C 35 ◦C

CO2,LI − cor1 (ppm) 470 480 452 472 479 474 484
CO2,MIRABLE (ppm) 364 409 436 390 428 465 530

∆CO2 (ppm) −106 −71 −16 −82 −50 −9 +46

sLI-cor1 (ppm) 1.27 2.33 0.25 1.65 0.41 0.78 2.09
sMIRABLE (ppm) 1.85 4.35 3.24 4.57 3.21 5.63 8.71
uLI-cor1 (ppm) 0.12 0.23 0.02 0.16 0.04 0.08 0.20

uMIRABLE (ppm) 0.22 0.51 0.38 0.53 0.37 0.65 1.01
uc (ppm) 0.25 0.55 0.38 0.55 0.38 0.66 1.03

U (ppm) (k = 2) 0.50 1.11 0.75 1.11 0.75 1.32 2.07

   
(a)  (b) 

Figure 7. Comparison between MIRABLE sensor and LI-cor1 as a function of chamber temperature
at constant relative humidity (50 %rh): (a) with-case; (b) without-case.

Although the ∆CO2 values are much higher in the tests done in the climatic chamber,
the uncertainties are lower than those calculated in the isolator tests.

According to the manufacturer’s datasheet, the sensor’s accuracy specification of
±(30 ppm + 3% of reading) is characterized at a single reference condition (T = 25 ◦C,
RH = 30 %rh, 1013 hPa), and the documented onboard post-processing includes pressure
compensation and Automatic Baseline Offset Correction for long-term drift, but no dedi-
cated temperature-compensation algorithm [23]. In the without-case configuration, ∆CO2

at 25 ◦C is −50 ppm and increases in magnitude, including a sign reversal at 35 ◦C. This
suggests that residual, uncorrected temperature dependence of the photoacoustic signal
(governed by gas density and by the thermal behaviour of the IR source, optical filter, and
microphone) is the dominant contributor to the observed bias as the operating temperature
departs further from the reference point.

3.2.4. Influence of Relative Humidity

The influence of relative humidity on CO2 measurements was investigated at a con-
stant temperature of 23 ◦C over a range of (30–60) %rh. The results (Table 7, Figure 8) show
that the MIRABLE sensor closely tracks the relative humidity variations in the reference in-
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strument, in both the with-case and without-case configurations. No statistically significant
dependence of the CO2 offset on relative humidity was observed within the tested range.

Table 7. Analysis of repeatability of MIRABLE CO2 sensor (with and without-case) at different
relative humidities (%rh) and constant T (23 ◦C).

With-Case Without-Case

RHref 60 %rh 50 %rh 40 %rh 30 %rh 60 %rh 50 %rh 40 %rh 30 %rh

CO2,LI − cor1 (ppm) 467 469 440 447 466 481 472 471
CO2,MIRABLE (ppm) 410 405 368 367 418 412 392 393

∆CO2 (ppm) −58 −65 −73 −80 −48 −69 −80 −78

sLI-cor1 (ppm) 0.37 0.25 0.83 0.26 0.48 0.39 0.79 0.34
sMIRABLE (ppm) 1.58 1.52 2.45 2.02 2.99 4.02 2.39 2.82
uLI-cor1 (ppm) 0.05 0.03 0.11 0.04 0.07 0.05 0.11 0.05

uMIRABLE (ppm) 0.28 0.27 0.43 0.36 0.53 0.71 0.42 0.50
uc (ppm) 0.28 0.27 0.45 0.36 0.53 0.71 0.44 0.50

U (ppm) (k = 2) 0.57 0.54 0.89 0.72 1.06 1.43 0.87 1.00

Figure 8. Comparison between MIRABLE sensor and LI-cor1 as a function of relative humidity at
T = 23 ◦C: (a) with-case; (b) without-case.

For the with-case configuration, the offset ∆CO2 ranges between −58 ppm and
−80 ppm; for the without-case configuration, it ranges from −48 ppm to −80 ppm. These
values are consistent with those observed at the same temperature in the correction un-
certainty experiments, confirming that the systematic bias is predominantly temperature-
dependent rather than humidity-driven.

3.3. Statistical Analysis of Influence Factors (ANOVA)

This section presents the main results of the Analysis of Influence.

3.3.1. Effect of RH on Temperature Measurements

The ANOVA results for the effect of relative humidity on temperature sensor errors
are reported in Supplementary Materials Table S5 for the three SHT45 sensors, in both the
with and without-case configuration. In the without-case configuration, desk-SHT45 and
chair_low-SHT45 show statistically significant variation across humidity levels (p < 0.05),
while chair_up-SHT45 does not. In the with-case configuration, none of the sensors show
a statistically significant humidity effect (all p ≥ 0.10), which is consistent with the self-
heating from the electronics maintaining a lower effective relative humidity at the sensing
element and thereby reducing sensitivity to external humidity variations.
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3.3.2. Effect of the Case on CO2 Measurements

The results of the one-way ANOVA applied to evaluate the effect of the enclosure
(with-case vs. without-case) on CO2 measurements are reported in Table S6, for each
nominal concentration level from 500 to 1000 ppm. Both individual measurement series
(I, II, III) and the combined mean are considered. At lower concentration levels (500
and 600 ppm), the first measurement series shows no statistically significant difference
between configurations (p = 0.551 and p = 0.834, respectively), while series II and III yield
p < 0.05, and the combined mean shows a borderline result at 500 ppm (p = 0.047) and a
non-significant result at 600 ppm (p = 0.324). These results suggest that at concentrations
close to the ambient background level, the repeatability variability of the MIRABLE sensor,
which differs between configurations, can intermittently mask the true difference in mean
response. At concentration of 700 ppm and above, ANOVA consistently returns highly
significant F-statistics and p < 0.05 for both individual series and the combined mean.
This confirms that the presence of the case produces a statistically significant effect on the
measured CO2 value. This finding is consistent with the systematic offset analysis reported
in Section 3.2.1: the enclosure modifies the thermal microenvironment at the sensing
element, shifting the sensor response in a measurable and statistically significant manner.

3.3.3. Effect of T on CO2 Measurements

Applying a one-way ANOVA to the CO2 measurements collected at different tem-
perature set-points yields extremely large F-statistics in both configurations: F = 201,834
(p < 0.05) for the without-case configuration and F = 387,907 (p < 0.05) for the with-case
configuration. These results provide overwhelming statistical evidence that temperature
has a highly significant effect on the CO2 sensor response, thus confirming and quantifying
the trend already described in Section 3.2.3.

3.3.4. Effect of RH on CO2 Measurements

For the CO2 sensor, applying a one-way ANOVA to the measurements taken at differ-
ent relative humidity levels yields a F of 23,208 (p < 0.05) for the without-case configuration
and F = 24,057 (p < 0.05) for the with-case configuration. While the p-values indicate
statistical significance, this result should be interpreted in context: the very large F-statistics
reflect the high precision of the test (large number of measurements, small within-group
variance) rather than a large practical effect. As documented in Table 7 (Section 3.2.4), the
magnitude of the offset variation across humidity levels is small (approximately 20 ppm
peak-to-peak) and does not follow a monotonic trend. This suggests that the observed
statistical significance is partly driven by the sensitivity of the ANOVA test to small but
consistent within-group fluctuations rather than by a dominant humidity effect. The practi-
cal implication, confirmed by the correction analysis, remains that relative humidity in the
(30–60) %rh range has a limited operational impact on CO2 measurement accuracy.

4. Discussion
The metrological characterization of the thermometers installed on the MIRABLE MS

revealed a fundamental contrast between the two sensor deployment contexts. The chair
units, which have minimal electronics on a flat, open PCB, behave in excellent agreement
with manufacturer specifications, with errors within ±0.1 ◦C and negligible reproducibility
uncertainty. These sensors are immediately suitable for thermal comfort monitoring without
the need for further correction, and a conservative expanded uncertainty of 0.2 ◦C (k = 2)
can be assigned.

The desk unit presents a more complex picture. The thermal interference generated
by the multi-domain PCB hosting sensors for CO2, particulate matter, volatile organic
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compounds, and temperature/humidity simultaneously creates a localized warming effect
that biases the SHT45 temperature reading by up to 0.6 ◦C when the external case is
mounted. This significantly limits the ability to assess thermal comfort, as this typically
requires an accuracy of better than 0.5 ◦C in order to distinguish meaningfully between
different ISO 7730 comfort categories.

The self-heating bias is inherently difficult to model with a single stable correction
function because it depends on multiple interacting factors, such as the device’s power-on
history, ambient air circulation patterns, the mounting orientation of the case, and the
thermal load of concurrent sensing operations. The variability observed between the two
realizations of the 25 ◦C set-point (reproducibility term in the uncertainty budget) reflects
this instability. For this reason, a constant correction ∆Tc of −0.6 ◦C with an expanded
uncertainty of 0.2 ◦C was applied, as an approximation adequate for applications requiring
uncertainty at the 0.2 ◦C level.

Regarding the desk-SEN55, the aspirated design improves gas exchange between the
ambient air and the sensing element. This is beneficial for measuring CO2 and particulate
matter, but it does not provide the necessary temperature accuracy for thermal comfort
applications. The negative bias (up to −0.5 ◦C without-case) and the high reproducibility
uncertainty (0.044 ◦C) rule out the use of this sensor as a reliable thermometer. Its value
lies in the IAQ measurement chain, not the thermal domain.

Additional studies are planned to investigate the most effective way to address the
self-heating issue of the desk unit from a design perspective. One possibility would be to
relocate the temperature sensor outside the main case, for example on a small auxiliary
PCB mounted externally, thereby eliminating the primary source of thermal bias.

Laboratory tests on the CO2 measurement module of the MIRABLE DESK provided a
detailed metrological characterization, revealing the strengths and the limitations of the
PAS-based low-cost sensor in its operational configuration.

The enclosed thermal environment shifts the sensor’s internal temperature, which
in turn alters the effective absorption cross-section used in the PAS algorithm. This can
potentially reverse a marginal bias in a narrow concentration band. The expanded un-
certainties range from 2.3 ppm to 6.4 ppm across the full table, which is consistent with
the expected performance of a low-cost PAS sensor. These values are adequate for IAQ
monitoring applications, where relevant decision thresholds such as the 1000 ppm level
commonly used as a ventilation quality indicator are separated by margins significantly
larger than the correction uncertainty.

The correction table is valid under the thermal and hygrometric conditions repre-
sentative of the laboratory characterization experiments (approximately 20–25 ◦C and
30–60 %rh). However, its applicability outside this range is limited by the strong tempera-
ture dependence of the sensor response, as documented in Section 3.2.3. Therefore, users
should apply temperature-specific adjustments when operating the MIRABLE sensor in
environments with significantly different thermal conditions.

During the characterization tests performed in the isolator, measurements were ac-
quired for approximately 20 min at each concentration level to ensure steady-state con-
ditions were reached prior to data analysis. The experimental results showed that the
sensor equipped with the enclosure required slightly longer to stabilize than the sensor
without the enclosure. Consequently, under dynamic operating conditions, where the CO2

concentration changes continuously, the enclosed sensor may exhibit larger deviations from
the reference instrument due to its slower response time. This behaviour could also explain
the larger ∆CO2 values observed during the climatic chamber experiments, in which the
CO2 concentration was not actively controlled and varied naturally throughout the tests.
Further investigations are currently underway to quantify the influence of the enclosure on
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the sensor dynamic response of the multi-sensor and to assess its impact under realistic
operating conditions.

The ANOVA results confirm the hierarchy of influential factors identified by the
uncertainty analysis. Temperature is the dominant influential factor for the CO2 sensor,
while relative humidity plays a minor secondary role, with limited operational significance
within the range representative of normal indoor environments. The presence of the
enclosure has a statistically significant effect on CO2 measurements at concentrations above
500 ppm, while its effect on temperature measurements primarily manifests as enhanced
self-heating bias.

It should be noted that all characterization activities reported in this study were
conducted under controlled laboratory conditions over an experimental period of approx-
imately three weeks. While this duration is sufficient to characterize the metrological
behaviour of the sensors at the time of measurement, it is not sufficient to assess long-term
effects such as sensor ageing, signal drift or photoacoustic source degradation. The influ-
ence of these phenomena on measurement accuracy, and the consequent need for periodic
recalibration, remain outside the scope of this study and have not been assessed. These
aspects will be the subject of future investigations. It should be noted that the primary
objective of this study is the metrological characterization and calibration of the sensors
rather than their independent validation. In line with standard metrological practice, the
correction tables were derived from the same experimental dataset used for characteriza-
tion. This is the typical approach when establishing a calibration procedure, as the aim is
to extract correction values from controlled measurements against a traceable reference.
Future studies may independently validate the correction strategy under real operating
conditions, including long-term field deployment.

5. Conclusions
This paper has presented a comprehensive metrological characterization of the

MIRABLE multi-sensor system across two measurement domains: thermal comfort and
IAQ. All experimental activities were conducted under controlled laboratory conditions
against reference instrumentation traceable to national primary standards, ensuring the
metrological rigour required for reliable building monitoring applications.

In the thermal domain, the main outcome is that the sensor deployment architecture
has a significant influence on temperature measurement accuracy. The chair-mounted
SHT45 sensors perform in full compliance with manufacturer specifications (errors within
±0.1 ◦C, expanded uncertainty 0.2 ◦C for k = 2), making them directly suitable for thermal
comfort assessment. In contrast, the desk-mounted SHT45 sensor is significantly affected
by self-heating from the multi-domain PCB, resulting in a positive bias of up to 0.6 ◦C with
the external case. While a conservative correction could bring the expanded uncertainty
down to 0.2 ◦C, this would require careful assumptions about operating conditions. Despite
its aspirated design, the desk-SEN55 is unsuitable for the intended use. Relocating the
thermal sensor outside the main enclosure is recommended for the next prototype upgrade.

In the IAQ domain, the experimental characterization demonstrated that the MIRABLE
CO2 sensor can reliably track concentration variations within the range typically present
in indoor environments. However, the case slows down the dynamic response of the
low-cost CO2 sensor, while improving the stability of the measurements under steady-
state conditions. The most significant outcome of this study was the substantial impact
of temperature on sensor performance. Although relative humidity had a negligible
effect, the measured offset varied significantly with temperature, changing by more than
150 ppm across the investigated range. This behaviour confirms that temperature is the
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dominant source of measurement uncertainty and must be considered when applying any
correction procedure.

These findings suggest that using a single calibration curve is inappropriate. Instead, a
correction table associated with a defined operating range would provide a more robust and
transparent approach for practical applications. This strategy also preserves the traceability
of the original measurements, as corrections can be applied during post-processing while
maintaining access to the raw data.

Overall, this work demonstrates that rigorous metrological characterization of inte-
grated multi-sensor systems, carried out prior to their deployment, is an essential prerequi-
site for ensuring data quality in smart building research. The results provide a metrological
foundation for deploying MIRABLE in Living Lab environments dedicated to studying
healthy, comfortable, and sustainable buildings. They also contribute to broader insights
that are applicable to the wider community working on low-cost sensor integration for
IEQ monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors14090190/s1, Table S1: Uncertainty budget for
the two sensors of the chair without the external case, the SHT45_up and SHT45_low, analysis
of different T and same RH (50 %rh). The expanded uncertainty values are reported for k = 2;
Table S2: Uncertainty budget for the sensor on MS desk SHT45 (with- and without-case), analy-
sis of different RH and same T (23 ◦C). The expanded uncertainty values are reported for k = 2;
Table S3: Uncertainty budget for the two sensors of the chair without external case, the SHT45_up
and SHT45_low, analysis of different RH and same T (23 ◦C). The expanded uncertainty values
are reported for k = 2; Table S4: Complete uncertainty analysis across this concentration range,
including mean readings, differences ∆CO2, standard deviations, and expanded uncertainties for all
six concentration levels (~500, ~600, ~700, ~800, ~900, ~1000) ppm and both configurations (without-
and with-case). Experimental data taken in laboratory condition in the isolator; Table S5: ANOVA
test results, effect of RH on temperature measurements, with the significance level set to α = 0.05;
Table S6: ANOVA test results, effect of the case on CO2 measurements, with the significance level set
to α = 0.05. In table <0.05 means that the result was ~0.
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Abbreviations
The following abbreviations are used in this manuscript:

IEQ Indoor Environmental Quality
IAQ Indoor Air Quality
PAS Photoacoustic spectroscopy
EPBD European Energy Performance of Buildings Directive
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
NDIR Non-dispersive infrared analysers
IoT Internet of Things
SI International System of Units
MIRABLE
project

Measurement Infrastructure for Research on heAlthy and Zero-Energy
Buildings in Novel Living Lab Ecosystems

INRiM Italian Istituto Nazionale di Ricerca Metrologica
MIRABLE MS MIRABLE multi-sensor system
T Temperature
RH Relative humidity
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