
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of

Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/25618

This document is available under CC BY-NC license

To cite this version :

Catalina GIRALDO-SOTO, Aitor ERKOREKA, Laurent MORA, Amaia URIARTE, Pablo EGUÍA-
OLLER, Christopher GORSE - Definition, estimation and decoupling of the overall uncertainty of
the outdoor air temperature measurement surrounding a building envelope - Journal of Building
Physics - 2024

Any correspondence concerning this service should be sent to the repository

Administrator : scienceouverte@ensam.eu

https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/25618
https://creativecommons.org/licenses/by-nc/4.0/
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/


Research Paper

Journal of Building Physics

1–35

� The Author(s) 2024

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/17442591241269195
journals.sagepub.com/home/jen

Definition, estimation
and decoupling of the
overall uncertainty of the
outdoor air temperature
measurement surrounding
a building envelope

Catalina Giraldo-Soto1 , Aitor Erkoreka1 ,
Laurent Mora2, Amaia Uriarte3,
Pablo Eguı́a-Oller4 and Christopher Gorse5

Abstract
Outdoor air temperature represents a fundamental physical variable that needs to be
considered when characterising the energy behaviour of buildings and its subsystems.
Research, for both simulation and monitoring, usually assumes that the outdoor air
temperature is homogeneous around the building envelope, and when measured, it is
common to have a unique measurement representing this hypothetical homogeneous
outdoor air temperature. Furthermore, the uncertainty associated with this measure-
ment (when given by the research study) is normally limited to the accuracy of the sen-
sor given by the manufacturer. This research aims to define and quantify the overall
uncertainty of this hypothetical homogeneous outdoor air temperature measurement.
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It is well known that there is considerable variability in outdoor air temperature around
the building and measurements are dependent on the physical location of outdoor air
temperature sensors. In this research work, this existing spatial variability has been
defined as a random error of the hypothetical homogeneous outdoor air temperature
measurement, which in turn has been defined as the average temperature of several
sensors located randomly around the building envelope. Then, some of these random
error sources which induce spatial variability would be the cardinal orientation of the
sensor, the incidence of solar radiation, the outdoor air temperature stratification, the
speed and variations of the wind and the shadows of neighbouring elements, among
others. In addition, the uncertainty associated with the systematic errors of this
hypothetical homogeneous outdoor air temperature measurement has been defined as
the Temperature Sensor Uncertainty (UT Sð Þ), where this uncertainty is associated with
the sensor’s accuracy. Based on these hypotheses, a detailed statistical procedure has
been developed to estimate the overall Temperature Uncertainty (UT ) of this hypothe-
tical homogeneous outdoor air temperature measurement and the Temperature
Sensor Uncertainty (UT Sð Þ). Finally, an uncertainty decoupling method has also been
developed that permits the uncertainty associated with random errors (Temperature’s
Spatial Uncertainty (UT SPð Þ)) to be estimated, based on UT and UT Sð Þ values. The
method has been implemented for measuring the outdoor air temperature surrounding
an in-use tertiary building envelope, for which an exterior monitoring system has been
designed and randomly installed. The results show that the overall Temperature
Uncertainty (UT ) for the whole monitored period is equal to 62.22�C. The most nota-
ble result is that the uncertainty associated with random errors of measurement
(Temperature’s Spatial Uncertainty (UT(SP)

)) represents more than 99% of the overall
uncertainty; while the Temperature Sensor Uncertainty (UT Sð Þ), which is the one com-
monly used as the overall uncertainty for the outdoor air temperature measurements,
represents less than 1%.

Keywords
Outdoor air temperature, uncertainty, measurement, monitoring system

Introduction

Outdoor air temperature is an intensive physical variable used for many purposes,
including the energy performance of building analysis, the optimisation of Building
Automation Systems (BAS) and buildings’ Heating, Ventilating and Air
Conditioning (HVAC) systems control. From the point of view of the building
energy balance, outdoor air temperature affects the heat transfer rate occurring
through the building envelope via transmission losses and infiltration/ventilation
losses (Bauwens and Roels, 2014; Chapman, 1984). The building envelope Heat
Transfer Coefficient (HTC) is the parameter that best represents the overall energy
performance of a building envelope. The HTC is the total heat transfer from a
building resulting from transmission heat transfer through the envelope and from
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infiltration and/or ventilation per �C of indoor to outdoor temperature difference
in W/�C. Since the HTC considers ventilation/infiltration effects, much of the
variability in this estimate is due to time variability in weather conditions (Juricic
et al., 2021); mainly outdoor air temperature and wind velocity. Thus, there is a
need to achieve a representative measure of the temperature of the air surrounding
the building envelope. This representative outdoor air temperature measure should
consider the spatial variability of this measure around the building envelope and it
should focus on how solar irradiation influences this spatial variability.

State of the art

As detailed in Giraldo-Soto et al. (2018), the outdoor air temperature measure-
ments are commonly collected from the closest weather station to the analysed
building, or by dedicated sensors (usually only one sensor per building) installed
around the building envelope (on the facxade, the roof or close to the studied build-
ing). Then, these unique outdoor air temperature measurements are used to repre-
sent the outdoor air temperature as homogeneous around the building envelope
for each instant of time (Giraldo-Soto et al., 2018). Thus, it is considered or
assumed that the air temperature surrounding a building only varies with time.
Furthermore, the overall uncertainty associated with these outdoor air temperature
measurements is considered to be the manufacturer’s accuracy of the sensors.

For example, in Yang et al. (2020), an experimental test was conducted on the
campus of Nanyang Technological University in Singapore to study a model pre-
dictive control approach for an air conditioning system with a dedicated outdoor
air system. To be able to model the air conditioning system demands, a dynamic
model of the tested building area was constructed; where one of the main inputs for
the model was the locally measured outdoor air temperature. To carry out the test,
the outdoor air temperature of the building was measured, with the uncertainty due
to systematic errors equal to 1/3DIN, this value being the manufacturer’s accuracy,
without taking into account other uncertainty sources. In the case of Housez et al.
(2014), large discrepancies were found between the real and the design heating
demands of seven energetically retrofitted buildings located in Austria. The analysis
compared the buildings’ real heating demands (estimated based on energy bills)
against the heating demands obtained by different energy certificate methodologies
and by simulating the heating demand of the analysed buildings. In the simulation,
among others, the outdoor air temperature was one of the main input variables. In
this study, the outdoor air temperature data was collected from weather stations
close to the analysed buildings, without specifying their exact location regarding
the analysed buildings or the manufacturer’s accuracy of the sensor. Similarly, in
Chung et al. (2023), the variation in the building envelope moisture behaviour was
studied using simulation work with multi-year historical weather data. This study
demonstrated that envelope hygrothermal simulations using single-year moisture
reference years, and single-trial climate, might underestimate moisture content and
moisture-related damage as compared to simulations using stochastic simulations.
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In this study case, there are neither technical specifications of the weather station
nor the manufacturer’s accuracy or sensor location concerning the demo test.

Another example is Vivek and Balaji (2023), which studied the cooling beha-
viour of a Thermally Activated Building System (TABS). For this purpose, they
experimentally evaluated the effect on the indoor air temperature, surface tempera-
ture and heat transfer rate in a room with TABS and compared the results with an
uncooled identical room. The outdoor air temperature variations were identified to
define the cooling scenarios. In this research work, the manufacturer’s accuracies
and the Type B uncertainties of surface temperature sensors, heat index meters,
heat flux sensors and digital anemometers are shown, together with the estimation
of the uncertainties of the radiant temperature and the operating temperature.
However, the study does not include the manufacturer’s accuracy or the uncer-
tainty of the weather parameters (outdoor air temperature, relative humidity and
solar radiation) collected from a weather station located in front of the experimen-
tal facility. Likewise, in Jack et al. (2018), seven teams independently conducted co-
heating tests on the same detached house near Watford, UK, to estimate its Heat
Transfer Coefficient (HTC). This study empirically demonstrates the reliability of
the co-heating test. The uncertainty of the estimated building envelope heat trans-
fer coefficients was obtained with different methods. In these tests, for the outdoor
air temperature measurement, only the uncertainty associated with a systematic
error equal to 60.2�C (the manufacturer’s sensor accuracy) is given. However, an
uncertainty equal to 61�C was assumed in the indoor-to-outdoor air temperature
difference measurement, without specifying the way this uncertainty was obtained.

Another case is Ghosh et al. (2015), where the overall heat transfer coefficient
(U-value) of two glazing systems under the same conditions was estimated. For this,
two identical test cells were designed, manufactured and installed at the Dublin
Energy Laboratory. For the test, the indoor and outdoor conditions were moni-
tored, where a T-type thermocouple was installed to measure the outdoor air tem-
perature, without specifying its location. Once again, only the manufacturer’s
accuracy of the outdoor air temperature sensor is considered, it being equal to
61�C. In another case, Sougkakis et al. (2021), the HTC was estimated by testing
the Quick U-Building method for assessing the HTC in two UK buildings. The out-
door air temperature as a variable was included for estimating the HTC, measured
via a weather station installed on the roof of a neighbouring house, approximately
30m from the test house. The manufacturer’s accuracy of outdoor air temperature
is not shown, but only the uncertainty of the heat transfer coefficients are specified
through the standard deviations of their mean values. Similarly, Lai et al. (2020)
presents a three-dimensional integrated numerical model to evaluate the building’s
surface and mean radiant temperature. For this study, only one outdoor air tem-
perature sensor with a manufacturer’s accuracy of 60.20�C was installed on the
roof of a building; this sensor was not shielded against radiation and was located in
a shaded area to avoid the incidence of direct solar radiation. In Li et al. (2023), to
size an air source heat pump, two models (under non-frosting and frosting condi-
tions), considering the joint effect of outdoor air temperature and relative humidity,
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were developed to predict the output heating capacity of the analysed heat pump
units. Experimental tests were conducted in a small office building in Beijing to vali-
date the accuracy of the said models. The measurement system was built up to
monitor and record the operating parameters of the tested air source heat pump
units, where the outdoor air temperature sensor used was the model QFM9160.
Once again, only the uncertainty due to systematic error was taken into account,
this being equal to 60.15�C.

In a case study of Chinese residential buildings (Yan et al., 2016), the influence
of the outdoor air temperature on the indoor environment and thermal adaptation
was studied. Through the thermal comfort questionnaire, the dwelling occupants
defined the subjective thermal sensation with the ASHRAE seven-point scale, and
then a statistical analysis was undertaken to analyse the influence of outdoor air
temperature on thermal comfort. The study does not specify the layout of the sin-
gle outdoor air temperature sensor and only mentions the manufacturer’s accuracy
of the outdoor air temperature sensor being equal to 60.5�C. In Calama-González
et al. (2021), the influence of ventilation on indoor comfort was evaluated. In this
study, several ventilation protocols (natural and mechanical) were analysed to
determine how they can affect the indoor environmental variables. These indoor
environments were monitored in two independent test cells with a window located
in the South face, where the ventilation occurs. To define ventilation protocols, the
correlation between the indoor and outdoor air temperature gradients was one of
the assessed parameters. Therefore, the outdoor air temperature measurement,
with a manufacturer’s precision equal to 60.15�C, was measured from a single
weather station located on the roof of one of the two independent cells. Only the
manufacturer’s accuracy is mentioned in this study.

In research (Bakkush et al., 2015), where the effect of the outdoor air tempera-
ture on the thermal performance of a residential building was studied, sensors were
located outside the building to compare the geographical outdoor air temperature
surrounding the facxades and roof with the outdoor average temperature based on
the collected data. This study does not specify the sensor model or the manufactur-
er’s accuracy, and even where there are several outdoor air temperature measure-
ments, there is no definition or quantification of an overall outdoor air temperature
measurement uncertainty. Similarly, sensor accuracy and uncertainty are over-
looked in research (Sansaniwal et al., 2021) which focused on the adaptive actions
of occupants to control the indoor environment in naturally ventilated buildings.
This study used the correlation between indoor and outdoor air temperatures to
analyse the window opening behaviour related to environmental conditions. The
study was conducted in naturally ventilated office buildings and hostels located
within a radius of 10 km in the city of Jaipur, without specifying the number or
location of the buildings studied, or the sensor used to measure the outdoor air
temperature. There is also no mention of the manufacturer’s sensor accuracy. The
same applies in Borkowski and Pi1at (2022), where the design of a refrigeration sys-
tem and its control was studied, with a comprehensive analysis of compressor and
free cooling modes to demonstrate the adaptation of the existing demand to
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outdoor temperatures in the climate of the Ma1opolska Province, which has signifi-
cant temperature fluctuations. In this experimental test, an outdoor temperature
sensor was located on the roof of the building in a shaded place, but neither the
type of sensor or its manufacturer’s accuracy is specified.

Furthermore, in other non-building case studies, little consideration is given to
external temperature measurements; such as the research (He et al., 2020) underta-
ken on the outdoor air temperature entering a tunnel with a 78.5m2 cross-sectional
area represented by just one air temperature sensor located 100m away from the
tunnel entrance and with a manufacturer’s accuracy of 60.50�C. Similarly, other
studies (Huang et al., 2020) addressing the impact of different ground surfaces on
thermal environments in outdoor activity spaces did not fully consider the variabil-
ity and uncertainty of the external environment temperature. Five different mea-
surement areas with different ground surfaces were measured and studied
simultaneously. The outdoor air temperature was measured with a single weather
station for each ground surface at the height of 1.1m, with a manufacturer’s accu-
racy equal to 60.30�C. Similar oversights are observed in research (Zhang et al.,
2020) that studied the correlation between air temperature and urban morphology
parameters in a cold climate city in China. The outdoor microclimate was evalu-
ated through 27 measurement points located in open areas, using air temperature
sensors with a manufacturer’s precision equal to 60.20�C. In this study, only the
horizontal stratification of the outdoor air temperature was considered, without
the incidence of vertical stratification, as the experimental set-up placed the sensors
in a grid with a distance of 100–200m and at the height of less than 1.5m.
Furthermore, the work does not relate the measurements’ spatial variability with
an uncertainty estimation of the hypothetical homogeneous outdoor air tempera-
ture representative for the whole analysed area.

In the same way, the International Organization for Standardization (ISO) and
the American Society of Heating, Refrigerating & Air-Conditioning Engineers
(ASHRAE) state, in their standards and manuals, the importance of considering
measurement uncertainties and errors, where both outdoor and indoor air tempera-
tures are essential physical variables used to develop procedures, methodologies
and calculations for buildings and their subsystems. For example, the ASHRAE
Handbook Fundamentals (ASHRAE, ) speaks about the importance of uncer-
tainty estimation and highlights that ‘knowing the type of uncertainty associated
with a parameter is important in understanding how to propagate that uncertainty
through the model’. Its Chapter 28: ‘Heat, air, and moisture control in buildings’,
specifies that ‘the annual calibration certificate is essential’, where the measurement
uncertainty should be included, but does not specify how to estimate it or what the
incidence of systematic and random errors is on this. However, these errors are
defined in Chapter 38: ‘Measurement and instruments’. In turn, Chapter 38 also
shows the uncertainty of temperature measurements in Table 1, ‘Common
Temperature Measurement Techniques’, which only specifies the uncertainties
associated with systematic errors (the manufacturer’s sensor accuracy). In the same
way as the ASHRAE Handbooks, the normative of ISO 9869-1 (ISO Standard
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9869-1, 2014) specifies that the accuracy of the estimated transmittance values
depends on the environment temperature measurements (indoor and outdoor air
temperature), but does not explain a methodology to estimate outdoor air tempera-
ture measurement uncertainty due to systematic and random errors.

Aim and research questions

All of the above from normative and research works demonstrates that represent-
ing the outdoor air temperature surrounding a building envelope, the air tempera-
ture of a tunnel section or even the temperature of an urban zone as homogeneous
is widespread. In such studies, the outdoor air temperatures are commonly mea-
sured with a single sensor, and when given, the uncertainty associated with these
measurements is simply the manufacturer’s accuracy.

This research aims to quantify the correctness of this approach for the specific
case of the outdoor air temperature surrounding a building envelope (note that the
method would also be valid for the other non-building cases mentioned). To do so,
the hypothetical homogenous outdoor air temperature surrounding a building

Table 1. Technical characteristics of the sensors, gateway and protocol communications of the
MMS.

Sensor reference Measure Accuracy Protocol communication

EE + Plus
EE071-HTPC1

(E + E Elektronik
Ges.m.b.H., )

Temperature 60.1�C at 23�C Digital – Modbus RS485

Relative
Humidity

62% RH
(0.90% RH)
63% RH
(0.100% RH)

Gateway

Reference Producer Protocols Description

KNXRTU1K
(DEEI, )

DEEI KNX to Modbus
RTU-RS485

RS485 Half-Duplex interface for
Modbus RTU. The 120-ohm
RS485 termination resistor
inside the gateway. Operating
temperature 240�C to + 85�C.
Maximum number of points
1000. Supports Boolean data, 8
bits, 16 bits, 32 bits, 64 bits,
float 16, float 32

Source: Based on Giraldo-Soto et al. (2020).
1The manufacturer’s reference corresponding to the old EE071-HTPC reference is currently EE072-

HS1TT1F32J3 (E + E Elektronik Ges.m.b.H., ).
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envelope at a given instant of time is defined as the average temperature of several
sensors located randomly around the building envelope (from now on named Tout).
This average temperature will be the representative value of the outdoor air tem-
perature surrounding the building, and the overall uncertainty of this measurement
(namely, Temperature Uncertainty (UT )) is obtained from the total variability of
the individual measurements regarding this average for each instant of time. This
total variability will have two sources: variability due to the sensors’ accuracy
(these shall be considered as systematic errors) and variability due to physical
effects occurring around the building envelope that generate spatial variability of
the outdoor air temperature surrounding a building (these shall be considered as
random errors).

Furthermore, the method also details the way in which the uncertainty associ-
ated with systematic errors can be estimated based on the manufacturer’s accuracy,
and this is called the Temperature Sensor Uncertainty (UT Sð Þ). Moreover, based on
(UT ) and (UT Sð Þ) values, an uncertainty decoupling method has also been developed
to estimate the uncertainty associated with random errors (namely the
Temperature’s Spatial Uncertainty (UT SPð Þ)). This uncertainty study is based on the
GUM method (BIPM).

Finally, the method was implemented for an in-use tertiary building, where eight
high-precision outdoor air temperature sensors were randomly installed around the
building envelope to take simultaneous measurements at different heights and car-
dinal orientations for several weeks. This uncertainty analysis of the temperature of
the air surrounding the building also focuses on analysing the overall measurement
uncertainty of Tout when considering sub-periods with high and low solar irradia-
tion. The latter analysis is fundamental to understand important reliability aspects
when selecting the periods to estimate the HTC.

Method

This section explains the statistical method used to estimate the uncertainty of Tout;
for this, the state of the art of the applied method is first set out, followed by an
explanation of the methodology used to estimate the different measurement uncer-
tainties of Tout:

� Overall Tout measurement uncertainty, identified as ‘Temperature
Uncertainty (UT )’.

� The uncertainty due to systematic errors in the Tout measurement, identified
as ‘Temperature Sensor Uncertainty (UT (S))’.

� The measurement uncertainty due to random fluctuations occurring in the
building envelope is identified as ‘Temperature’s Spatial Uncertainty
(UT (SP))’. This uncertainty is estimated by decoupling the estimated overall
Temperature Uncertainty (UT ) with the Temperature Sensor Uncertainty
(UT (S)).
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In this study, to estimate the temperature uncertainty in open exterior volumes,
the same method used for closed interior volumes (Giraldo-Soto et al., 2022) has
been implemented. Even if the estimation of the overall uncertainty is similar; in
this work, it has been proven that decoupling this overall uncertainty is also possi-
ble without doing the Sensor Together Test to obtain the systematic uncertainty.
In this case, the systematic uncertainty has been estimated starting from the manu-
facturer’s accuracy value.

State of the art of uncertainty analysis methods

The statistical method to estimate the measurement uncertainty of Tout is based on
the GUM method for a distribution Type A (BIPM, ), which is made up of a sample
with independent observation series of 30 or more. The Standard Uncertainty (U) in
the statistical analysis of the Type A assessment is the measurement uncertainty
expressed in terms of a sample’s Mean Standard Deviation (U = �s), where it is pos-
sible to obtain an ‘Expanded Uncertainty’ if this U value is multiplied by a Coverage
Factor (k), which is expected to be within the 95% confidence level interval if the
k-value is equal to 2 (�U = 2�s), or 99% if it is equal to 3 (�U = 3�s) (BIPM, ).

All uncertainties set out in this study (UT ,UT Sð Þ and UT (SP)) have been estimated
within the 95% confidence level interval using the k-value equal to 2 ( �U = 2�s).

Temperature Uncertainty (UT ) analysis

The outdoor air temperature measurements carried out around an in-use tertiary
building are analysed in this manuscript (these data sets are available in the
‘Exterior (E) Test’ files of reference (Giraldo-Soto et al., 2020)). The statistical study
samples are the Instants of Time (tj). In each tj

� �
, Z measurements of outdoor air

temperature have been acquired from sensors installed on four Building Areas (BA)
of the envelope: the roof and three facxades facing north, south and west. These tem-
perature values are the Sensor Temperature Measurements (Tdvi

), which are defined
as a temperature value into a Differential Volume (dvi) of a monitored zone, in
which, in turn, the dvi represents the volume where a temperature sensor is located.
Tdvi represents one measurement point of the whole air volume surrounding the
building envelope, called in this manuscript Building Air Volume (BAV), where the
Total Average Temperature of the whole BAV ((Ta)ta) is defined by the sum of p
units of Tdvi

measurement in the whole BAV divided by p (equation (1)). In addi-
tion, the Local Average Temperature of a BA ((Ta)la) is defined by the sum of q
units of Tdvi

measurement in a BA divided by q (equation (2))
The uncertainty analysis method applied in this study is based on the following

steps (Figure 1; Giraldo-Soto, 2021):

(1) The statistical analysis to estimate the uncertainty of Tout must be per-
formed at Tdvi

values centred on an Average Temperature (Ta) (in this work
with respect to BAV (Ta)ta or BA (Ta)la); for which equation (3) or (4) is
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used, respectively, in order to have a new temperature value in each mea-
surement point, which is called the Temperature Differential (udvi

), ((udvi
)ta

for data centred on (Ta)ta or (udvi
)la if the data is centred on (Ta)la). From

this point on, each Instant of Time (tj) has Z new temperature values (the
Temperature Differentials (udvi

)) and it is therefore possible to consider the
hypothesis that instants of time (tj) are independent of each other, since
only the centred temperature differentials are considered within each
Instant of Time. The study’s large sample size ensures that the data col-
lected follows a type A distribution. Two dimensions are combined in the
sample; the spatial dimension, by locating several sensors randomly around
the building envelope, and the time, by taking measurements for an
extended period with a specific frequency. This combination permits a
large sample to be obtained that tends towards a normal distribution.

(2) Estimation of the mean (m) (equation (5)), standard deviation (s) (equation
(6)) and variance (s2) (equation (7)) values, for N Instants of Time (tj) with
Z units of udvi

values in each of those instants of time.

Figure 1. Flowchart of the methodology to estimate the Temperature Uncertainty (UT) of Tout.
Based on (Giraldo-Soto et al., 2022).
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(3) The Global Mean (�m) (equation (8)), Mean Variance (s2) (equation (9))
and the Mean Standard Deviation (�s) (equation (10)) are estimated.

(4) Based on the GUM method (BIPM, ), the Temperature Uncertainty (UT ),
with a confidence interval of 95%, is obtained by multiplying s by k=2
(equation (11)).

(5) The statistical parameters of this study have been calculated to obtain the
results of Section ‘Results and discussions’, using Scispy-stats (Scipy,),
Pandas libraries (Pandas,) and programming in Python (Python.org,).

(Ta)ta =
Xp

i= 1

Tdvi

p
Kor 8C½ � ð1Þ

(Ta)la =
Xq

i= 1

Tdvi

q
Kor 8C½ � ð2Þ

(udvi
)ta = Tdvi�(Ta)ta Kor 8C½ � ð3Þ

(udvi
)la = Tdvi�(Ta)la Kor 8C½ � ð4Þ

Where,
Tdvi

: ith Sensor Temperature Measurement for each tj [K or �C].
Ta: Average Temperature of a BAV or a BA for each tj [K or �C].
(Ta)ta: Total Average Temperature of the BAV for each tj [K or �C].
(Ta)la: Local Average Temperature of a BA for each tj [K or �C].
p: Number of Tdvi

measurements in the BAV for each tj.
q: Number of Tdvi

measurements in a BA for each tj.
udvi

: Temperature Differential for each tj [K or �C].
(udvi

)ta: Temperature Differential of Tdvi
centred on the (Ta)ta for each tj [K or �C].

(udvi
)la: Temperature Differential of Tdvi

centred on the (Ta)la for each tj [K or �C].

mtj
= 1

Z

PZ
i= 1 udvi, tj

Kor 8C½ � ð5Þ

s2
tj =

1
Z�1

PZ
i= 1 (udvi, tj

� mtj
)2 K2
� �

ð6Þ

stj =
ffiffiffiffiffiffiffiffi
s2

tj

q
Kor 8C½ � ð7Þ

�m= 1
N

PN
j= 1 mtj

Kor 8C½ � ð8Þ

�s2 = 1
N

PN
j= 1 s2

tj K2
� �

ð9Þ

�s=
ffiffiffiffiffi
�s2
p

Kor 8C½ � ð10Þ

U= 2(�s) Kor 8C½ � ð11Þ
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Where,
udvi, tj

: Temperature Differential, defined by the difference between each Tdvi
con-

cerning (Ta)ta or (Ta)la for each tj [K or �C].
mtj

: Mean of Temperature Differentials (udvi
) for each tj [K or �C].

s2
tj : Variance of Temperature Differentials (udvi

) for each tj [K
2].

stj : Standard Deviation of Temperature Differentials (udvi
) for each tj [K or �C].

�m: Global Mean or Mean of N mtj
[K or �C].

�s2: Mean Variance of N s2
tj [K

2].
�s: Mean Standard Deviation of the sample, this value is associated with the

Temperature Uncertainty estimation [K or �C].
Z: Number of Tdvi

measurements in a BAV (Z=p) or a BA (Z=q) volume for
each tj.

N: Sample Size defined by the number of Instants of Time (tj).
In the case where there is only one sensor temperature measurement (Z=1), the
Tdvi

values cannot be centred with respect to a reference temperature, so the pro-
posed statistical analysis cannot be applied.

Temperature Uncertainty (UT ) analysis for outdoor air temperature measurements protected
with solar radiation shield with and without mechanical ventilation. This first analysis
demonstrates that the solar radiation-shielded outdoor air temperature sensors only
measure the convection air temperature, excluding any solar radiation effect on
these temperature measurements. Solar radiation shields without mechanical venti-
lation are commonly used to protect outdoor air temperature sensors against solar
radiation effects on their measurements. In this research, one of the temperature
sensors has been protected by a mechanically ventilated solar shield, while naturally
ventilated solar radiation shields have protected the rest. Thus, it has been possible
to demonstrate that the not mechanically ventilated solar radiation-protected air
temperature measurements are not affected by solar radiation. For this, two sen-
sors, one with mechanically ventilated solar shielding and the other with naturally
ventilated solar shielding, were installed in the same place, measuring next to each
other in a BA at the same height. Then, the Temperature Uncertainty UTð Þ for
these two sensors was estimated for a sample with N Instants of Time tj, where the
Tdvi

measurements were centred on (Ta)la to obtain the new data values, (udvi
)la: The

statistical analysis was applied to the (udvi
)la values based on the methodology

explained in Subsection ‘Temperature Uncertainty (UT ) analysis’.

Tout overall Temperature Uncertainty (UT ) estimation for the whole Building Air Volume
(BAV). In order to estimate the overall temperature Uncertainty (UT ) of Tout sur-
rounding the building, or BAV, the statistical analysis was applied to the p Tdvi

measurements from all the sensors installed around the building envelope. These
Tdvi

data were centred on (Tdvi
)ta, obtaining (udvi

)ta values for each tj. The statistical
analysis implemented to obtain the overall Temperature Uncertainty (UT ) is
described in Subsection ‘Temperature Uncertainty (UT ) analysis’. The obtained
uncertainty value includes all systematic and random uncertainty sources affecting
Tout. The analysis was performed for the whole data series; however, two filters

12 Journal of Building Physics 00(0)



were applied to also obtain the overall temperature Uncertainty (UT ) considering
only sunny hours and only periods without solar radiation. Where the sunny peri-
ods are the tj with measured global horizontal solar radiation values greater than
50W/m2 and the non-sunny periods with values less than 50W/m2.

Temperature Sensor Uncertainty (UT (S)) analysis. This analysis aims to estimate the
uncertainty sources due to systematic errors of the installed sensors. In this case,
eight newly calibrated high-accuracy sensors from the same batch were acquired.
Furthermore, the selected sensors are digital, so no uncertainty associated with the
monitoring system connections is expected and thus, the Temperature Sensor
Uncertainty (UT (S)) is considered as the sensor’s accuracy (0.1�C), estimated experi-
mentally by the manufacturer. The coverage factor of the manufacturer for the
accuracy estimation is k=2, so the standard deviation of the Temperature Sensor
Uncertainty (UT (S)) can be estimated using equation (11) and the variance by apply-
ing equation (10).

Decoupling the overall Temperature Uncertainty (UT ) by means of the
Temperature Sensor Uncertainty (UT (S)) to estimate the Temperature’s Spatial
Uncertainty (UT(SP)

) for the whole Building Air Volume (BAV)

Temperature Uncertainty (UT )(equation (11)) can be decoupled, since the UT Sð Þ
value is independent of the rest of the causes of temperature uncertainty, UT(SP)

,
and both uncertainties make up the Temperature Uncertainty (UT ) value (Giraldo-
Soto, 2021). Then, as shown in equation (12), the total variance can be represented
as the sum of the Mean Variance due to Temperature Sensor Uncertainty UT Sð Þ
(systematic errors) plus the Mean Variance associated with the Temperature’s
Spatial Uncertainty (UT SPð Þ) (random errors; Giraldo-Soto, 2021).

The objective of applying the decoupling method is to obtain the Temperature’s
Spatial Uncertainty (UT SPð Þ ) of the BAV, the following steps are carried out to apply
the decoupling method (Figure 2):

(1) From the experimental test, UT , s2
T and sT values are estimated, while the

s2
(S) and s(S) statistical parameters are obtained from the UT Sð Þ value given

by the manufacturer’s accuracy. Equations (9) to (11) must be used.
(2) The Mean Variance s2

(SP) value associated with UT SPð Þ is estimated with
equation (13), then with equation (14) the s(SP) value is calculated; finally
multiplying it by two, the Temperature’s Spatial Uncertainty (UT SPð Þ) is esti-
mated through equation (11).

(3) Subsequently, the weight of the systematic (UT(S)
) and random (UT(SP)

) causes
concerning the overall uncertainty sources (Giraldo-Soto, 2021) can be
estimated. For this, using equations (16) and (17), the Sensor Ratio (RS)
and the Spatial Ratio (RSP), respectively, are obtained.

Giraldo-Soto et al. 13
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(S) +s2
(SP) K2
� �

ð12Þ

s2
(SP) =s2

T � s2
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� �
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s(SP)

� �
=

ffiffiffiffiffiffiffiffiffiffiffiffi
s2

(SP)

q
ð14Þ

UT(SP) = 2 s(SP)

� �
Kor 8C½ � ð15Þ
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s2
T

= 1� RS ð17Þ

Figure 2. Flowchart of the decoupling methodology to estimate the Temperature’s Spatial
Uncertainty (UT(SP)) and the uncertainty weights. Based on Giraldo-Soto et al. (2022).
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Where,
UT : Temperature Uncertainty [K or �C].

sT
2: Mean Variance of the sample associated with UT [K2].

sT : Mean Standard Deviation of the sample, this value is associated with UT

[K or �C].
UT(SP)

: Temperature’s Spatial Uncertainty [K or �C].

s2
(SP): Mean Variance of the sample associated with UT(SP)

[K2].

s(SP): Mean Standard Deviation of the sample associated with the
Temperature’s Spatial Uncertainty (UT(SP)

) [K or �C].

UT(S)
: Temperature Sensor Uncertainty [K or �C].

s2
(S): Mean Variance of the sample associated with UT(S)

[K2].

s(S): Mean Standard Deviation of the sample associated with the Temperature
Sensor Uncertainty (UT (S)) [K or �C].

RSP: Spatial Ratio or Ratio of Mean Variance of the sample due to the
Temperature’s Spatial Uncertainty (s2

(SP)) concerning the Mean Variance
of the sample (sT

2).
RS : Sensor Ratio or Ratio of the Mean Variance of the sample due to

Temperature Sensor Uncertainty (s2
(S)) concerning the Mean Variance of

the sample (sT
2).

Case study

Description of the monitoring system

The monitored building is the west block of the University of the Basque Country
(UPV/EHU) rectory (Figure 3). Eight EE071-HTPC (Table 1) sensors were
installed within the existing building monitoring system to measure the Outdoor
Air Temperature at several points. Seven of these installed sensors were protected
against solar radiation using shields without mechanical ventilation and one with
mechanical ventilation (ID sensor: 25). Table 2 shows the sensor references based
on the ID sensor, height, cardinal orientation and building location. The sensors
were installed around the building envelope at different heights and cardinal orien-
tations (North (n), South (s) and West (w)). Figure 4 to 7 show the layout of the
sensors.

The EE071-HTPC sensors with Modbus RS485 technology (The Modbus
Organization, ) were integrated into the existing Building Automation System
(BAS) implemented during the A2PBEER European project (a2pbeer.eu, ), with
KNX protocol communication (KNX Association, ). A KNXRTU1K gateway
was used for this (Table 1).

The experimental test for this study is described in detail in the Data in Brief
article: ‘Dataset of an in-use tertiary building collected from a detailed 3D Mobile

Giraldo-Soto et al. 15



Figure 3. Upper view of the exterior sensor layout around the building envelope. Based on
Giraldo-Soto et al. (2020) and Affordable and Adaptable Public Buildings through Energy Efficient
Retrofitting (A2PBEER).

Table 2. Exterior (E) Layout of EE071-HTPC sensors installed around the building envelope.

Sensor
reference

Facxade (F)/
Roof (R) ***

Floor Cardinal
orientation

Sensor
ID

Sensor manufacture
reference

E.F1.n.20 F 1 n 20 EE071-HTP*
E.F1.n.21 F 1 n 21 EE071-HTP*
E.F1.w.22 F 1 w 22 EE071-HTP*
E.F1.s.23 F 1 s 23 EE071HTP*
E.F2.s.24 F 2 s 24 EE071-HTP*
E.R3.s.25 R 3 s 25 EE071-HTP**
E.R3.s.26 R 3 s 26 EE071-HTP*
E.R3.n.27 R 3 n 27 EE071-HTP*

Source: Based on Giraldo-Soto et al. (2020).

*EE071-HTP are protected with solar radiation shielding without mechanical ventilation (RSHIELD – PM20

[28]).

**EE071-HTP is protected by solar radiation shielding with mechanical ventilation (EE33-M Shielding (E + E

Elektronik Ges.m.b.H., )).

***All the sensors installed on the facxade (F) are at a distance from the wall of at least 16 cm. These

distances from the wall ensure we are not measuring the air temperature within the convective temperature

boundary layer.
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Monitoring System and Building Automation System for indoor and outdoor air
temperature analysis’ (Giraldo-Soto et al., 2020). To carry out the studies on the
Tout uncertainties of this work, the data sets generated by one of the experimental
tests detailed in Giraldo-Soto et al. (2020) were used, the ‘Exterior (E)Test’.

Figure 4. Upper view of the exterior sensor layout around the building envelope. Based on
Giraldo-Soto et al. (2020) and Affordable and Adaptable Public Buildings through Energy Efficient
Retrofitting (A2PBEER).

Figure 5. Exterior sensor layout on the south facxade of the building. Based on Giraldo-Soto
et al. (2020) and Affordable and Adaptable Public Buildings through Energy Efficient Retrofitting
(A2PBEER).

Giraldo-Soto et al. 17



Results and discussions

The data analysis has been carried out on the data sets available in the data reposi-
tory (Giraldo-Soto et al., 2020), specified and described in Giraldo-Soto et al.
(2020). This section starts by validating the outdoor air temperature measurements
performed by the sensors protected by solar radiation shields without mechanical
ventilation (see Figure 8). It is followed by the estimation of the overall tempera-
ture uncertainty of the Tout for the BAV. A detailed analysis of the solar radiation

Figure 6. Exterior sensor layout on the west facxade of the building. Based on Giraldo-Soto
et al. (2020) and Affordable and Adaptable Public Buildings through Energy Efficient Retrofitting
(A2PBEER).

Figure 7. Exterior sensor layout on the north facxade of the building. Based on Giraldo-Soto
et al. (2020) and Affordable and Adaptable Public Buildings through Energy Efficient Retrofitting
(A2PBEER).
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effect on the Tout uncertainty value is included. Likewise, the Decoupling of the
Temperature Uncertainty (UT ) to estimate the Temperature’s Spatial Uncertainty
(UT(SP)

) from the Temperature Sensor Uncertainty (UT (S)) is presented at the end of
this section.

In the analysed period, 407,664 data points were collected in 50,958 Instants of
Time (tj) from 7th October 2019, at 12:42:20, to 6th January 2020, at 3:53:00, dur-
ing the ‘Exterior (E) Test’ of (Giraldo-Soto et al., 2020). The results show three ana-
lysed cases for sub-periods with different tj size: periods only With Solar Radiation
(RAD ON) incidence, Without Solar Radiation (RAD OFF) incidence and also
With and Without Solar Radiation (RAD ON-OFF) incidence, and whose sample
sizes (N) are equal to 17,527, 29,065 and 50,958 Instants of Time (tj), respectively.

In the RAD ON-OFF case, with a sample size equal to 50,958 tj, not all the tj
had solar radiation data registered from the sensor E.T9.m.1413 (Giraldo-Soto
et al., 2020). Thus, 8% of these 50,958 tj do not have registered data for solar
radiation; while the other 92% (46,952 tj) do have registered solar radiation data.

Figure 8. All the shielded sensors for the exterior monitoring system during the installation.
The solar radiation shield with mechanical ventilation (on the left) on the mast can be seen
together with a solar radiation shield without mechanical ventilation (on the right); these two
sensors are already in their final position. Based on Giraldo-Soto et al. (2020).
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The statistical analysis of the RAD ON-OFF case carried out in this section is
based on a sample size equal to 50,958 tj. The RAD ON-OFF case, with a sample
size equal to 46,952 tj, , is also shown in order to analyse the UT value of the Tout

for the BAV with this smaller sample size, considering only the sample points
where solar radiation measurements were available.

Temperature Uncertainty (UT ) analysis

Temperature Uncertainty (UT ) analysis for outdoor air temperature measurements protected
with a solar radiation shield with and without mechanical ventilation. Any radiation shield
must be designed to provide an enclosure with an internal temperature that is uni-
form and equal to the outside air (Foken and Bange, 2021). The shielding should
surround the thermometer and exclude radiant heat, precipitation and other phe-
nomena that may influence the measurements. To ensure the shielding effect, they
must be standardised to ISO 17714:2007 (2007). To demonstrate that the outdoor
air temperature sensors protected against solar radiation only measure the air tem-
perature by convection, thus excluding any effect of solar radiation, the analysed
data were collected by the E.R3.s.25 and E.R3.s.26 sensors, with and without
mechanical ventilation within the solar radiation shield, respectively. Data from
October 7th, 2019, at 12:42:20, to January 6th, 2020, at 3:53:00 during the Exterior
E test (Giraldo-Soto et al., 2020) was used. The methodology of the statistical anal-
ysis carried out is based on Subsection ‘Temperature Uncertainty (UT ) analysis for
outdoor air temperature measurements protected with a solar radiation shield with
and without mechanical ventilation’. In Figure 9, it can be seen that:

� Figure 9(a) is the temperature evolution of both air temperature sensors and
the horizontal global solar radiation measurements on October 08th, 2019,
from 0:00 to 23:59 (UTC+2). This top figure shows how the temperature
signals of both sensors have the same behaviour and tendency.

� Figure 9(b) shows the histograms of the (udvi
)la for the whole analysed period

of the RAD ON-OFF case (E.R3.s.25 and E.R3.s.26 sensors). This middle
figure shows how centred data ((udvi

)la) tend to a normal distribution with a
Mean (mtj

) equal to zero.
� Figure 9(c), here it is possible to appreciate how most (udvi

)la are within the
Manufacturer‘s accuracy value (60.1�C).

The results of this statistical analysis are shown in Table 3 for different tj samples,
considering RAD ON-OFF, RAD ON and RAD OFF periods, respectively. The
estimated UT values are equal to 60.091�C, 60.112�C and 60.077�C for RAD
ON-OFF, RAD ON and RAD OFF periods, respectively. The case with the high-
est UT value occurs in the periods with radiation incidence; while the lowest UT

value is for the periods without radiation incidence. Analysing the UT Difference
(UD) value regarding the solar radiation effect, it is possible to obtain two values

20 Journal of Building Physics 00(0)



Figure 9. Panel (a) shows, on the left axis, the Tdvi
evolution for October 08, 2019, from 0:00

to 23:59 (UTC + 2) of data collected from the E.R3.s.25 and E.R3.s.26 sensors; and on the right
axis, the horizontal global solar radiation measurement. Panel (b) shows the histograms of Tdvi

data, from E.R3.s.25 and E.R3.s.26 sensors, centred on (Ta)la, (udvi
)la, for the RAD ON-OFF

from October 7th, 2019, at 12:42:20 to January 6th, 2020, at 3:53:00 during the Exterior (E) test
(Giraldo-Soto et al., 2020). Panel (c) represents the (udvi

)la evolution of the E.R3.s.25 and
E.R3.s.26 sensors on October 08, 2019, from 0:00 to 23:59 (UTC + 2) and the Mean (mtj

) with
the Manufacturer’s Accuracy (Manufacturer’s Uncertainty) value (60.10�C).
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to compare the RAD ON-OFF and RAD OFF periods with the RAD ON peri-
ods. The UT Difference is obtained by subtracting the UT value of periods with
RAD ON-OFF and RAD OFF from the UT of periods with radiation (RAD ON):

� The difference RAD ON and RAD OFF (UDrON�rOFF) is equal to 0.035�C.
� The difference RAD ON and RAD ON-OFF (UDrON�rON OFF) is equal to

0.022�C.

Both UT Difference results are very low, considerably lower than the 0.10�C manu-
facturer’s accuracy, which is a clear sign that the temperature measured by both
sensors is the air temperature, excluding any solar radiation effect in any of the
solar radiation shielding types, with and without mechanical ventilation. Likewise,
this can be confirmed graphically in Figure 9(b), where 96.56% of the data are
within the Manufacturer’s Accuracy (Manufacturer’s Uncertainty).

Tout overall Temperature Uncertainty (UT ) estimation for the whole Building Air Volume
(BAV). This section calculates the overall uncertainty of the Tout measurement sur-
rounding the tertiary building or the BAV. The statistical results of this section
were obtained based on the methodology described in Subsection ‘Tout overall
Temperature Uncertainty (UT ) estimation for the whole Building Air Volume
(BAV)’ with data centred on (Ta)ta (equations (1) and (3)), which were calculated
from the data of the eight temperature sensors installed randomly around the
building envelope.

Table 3. Temperature Uncertainty (UT) estimation for ((udvi
)la) with data centred on the Local

Average Temperature ((Ta)la) for the E.R3.s.25 and E.R3.s.26 sensors for each tj in a BA, for the
cases with and without solar radiation (RAD ON-OFF), with solar radiation (RAD ON) and
without solar radiation (RAD OFF).

Data centred on the local average temperature for E.R3.s.25 and E.R3.s.26 (Roof (R))

Statistical parameters tj with RAD
ON-OFF
N = 50,958

tj with
RAD ON
N = 17,527

tj with
RAD OFF
N = 29,065

Z Measures by tj 2 2 2
Mean �m [�C] (equation (8)) 0.000 0.000 0.000

Mean Variance (s2
T) [K2] (equation (9)) 0.002 0.003 0.001

Mean Standard Deviation (sT) [�C] (equation (10)) 0.045 0.056 0.039
Temperature Uncertainty (UT) [�C] *(equation (11)) 60.091 60.112 60.077
((udvi

)la Min [�C] 20.289 20.230 20.289
((udvi

)la Max [�C] 0.290 0.230 0.290

*Values of the Expanded Uncertainty, with k = 2.
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In Figure 10, it can be seen that:

� Figure 10(a) shows: the left axis Tdvi
evolution during October 8th, 2019,

from 0:00 to 23:59 (UTC+2) of data collected from the E.F1.n.20,
E.F1.n.21, E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26 and
E.R3.n.27 sensors; while the right axis shows the horizontal global solar
radiation evolution.

� Figure 10(b) shows the histograms of the (udvi
)ta of the eight installed tem-

perature sensors, for the RAD ON-OFF case from October 7th, 2019, at
12:42:20 to January 6th, 2020, at 3:53:00 during the Exterior E test (Giraldo-
Soto et al., 2020). This figure makes it possible to identify the fact that most
of the data are outside the manufacturer‘s accuracy value (60.1�C).

� Figure 10(c) represents the (udvi
)ta evolution of the E.F1.n.20, E.F1.n.21,

E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors
on October 8th, 2019, from 0:00 to 23:59 (UTC+2). Likewise, the Mean
(mtj

) with the manufacturer‘s accuracy (Temperature Sensor Uncertainty
(UT (S))) value (60.10�C) is also shown. Most of the (udvi

)ta signals are outside
the Mean6manufacturer‘s accuracy value (mtj

6 0.10�C), since the uncer-
tainties associated with the random errors are predominant.

Table 4 shows the results of the statistical analysis for the three studied cases, RAD
ON-OFF (N=50,958), RAD ON (N=17,527) and RAD OFF (N=29,065).
Likewise, this table shows the results for the RAD ON-OFF case for a sample size
equal to 46,952 tj, where both temperature and global horizontal solar radiation
measurements were collected within the sample size of 50,958 tj. Remember that
some of the global horizontal solar radiation measurements were not registered.
Additionally, Table 5 shows a relation of the average air temperature of the eight
sensors, (Ta)ta, , with respect to the average air temperature of each sensor, Ta.

In the case of the RAD ON and RAD OFF periods, the UT values are equal to
63.19�C and 61.38�C (Table 4), respectively. The RAD ON period uncertainty
value is considerably higher than for the RAD OFF period. The uncertainty of the
Tout (remember that in this manuscript, Tout refers to the hypothetical homoge-
neous representative temperature surrounding the tertiary building) in periods with
and without radiation (RAD ON-OFF) is equal to 62.22�C (Table 4). Thus, the
minimum uncertainty for the Tout measurement is obtained during periods without
solar radiation (this analysis considers RAD-OFF to be when the locally measured
global horizontal radiation is below 50W/m2). This result shows how solar radia-
tion increases the UT value of Tout.

Furthermore, comparing the UT value equal to 62.22�C of the sample with
50,958.concerning the UT value of 62.24�C (Table 4) of the sample size of 46,592,
it is possible to affirm that the UT equal to 62.22�C is a consistent value of the
Tout uncertainty for the RAD ON-OFF case.

From (Table 4), it can be stated with 95% confidence that the average tempera-
ture of the outdoor air surrounding the studied building during the monitoring
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Figure 10. Panel (a) shows the left axis is the Tdvi
evolution during October 8th, 2019, from

0:00 to 23:59 (UTC + 2) of data collected from the E.F1.n.20, E.F1.n.21, E.F1.w.22, E.F1.s.23,
E.F2.s.24, E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors; while the right axis shows the horizontal
global solar radiation evolution. Panel (b) shows the histogram of the Tdvi

data, of the E.F1.n.20,
E.F1.n.21, E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors, centred on
(Ta)ta, (udvi

)ta, for the RAD ON-OFF case from October 7th, 2019, at 12:42:20 to January 6th,
2020, 3:53:00 during the Exterior E test (Giraldo-Soto et al., 2020). Panel (c) represents the
(udvi

)ta evolution of the E.F1.n.20, E.F1.n.21, E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26
and E.R3.n.27 sensors on October 8th, 2019, from 0:00 to 23:59 (UTC + 2) and the Mean (mtj

)
with the manufacturer‘s accuracy value (60.1�C).
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period, comprised from October 7th, 2019, at 12:42:20 to January 6th, 2020,
3:53:00, was 17.816 2.22�C. Note that the uncertainty band of this Tout is much
higher than the 60.1�C uncertainty value given by the sensors’ manufacturer,
which is generally used as the overall measurement uncertainty.

Finally, from (Table 5), it can be stated that, for this particular building, the
best position to place the outdoor temperature sensor would be the north area of
the roof (sensor E.R3.n.27). This is the position where the individual temperature
measurement is closest to the mean of the eight sensors surrounding the building.
Obviously, this is a case specific result.

Temperature Sensors Uncertainty (UT (S)) analysis

The Temperature Sensor Uncertainty (UT (S)) value considers the uncertainty due to
systematic errors. This value is given by the sensor manufacturer through the sen-
sor accuracy and can also be obtained experimentally (Giraldo-Soto, 2021). The
results shown in this section were obtained based on the methodology set out in
Subsection ‘Temperature Sensor Uncertainty (UT (S)) analysis’. This section starts
with the statistical parameters of UT (S) given by the manufacturer, which is equal
to 60.10�C.

Table 6 shows the Mean Variance equals 0.0025K2 and the Mean Standard
Deviation equals 0.05ºC, calculated from the Manufacturer’s Accuracy data. This
UT(S) value is estimated with a confidence level equal to 95%, so the k value equals
2 (Modbus RTU humidity and Temperature Probe). The methodology applied to
make this estimation is based on equations (9) to (11).

Decoupling the Temperature Uncertainty (UT ) by means of the Temperature
Sensor Uncertainty (UT (S)) to estimate the Temperature’s Spatial Uncertainty
(UT(SP)

) of the whole Building Air Volume (BAV)

In this section, the decoupling method was carried out to estimate the
Temperature’s Spatial Uncertainty (UT (SP)) in order to know the influence of the
random errors on the overall Temperature Uncertainty (UT ), together with the sys-
tematic errors through the Temperature Sensor Uncertainty (UT (S)).

Table 6. Statistical results from manufacturer’s accuracy of the EE071-HTPC sensor.

Manufacturer’s Accuracy Sensor reference Units
Statistical Analysis with a confidence level of 95% using k = 2 EE071-HTPC*

Expanded Uncertainty (UT(S)) (manufacturer data) 60.10 [�C]
Mean Standard Deviation (s(S)) (equation (11)) 0.0500 [�C]
Mean Variance (s2

Sð Þ ) (eEquation. (10)) 0.0025 [K2]

*Estimated and obtained values based on the sensor data shee, where the Expanded Uncertainty was

estimated with k = 2.
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The results of decoupling the Temperature Uncertainty (UT ) using the
Temperature Sensor Uncertainty (UT (S)) to estimate the Temperature’s Spatial
Uncertainty (UT(SP)

) are shown in Table 7. To obtain the results of the decoupling
method for the RAD ON-OFF, RAD ON and RAD OFF cases, the Tout overall
Temperature Uncertainty (UT ) values, and their associated Mean Variance and
Mean Standard Deviation values (Table 4), have been taken into account.
Decoupling the UT value has allowed us to obtain the uncertainty due to the ran-
dom errors that affect the Tout measurement, called in this document,
Temperature’s Spatial Uncertainty (UT SPð Þ ). This value has been calculated using
the s2

(S) value equal to 60.0025K2 (from Table 6).
The UT SPð Þ (equation (13)), RS (equation (16)) and RSP (equation (17)) values

were estimated based on the methodology of Section ‘Decoupling the overall
Temperature Uncertainty (UT ) by means of the Temperature Sensor Uncertainty
(UT (S)) to estimate the Temperature’s Spatial Uncertainty (UT(SP)

) for the whole
Building Air Volume (BAV)’, and the results are shown in Table 7. For the RAD
ON-OFF case, the UT SPð Þ value is equal to 62.22�C, while the RS and . values are
equal to 0.20% and 99.80%, respectively. The UT SPð Þ value for the RAD ON case is
equal to 63.19�C, the RS and . values are equal to 0.10% and 99.90%, respectively.
For the RAD OFF case, the UT SPð Þ value is equal to 61.38�C, while the RS and RSP

values are equal to 0.52% and 99.48%, respectively. The RSP values for the three
studied cases are three orders of magnitude higher than the RS values; thus, the
Tout measurement uncertainties associated with the random errors are those with
the main incidence of the Tout measurement. The systematic errors can be consid-
ered negligible in this case.

Additionally, taking into account that the estimated UT SPð Þ values of the air tem-
perature for the different closed indoor volumes of this studied tertiary building are
between 60.67�C and 61.05�C (Giraldo-Soto et al., 2022), the UT SPð Þ values of air
surrounding the building are considerably greater (Table 7).
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Conclusions

In the literature review of this manuscript, it is highlighted that the practice of con-
sidering the outdoor air temperature surrounding the building envelope as homoge-
neous is well established. In addition, when measured, it is common practice to
have a unique measurement representing this hypothetical homogeneous outdoor
air temperature surrounding the building envelope (namely Tout). Furthermore, the
uncertainty associated with this measurement (when provided within the research)
is usually limited to the accuracy of the sensor given by the manufacturer. In this
manuscript, an overall uncertainty of this hypothetical homogeneous outdoor air
temperature (Tout) measurement has been defined and quantified. For this, the
existing spatial variability of the outdoor air temperature measurements around a
building envelope has been defined as a random error. Likewise, Tout has been
defined as the average temperature of several sensors located randomly around the
building envelope. Then, the total variability of these measurements regarding Tout

at a given time instant has been linked through the GUM method to the overall
Temperature Uncertainty (UT ) of the Tout measurement. The uncertainty associ-
ated with the systematic errors of the Tout measurement has been defined as the
Temperature Sensor Uncertainty (UT Sð Þ) and this is associated with the sensor accu-
racy. Based on these hypotheses, a detailed statistical procedure has been developed
to estimate these two uncertainties. Finally, an uncertainty decoupling method has
also been developed, which allows the uncertainty associated with random errors
(Temperature’s Spatial Uncertainty (UT SPð Þ)) based on (UT ) and (UT Sð Þ) values to be
estimated.

The method has been applied to the Tout measurement of a four-floor building,
where eight high-precision temperature sensors (with a 60.1�C accuracy;
UT Sð Þ= 0:18CC) were randomly installed around its envelope. The sensors were
simultaneously monitoring the outdoor air temperature for several weeks. The
results show that the overall Temperature Uncertainty of Tout is equal to 62.22�C
(in which the systematic and random errors are included) for the whole monitored
period. Thus, the main conclusion reported is that only considering the sensor
manufacturer’s accuracy as the overall uncertainty of the Tout measurement leads
to strongly underestimating the Tout measurements’ uncertainty value.

Additionally, the monitoring period was divided into two sub-periods: one con-
siders all the measurement instants with solar radiation incidence, and the other
considers all the measurement instants without solar radiation incidence.
Analysing the sub-period with solar radiation, this overall Temperature
Uncertainty increases to 63.19�C; while for the sub-period without solar radiation
incidence, it decreases to 61.38�C. Thus, solar radiation incidence is one of the
main random uncertainty sources (or physical effects that generate spatial variabil-
ity around the outdoor air temperature surrounding a building envelope) in the
Tout measurement. Consequently, research studies that only consider cloudy peri-
ods and night time will have a lower measurement uncertainty of outdoor air tem-
perature, thus improving the reliability of their estimates. Furthermore, this also
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reflects the importance of estimating the HTC on cloudy days to reduce the uncer-
tainty of its estimation, which will allow great progress towards the development
of more reliable methods for estimating the HTC and its uncertainty.

Finally, thanks to the developed Temperature Uncertainty decoupling method,
it has been possible to estimate the Temperature Spatial Uncertainties (which
include only the random errors) of Tout; these being equal to 62.22�C in periods
with and without solar radiation incidence, 63.19�C in periods with solar radiation
incidence and 61.38�C in periods without solar radiation incidence. Likewise, the
weight of the Temperature Spatial Uncertainties represents 99.93%, 99.97% and
99.82% of the overall Temperature Uncertainty in periods with and without solar
radiation incidence, with solar radiation incidence and without solar radiation inci-
dence, respectively. This analysis of the weight the random errors have in the over-
all Temperature Uncertainty of Tout can quantify to what extent we are
underestimating the Tout overall uncertainty when only considering the sensor
manufacturer’s accuracy as the overall uncertainty of the Tout measurements.
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Appendix

Acronyms

Acronym Meaning

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
BA Building areas
BAV Building air volume or air surrounding the building
dvi Volume differential
E Exterior
ET Exterior together
ISO International Organization for Standardization
GUM Guide to the expression of uncertainty in measurement
HTC Heat transfer coefficient
k Coverage factor
MMS Mobile monitoring system
m Mean
�m Global mean or mean of the sample
mtj

Mean of temperature differentials for each instants of time
n North
N Number of instants of time or sample size
p Number of Tdvi measurements around the BAV for each tj
ppm Parts per million
q Number of Tdvi measurements in a BA for each tj
RAD OFF Without solar radiation
RAD ON With solar radiation
RAD ON-OFF With and without solar radiation
RH Relative humidity

(continued)
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Appendix. (continued)

Acronym Meaning

RS Sensor ratio or ratio of mean variance associated with temperature sensor
uncertainty with respect to mean variance associated with temperature
uncertainty

RSp Spatial ratio or ratio of mean variance associated with temperature’s spatial
uncertainty with respect to mean variance associated with temperature
uncertainty

s South
s Standard deviation
s2 Variance
�s Mean standard deviation of the sample
s2 Mean variance of the sample
sT Mean standard deviation of sample associated with temperature

uncertainty [K or �C]
s2

T Mean Variance of sample associated with temperature uncertainty [K2]
s(S) Mean Standard deviation of the sample associated with temperature sensor

uncertainty
s2

(S) Mean variance of the sample associated with temperature sensor
uncertainty

s(SP) Mean standard deviation of the sample associated with temperature’s
spatial uncertainty

s2
(SP) Mean variance of the sample associated with temperature’s spatial

uncertainty
stj Standard deviation of temperature differentials for each instant of time (tj)
s2

tj Variance of temperature differentials for each instant of time (tj)
s2

tj(S)
Variance of temperature differentials for each instant of time (tj) associated
with temperature sensor uncertainty

s2
tj(SP)

Variance of temperature differentials for each instant of time (tj) associated
with temperature’s spatial uncertainty

Tout Hypothetical homogenous outdoor air temperature surrounding a building
envelope in a certain instant of time defined as the average temperature of
several sensors located randomly around the building envelope [K or �C]

Ta Average temperature [K or �C]
(Ta)la Local average temperature of Tdvi measurements collected on a BA for

each tj [K or �C]
(Ta)ta Total average temperature of Tdvi measurements collected around the BAV

for each tj [K or �C]
Tdvi

Sensor Temperature Measurements of a Differential Volume (dvi) [K or �C]
tj Instants of Time
udvi

Temperature differential [K or �C]
(udvi

)la Temperature differential of a Tdvi measurement centred on local average
temperature ((Ta)la) of a BA for each tj [K or �C]

(udvi
)ta Temperature differential of a Tdvi measurement centred on total average

temperature ((Ta)ta) of a BAV for each tj [K or �C]
U Standard uncertainty
UPV/EHU University of the Basque Country
�U Expanded uncertainty

(continued)
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Appendix. (continued)

Acronym Meaning

UT Temperature uncertainty
UT(SP)

Temperature’s spatial uncertainty
UT(S) Temperature sensor uncertainty
w West
Z Number of temperature measurements (Tdvi or udvi

) in each tj [for (Ta)ta

(Z = p) and for (Ta)la (Z = q)]
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