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Abstract: The objective of this study is to evaluate the ability of inverse techniques to estimate the
resistance and the capacity of a highly insulated multilayer wall under real weather conditions.
The wall is equipped with temperature sensors inside and on its inner and outer surfaces, and the
boundary conditions have been measured over a 14-day period. Uncertainties on various parameters
of the model are evaluated, including internal and external convective heat transfer coefficients (±20%
and ±7 W.m-².K−1 respectively), external long-wave heat transfer coefficient (±0.15 W.m−2.K−1) and
solar absorption coefficient (±0.06). A sensitivity analysis demonstrated the high correlation with
some parameters defining the thermal performance of the walls (thermal resistance or capacity). A
solution is proposed to limit the number of identified parameters, while allowing the identification of
the thermal resistance and the thermal capacity of the walls. There are two cases: either the weather
conditions are accurately measured (temperature, short- and long-wave radiation) and the thermal
characteristics can be assessed, or intrusive sensors are installed, and the thermal characteristics can
be evaluated more accurately.

Keywords: heat transfer; building envelope; walls thermal transmittance; modelling; inverse
methods; boundary conditions; in-situ measurements

1. Introduction

Many factors influence the energy consumption of buildings, but the building envelope
plays a key role in the overall performance. Envelope heat losses are affected by conduction
through opaque walls, by conduction and radiation through windows, by air leakage [1]
and also by deterioration in performance over time [2].

Heat transfer by conduction can be characterized by the physical properties of each
wall material. From these physical properties and from geometrical data, it is possible
to determine the R-value and C-value of the wall components, which correspond to the
thermal resistance and the thermal capacity, respectively [3]. Standard laboratory tests
have been developed to evaluate material properties as described in [4,5]. However, these
methods cannot be applied to the wall of a constructed building without causing damage.

Alternative methods have been developed to measure the thermal characteristics of
the building envelope, either already built or under construction [6], such as the heat flux
meter method [7], which consists of calculating the thermal transmittance of walls using
two-temperature measurements (inside and outside) and a heat flux meter. However,
such a method takes several days, the external surface should not be exposed to solar
radiation, and the thermal capacity cannot be estimated. In addition, common uncertain-
ties associated with the heat flow measurement make the identification of high thermal
resistances difficult [8]. Teni [9] shows that the methods based on a simple model (where
the resistance is expressed by an analytical equation) lead to high uncertainties, except
when the boundary conditions are controlled, as in the case of a hot box.
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A wide range of other methods are available, mainly using inverse techniques [10–12].
They consist of minimizing the gap between a model and the measurements obtained
from an experiment in order to infer the unknown parameters of the model. With respect
to the opaque walls discussed in this article, inverse techniques can use a wide variety
of models such as quadrupole models [13,14], response factor models [15,16], resistance–
capacitance models [17,18] or ARX models [7,19–21]. Furthermore, inverse techniques
can be deterministic approaches [22], Bayesian analyses [23–25] or genetic algorithms, for
instance [26,27]. These methods can use either temperature measurements (single point
measurements with thermocouples or PT100 or mapped measurements with an infrared
thermal camera [28]), heat flux measurements or both. The main drawback of these methods
is that most of them do not allow the identification of the thermal capacity of the wall. If
the method estimates the C-value, heat flux meters are usually required [16,23,25]. Indeed,
the method described in this article is designed to be used on highly insulated multilayer
walls (R > 4 m2.K.W−1), and heat flux meters do not seem to be suitable for measuring low
heat fluxes with sufficient accuracy (<5 W.m−²), since in such cases, the signal-to-noise ratio
is low. The aim of the method is to avoid the drawback of heat flux meters and addresses
an alternative way using appropriate temperature measurements. Moreover, this method
is intended to be used in real weather conditions, which requires particular attention to be
paid to the measurement of boundary conditions. In contrast to a laboratory, where these
conditions are controlled, the heat exchange with the wall is strongly influenced by the
wind or the sun, for example.

In the literature, several authors have investigated the influence of boundary condi-
tions on the identification of the thermal characteristics of a building element. Many studies
recognize the significant influence of convective heat transfer coefficients on the U-value
of walls for infrared thermographic methods (e.g., [29]). For contact-based methods, De
Rubeis et al. [30] observed a large deviation of the convective heat transfer coefficient in
a guarded hot-box environment compared to default values (−35%). In situ, Evangelisti
et al. [31] observed differences in the U-values from 0.5 to 0.9 W.m−2.K−1, depending on
the heat transfer coefficient correlations. François et al. [32] also showed the large variations
of the internal heat transfer coefficient (between 6 and 12 W.m−2.K−1) under transient con-
ditions. To reduce the influence of uncontrolled boundary conditions on the identification
process, a sandwich structure evaluation method was developed by Derbal et al. [33]. An
uncertainty below 7% was achieved, but the construction element was limited to single
layer materials of PVC, EPS, plaster or concrete. From these different studies, it can be
seen that the influence of convective heat transfer is recognized. However, the influence of
radiant properties is rarely evaluated for contact-based methods, and these studies are also
limited to walls with relatively low thermal resistance (R < 4 m2.K.W−1).

The aim of this paper is therefore to evaluate the performance of inverse techniques for
highly insulated multilayer walls under a range of boundary conditions. The calculation of
uncertainties on the estimated thermal characteristics is also a key point.

A lightweight, highly insulated wall has been installed in an experimental facility
and tests have been carried out. The wall is equipped with temperature sensors on its
surfaces and inside. The identification technique (deterministic approach) is applied to a
resistance–capacitance model based on temperature measurements, in order to identify the
thermal characteristics of walls under real weather conditions.

Estimation of the thermal conductivity and capacity (λ and ρ.c) of the wall materials
allows calculation of the R- and C-values, which describe the thermal characteristics of
an opaque wall. An inverse technique has been applied to both synthetic (model-based)
and measured experimental datasets. The use of synthetic values allows the calculation of
uncertainties associated with the boundary conditions.

The first part of this paper presents the case study and the experimental setup. The ref-
erence and the resistance–capacitance models are then described and numerically validated.
The inverse technique is then introduced. Finally, the effects of two external boundary
conditions are discussed in the results section.
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2. Experimental Facility and Boundary Conditions
2.1. Case Study

The lightweight wall that was tested was a wall consisting of three homogeneous
layers. The first and the third layers were made of moisture-resistant plywood (pl), and the
second layer was made of polyurethane (PUR). Five sensors were installed at the locations
Sout, S1-2, S2, S2-3 and Sin, as shown in Figure 1.
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Figure 1. Locations of sensors in the wall.

The layers of the lightweight wall and their material’s properties are described in
Table 1, where e is the thickness. Uncertainties are those reported by the manufacturers or
found in the literature. If they are missing, ±10% is used as a default value [34].

It is possible to calculate the theoretical R- and C-values of this wall using Equation (1).

R = ∑
i

ei
λi

C = ∑
i

ei ρi ci
(1)

The following theoretical values have been calculated: R = 5.4 ± 0.5 m2.K.W−1 and
C = 53 ± 8 kJ.m−2.K−1.

The shortwave absorptivity αSW is a property derived from a measurement performed
on a spectrophotometer with an integrating sphere. The value depends on the reference
solar spectrum standard used and the sample analysed. The value found was 0.26 ± 0.06.

The longwave absorptivity αLW is equal to the hemispherical emissivity of the surface
εLW, taking into account uniform grey and diffuse surfaces. In [35], it is stated that εLW = 0.9
is «usually appropriate for internal and external surfaces» in buildings. An uncertainty of
±0.02 has been defined according to [36].

Table 1. Material properties of the wall.

Layers Properties

Material Code λ ρ c e

Plywood Pl 0.21 *** 710 ± 10 * 1400–1800 *** 0.021 **

Polyurethane PUR 0.023 * 32.5 ± 2.5 * 1400 *** 0.12 **
Sources: * manufacturers and/or official documents. ** measurement or numerical study output. *** technical
document ([37,38]).

2.2. Experimental Setup

To test construction elements, outdoor test cells can be used to account for real climatic
environments [39]. In this study, it consisted of a highly insulated cell surrounded by a
thermal guard that was kept at a constant temperature. One of its faces was exposed to real
weather conditions; it was the façade that was tested. A large amount of sensors were set
up on this equipment (full weather station, temperature probes in the walls). A heating
system was used to simulate different temperature scenarios, allowing the indoor and
outdoor conditions to be decoupled during identification.
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The experimental data sets come from the facility where the lightweight wall was
installed. This facility is shown in Figure 2.
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Figure 2. Photos of the experimental setup: (a) outdoor air temperature sensor; (b) radiometers;
(c) sonic anemometer; (d) outdoor surface temperature sensors; (e) indoor air temperature sensors
with ventilated shield and indoor surface temperature sensors.

With respect to indoor conditions, the indoor air temperature (Tair,in) was measured
by six four-wire resistance thermometers (Pt100 resistance probes) protected by ventilated
radiation shields located at a distance of 0.6 m from the wall at three heights (0.8, 1.6, 2.2 m)
in order to check the homogeneity of the air temperature. The surface temperature of the
wall (9 sensors inside Sin and 9 sensors outside Sout) and the surface temperature of each
surface of the test cell (whose average gives TLW,in) were measured by four-wire resistance
thermometers located in the center of each wall.

The wall was monitored by four-wire resistance thermometers installed at three
different depths (S1-2, S2, S2-3) as shown in Figure 1.

With respect to outdoor conditions, the radiation was measured by two devices in-
stalled vertically near the wall: a pyrgeometer that measured impinging longwave radiation
integrated within wavelengths ranging between 4 and 40 µm and a pyranometer which
measured global shortwave irradiance integrated within wavelengths ranging between
0.3 and 4 µm. The output of the pyranometer is the solar radiation QSW. The outputs
of the pyrgeometer are the temperature of the sensor Tpyrgeo and the net radiation Qnet,
i.e., the radiation received by the device, called Q→|, minus the radiation emitted by the
device (considered as a black body). Using these two values, it is possible to calculate the
brightness temperature Tb, which is “the temperature of a black body that would emit
the same amount of radiation as the targeted body in a specified spectral band” [40] as
presented in Equation (2).

Qnet(t) = Q→|(t)− σ T4
pyrgeo(t) = σT4

b (t)− σ T4
pyrgeo(t)

→ Tb(t) =
[

Qnet(t)
σ + T4

pyrgeo(t)
]1/4 (2)

The outside air temperature Tair,out was measured using a four-wire resistance ther-
mometer protected by a radiation shield.

The wind speed and direction were measured by the sonic anemometer shown in
Figure 2c, which was installed 4 m above the roof of the building (i.e., 15 m above the
ground). The wind speed close to the façade vwind (i.e., 2.5 m above the ground) was
estimated from the wind speed measured by the anemometer using the conversion method
presented in [41] and considering a flat terrain with some isolated obstacles.

Details of the equipment used to measure each physical variable are given in Table 2.
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Table 2. Details on devices used for measurements.

Physical Variable Sensor Acquisition Accuracy

Indoor air temperature PT100 1/5 B DIN, 4 wires (TCSA)

KEYSIGHT 34980A
±0.15 ◦C *

Surface temperature
PT100 1/3 B DIN, 4 wires (TCSA)

Interface temperature

Outdoor air temperature PT100 (VAISALA HMP1550) COMPACT DAQ NI 9188

Shortwave radiation SMP21 (KIPP AND ZONEN)

RS 485—Modbus

±3 W.m−2 **

Brightness temperature SGR4 (KIPP AND ZONEN) ±0.7 ◦C **

Wind velocity
WINCAP Ultrasonic WMT701 (VAISALA)

±0.1 m.s−1 **

Wind direction ±2◦ **

* Estimated from calibration and technical documents. ** From technical documents.

2.3. Experimental Boundary Conditions Measurement

The dataset came from a test called the ROLBS case, which stands for “Randomly
Ordered Logarithmic Binary Sequence” [42]. It generated heating sequences of variable
time duration in order to decorrelate the indoor and outdoor boundary conditions. The
ROLBS case lasted for 14 days during the winter season with a measurement time step of
30 s. A moving average was used to obtain a time step of two minutes and thus reduce the
amount of data. The measured data are shown in Figure 3. The whole dataset was divided
into 3 parts: initialization, identification and validation.

Two typical weather days were selected from the ROLBS case, called the typical sunny
day and the typical cloudy day. As shown in Figure 4, during the typical cloudy day, indoor
temperature was almost constant. The outdoor temperature was about 10 ◦C, and the solar
radiation varied due to clouds. The westerly wind speed was high (about 13–14 m.s−1).
During the typical sunny day, the indoor temperature was also almost constant. The outdoor
temperature was between 7 and 20 ◦C. The solar radiation curve shows a cloudless day.
The wind speed from south-east was low (about 2–3 m.s−1). Both cases lasted 24 h.
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2.4. Exact Location of Sensors Inside the Wall

The position of sensors located on surfaces (Sout and Sin) or between layers (S1-2 and
S2-3) was known. However, the position of the sensor within the insulating layer (S2) was
less certain. Sensor S2 (shown in Figure 1) should have been in the middle of the insulating
layer but could have been pushed to one side during assembly. In order to verify this
hypothesis, experimental data with steady outdoor and indoor conditions were analysed.
Measurements from a 24 h experimental test between 27 and 28 November 2018 were
used. The difference between the indoor air temperature and the outdoor air temperature
was more than 40 ◦C. In addition, the standard deviations of the air temperature, surface
temperature and internal wall temperature measurements were less than 0.8 ◦C throughout
the period. The temperature profile was theoretically linear. The result is shown in Figure 5.
The true position of sensor S2 was not exactly in the center of the insulation layer but was
displaced inwards by 4.3 mm.
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3. Modelling

Only one-dimensional heat conduction in the wall was considered. Heat transfer
through multilayer walls was modelled using the heat equation (Equation (3)).

ρc
∂T
∂t

− ∂

∂x

(
λ

∂T
∂x

)
= 0 (3)

The studied wall consisted of three layers of different materials, namely, layer 1, layer
2 and layer 3 from outside to inside as shown in Figure 6. The outer surface was at x = 0 and
the inner surface was at x = L. This wall has a cross-section of 1 m2. Figure 6 shows the five
locations (Sout, S1-2, S2, S2-3 and Sin) where sensors were installed. The initial conditions
were the temperature values obtained assuming steady state conditions.
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3.1. Boundary Conditions

The influence of external weather conditions is taken into account by two types of
boundary conditions (BC): either a Neumann condition (heat fluxes reaching the façade,
see Equation (4)) is applied at the location of the sensor Sout (called BC1), or a Dirichlet
condition is applied at the location of the sensor S1-2 (called BC2) (see Figure 6). Dirichlet
condition was not considered for BC1, as the objective is to use Sout to identify the thermal
properties and avoid the use of intrusive sensors. Conversely, a Neumann condition was
not considered for BC2 as temperature sensors are more robust and accurate than heat flux
sensors. In the following sections, only the models built with BC1 are described in detail. A
similar procedure was carried out for BC2.
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The boundary conditions were conditions of the third kind, also known as Robin’s
conditions [43]. They can be written as:

Outside : λlayer1
∂T
∂x

∣∣∣
x=0

= Qconv,out(t) + αLW QLW,out(t) + αSW QSW(t)

Inside : λlayer3
∂T
∂x

∣∣∣
x=L

= Qconv,in(t) + QLW,in(t)
(4)

where αSW and αLW are the surface absorptivity for shortwave radiations and for longwave
radiations.

The indoor longwave radiative heat flux is linearized. The indoor convective and
longwave radiative heat flux Qconv,in+ QLW,in is calculated in Equation (5):

Qconv,in(t) + QLW,in(t) = hin(Tin(t)− Ts,in(t)) (5)

where hin(t) = hconv,in(t) + hLW,in(t) and hLW,in(t) ≈ 4σεLW

[
Ts,in(t)+TLW,in(t)

2

]3
and

Tin(t) =
hconv,in(t) Tair,in(t)+hLW,in(t) TLW,in(t)

hin(t)
.

Where hconv,in is the indoor convective heat transfer coefficient, hLW,in is the indoor
radiative heat transfer coefficient, hin is the indoor convective and radiative heat trans-
fer coefficient, Tin is the indoor operative temperature and TLW,in is the mean radiant
temperature.

The heat transfer coefficient hLW,in depends on the surface area of the wall, the surface
area of the other walls of the test cell, their view factors and their infrared emissivity. The
calculation is described in detail in [44]. In this case, the view factor is equal to 1 and
the wall surface is about 10 times smaller than the combined surface of the other walls of
the test cell. Thus, the approximation given in Equation (5) can be assumed to hold. The
difference between the exact formula and the approximation is 1%.

The outdoor heat flux over time is the sum of the outdoor convective heat flux Qconv,out,
the absorbed longwave radiative heat flux αLW QLW,out and the absorbed shortwave radia-
tive heat flux αSWQSW. The outdoor longwave radiative heat flux is linearized. The outdoor
heat flux is calculated by Equation (6):

Qconv,out(t) + αLW QLW,out(t) + αSW QSW(t) = hout(Tout(t)− Ts,out(t)) (6)

where
Qconv,out(t) = hconv,out(t)(Tair,out(t)− Ts,out(t))

and
αLW QLW,out(t) = hLW,out(t)(Tb(t)− Ts,out(t))

With hconv,out standing for the outdoor convective heat transfer coefficient, hLW,out, the
outdoor radiative heat transfer coefficient, hout, the outdoor convective and radiative heat
transfer coefficient, Tout, the equivalent outdoor temperature (of the viewed environment)
and Ts,out, the outer surface temperature of the wall.

The equivalent outdoor temperature can be expressed by Equation (7)

Tout(t) =
hconv,out(t)Tair,out(t) + hLW,out(t)Tb(t) + αSW QSW(t)

hout(t)
(7)

where

hout(t) = hconv,out(t) + hLW,out(t) and hLW,out = 4σεLW

[
Tb(t) + Ts,out(t)

2

]3

3.2. Heat Transfer Coefficients

The models described above are based on the following heat transfer coefficients:
hLW,in, hLW,out, hconv,in, hconv,out. hLW,in and hLW,out, which are calculated from Equations (5)
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and (7). They depend on the surface temperatures (Ts,in or Ts,out), the temperature of
their surroundings (TLW,in or Tb) and the hemispherical infrared emissivity of the surface
εLW. The uncertainty is estimated to be about ±0.15 W.m−2.K−1 using the propagation of
uncertainties.

For convection, hconv,in is assumed to be equal to 2.5 W.m−2.K−1 as defined in [35] for
a horizontal heat flux. The same value is given by the correlation of Khalifa and Marshall
([45,46]) considering a room heated by a circulating fan (wall opposite to the fan). As
mentioned in [46,47], the uncertainty is about ±20%.

Convective heat transfer on external surfaces is influenced by many variables, such as
local wind speed, flow regime and surface roughness. Many empirical correlations exist
to estimate hconv,out as a function of wind speed vwind and wind direction dwind [48]. In this
article, a simple correlation is chosen according to ISO 6946 [35], as shown in Equation (8).
In our case study, it leads to a variation of hconv,out between 5 and 45 W.m−2.K−1.

hconv,out(t) = 4 + 4 vwind(t) (8)

In order to estimate the uncertainty of this coefficient, two other correlations were
calculated: that of the ASHRAE task group which proposes a non-linear relationship to the
local wind speed [49,50] and that of Liu and Harris, which makes a distinction according to
the wind incidence (windward-leeward) [51]. These two models were selected, as they are
quite widely used and also cover the full range of correlations found in the literature [5]. As
shown in Figure 7, the correlation of Liu and Harris gives lower heat transfer coefficients,
and the ASHRAE correlation is in line with the simple correlation or slightly higher. A
variation of ±7 W.m−².K−1 is thus considered for this parameter.
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3.3. The Reference Model

The reference model to which the RC model was compared uses COMSOL® 5.5 soft-
ware [52]. This software is based on the finite element method. The wall is divided into
28 domains. Quadratic interpolation is used for the temperature field. The time step is set
at 10 s. The boundary conditions are modelled as described above (Equations (5) and (6)),
except for the absorbed longwave radiative heat flux, which is not linearized.

3.4. The Resistance–Capacitance Model

In the resistance–capacitance (RC) model, the walls are considered to be a combination
of resistances and capacitances. The nodes between two layers or at the surface (indoor



Buildings 2024, 14, 3706 10 of 23

or outdoor) have no capacity [53]. Resistances and capacitances are evenly distributed in
each layer.

Considering a simple RC model with one capacity in each layer (Figure 8), also known
as the 6R3C model, the following equations are obtained:

diag(0, C1, 0, C2, 0, C3, 0)×



.
Ts,out.

T1.
T1−2.

T2.
T2−3.

T3.
Ts,in


=



hout 0

0
...

...
...

... 0
0 hin


×

(
Tout
Tin

)

+



−hout − 2
R1

2
R1

0 · · · · · · 0

2
R1

−4
R1

2
R1

. . .
...

0 2
R1

− 2
R1

− 2
R2

2
R2

...
. . . 2

R2
−4
R2

2
R2

. . .
...

. . . 2
R2

− 2
R2

− 2
R3

2
R3

0
...

. . . 2
R3

−4
R3

2
R3

0 · · · · · · 0 2
R3

−hin − 2
R3


×



Ts,out
T1

T1−2
T2

T2−3
T3

Ts,in



(9)
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The system of Equations (9) has been solved using a backward Euler method. However,
the 6R3C model is not sufficiently accurate. The number of nodes in each layer is chosen to
make the RC model sufficiently accurate. The first and third layers (plywood) are divided
into five nodes, and the second layer (PUR) is divided into eleven nodes. The model is
called the 24R21C model.

3.5. Model Validation

The model was validated for cases encountered in experimental tests. These were
divided into two categories: cloudy days and sunny days, as shown in Figure 4. The condition
to validate the model is its ability to accurately reproduce the thermal behaviour of the
wall on both typical days. To do this, the results obtained by simulating the 24R21C model
were compared with those obtained using the reference model for two types of boundary
conditions.

The comparison of the model results was based on the study of the mean absolute
deviations (MAD), i.e., the mean of the absolute value of the difference between the reference
model and the 24R21C model. The MAD for the cloudy day and for the sunny day are presented
in Figure 9. This comparison was made for boundary conditions BC1. The results are similar
for boundary conditions BC2 (sensors S2, S2-3 and Sin only).
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Figure 9. Validation of the 24R21C model.

The 24R21C model has a good accuracy for all sensors and both weather conditions.
The largest error is for Sout.

4. Identification Technique
4.1. Principle of the Inverse Method

The principle of the inverse method is illustrated in Figure 10. On the one hand, exper-
imental reference data (synthetic or measured) were available (Tsensor), and on the other
hand, temperatures calculated by the 24R21C model defined above (Tmodel) were generated.
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Figure 10. Principle of inverse method, adapted from [54].

The aim was to find the values of the physical parameters β defined in the 24R21C
model, so that the calculated temperatures fitted as close as possible to the experimental
values. To achieve this, the inverse method consisted of minimizing the objective function
defined in Figure 10. This function was minimized using the Nelder–Mead algorithm [55].
Different initial values were tested to avoid local minima.

The aim was to estimate the physical parameters (λ and ρ.c) of each layer and then
calculate the R- and C-values of the walls using Equation (1).
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4.2. Calculation of Uncertainties

Two sources of uncertainty were assessed: the uncertainty of the inverse method and
model and the uncertainty linked to the boundary conditions. To assess the uncertainty
due to the inverse method and model, an identification was performed using the “synthetic
data without noise” (synthetized with the measured boundary conditions, as shown in
Figure 3). As the theoretical values of R and C are known, the difference between the
estimated values and the theoretical values provided the uncertainty of the inverse method.

In order to assess the uncertainty due to the boundary conditions, the identification
was carried out with the “synthetic data with noise”; i.e., it included the measurement
uncertainties. A white noise was applied to all the boundary conditions (Tout, Tin, Tb,
QSW) and to the heat transfer coefficients (hconv,out, hin), given the associated uncertainties
mentioned above. εSW and εLW were randomly generated, considering their respective
uncertainties. More than 50 tests were performed with a randomly selected noise, with
boundary conditions BC1 and BC2.

The total uncertainty is equal to the uncertainty of the inverse method and model
plus the uncertainty due to the boundary condition measurements. The uncertainty of
the inverse method and model is the difference between the theoretical values and the
estimated values in the case of the data “without noise”. The uncertainty due to boundary
condition measurements is defined as two times the standard deviation of the data “with
noise”, so that 95% of the estimates was included.

5. Results

First, the inverse method described in Section 4.1 was applied to synthetic data with
boundary conditions BC1 (see location in Figure 6). The effect of measurement uncertainty
was investigated. Then, the method was applied to synthetic data considering boundary
conditions BC2 (see location in Figure 6). Finally, the method was applied to measured
experimental data.

5.1. Application to Synthetic Data
5.1.1. Influence of the Heat Transfer Coefficients and Absorptivity

As shown in [31,46], heat transfer coefficients vary depending on the chosen correla-
tion. The accuracy of the coefficients is also affected by the measurement uncertainty. It is
therefore important to ensure that the uncertainty in the transfer coefficients does not have
too large an effect on the output of the models, i.e., the calculated temperatures.

Given the uncertainties defined in Sections 2 and 3, it is possible to calculate the
influence of the variation of each heat transfer coefficient during the typical sunny day and
the typical cloudy day on the outputs of the RC model, as shown in Figure 11. In this case,
results are obtained with boundary conditions. This influence is measured by calculating
the difference between the temperatures calculated by the model when the parameter is
equal to its upper limit and to its lower limit. The result for the 24R21C model is shown in
Figure 11.

Figure 11 shows that Sout and S1-2 are very sensitive to αSW and hconv,out variations
during sunny and cloudy days. The results from sensors Sout and S1-2 were rejected because
αSW and hconv,out were not known with high accuracy. Uncertainty may have had a negative
impact on the identification. S2 also appears to be sensitive on sunny days.
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5.1.2. Sensitivity According to Parameters to Be Identified

With boundary conditions BC1, a sensitivity analysis was carried out to investigate the
variation in the response of the sensors to variations in the unknown physical parameters λ
and ρ.c. This analysis provides information on the feasibility of estimating all the parame-
ters simultaneously. The reduced sensitivities S* were calculated according to Equation
(10) [56]:

S∗
i (t, β) = βi

∂Tk
∂βi

(t, β) = βi
Tk
(
t, β, β+

i
)
− Tk

(
t, β, β−

i
)

β+
i − β−

i
(10)

where βi is the parameter of interest and βi, β+
i and β−

i are the mean value, upper and
lower limits (±10 %), respectively.

The variations of λpl, λPUR, (ρ.c)pl and (ρ.c)PUR were evaluated. The reduced sensitivi-
ties versus time are plotted in Figure 12. for the 24R21C model during the cloudy and the
sunny days described in Figure 4.



Buildings 2024, 14, 3706 14 of 23Buildings 2024, 14, x FOR PEER REVIEW 15 of 24 
 

 
Figure 12. Sensitivity analysis of the parameters estimated during both typical days (BC1). 

It seems clear that the reduced sensitivities of the four thermal properties are high for 
sensor S2. The temperature measured at the location of sensor S2-3 is only sensitive to the 
parameter λPUR. Sunny days seem to be the most convenient for the identification of the 
parameters, since the wall is more thermally stressed due to the solar radiation. The iden-
tification dataset should therefore contain sunny days to identify both R- and C-values. 

The sensor Sin cannot be considered as a relevant sensor location, since the sensitivity 
to the parameters is rather low. Moreover, the measurement of surface temperatures is 
challenging and has a higher experimental uncertainty than the temperature inside walls. 
The temperature difference between the wall surface and the air is so small that in most 
cases it is close to the measurement uncertainty (±0.15 °C). Therefore, only sensors S2 and 
S2-3 are selected for identification. Figure 12 shows that some parameters may be corre-
lated. This assumption is confirmed by looking at the correlation matrix of the two sensors 
(using a column-vector of sensitivities [54]) and during the ROLBS case shown in Table 3. 
All parameters cannot be estimated simultaneously, as (ρ.c)pl and (ρ.c)PUR are strongly cor-
related. 

Table 3. Correlation matrix. 

 λpl λPUR (ρ.c)pl (ρ.c)PUR 
λpl 1 −0.24 0.24 −0.03 
λPUR  1 −0.05 0.16 

(ρ.c)pl   1 −0.95 
(ρ.c)PUR    1 

Figure 12. Sensitivity analysis of the parameters estimated during both typical days (BC1).

It seems clear that the reduced sensitivities of the four thermal properties are high
for sensor S2. The temperature measured at the location of sensor S2-3 is only sensitive to
the parameter λPUR. Sunny days seem to be the most convenient for the identification of
the parameters, since the wall is more thermally stressed due to the solar radiation. The
identification dataset should therefore contain sunny days to identify both R- and C-values.

The sensor Sin cannot be considered as a relevant sensor location, since the sensitivity
to the parameters is rather low. Moreover, the measurement of surface temperatures is
challenging and has a higher experimental uncertainty than the temperature inside walls.
The temperature difference between the wall surface and the air is so small that in most
cases it is close to the measurement uncertainty (±0.15 ◦C). Therefore, only sensors S2
and S2-3 are selected for identification. Figure 12 shows that some parameters may be
correlated. This assumption is confirmed by looking at the correlation matrix of the two
sensors (using a column-vector of sensitivities [54]) and during the ROLBS case shown
in Table 3. All parameters cannot be estimated simultaneously, as (ρ.c)pl and (ρ.c)PUR are
strongly correlated.

Table 3. Correlation matrix.

λpl λPUR (ρ.c)pl (ρ.c)PUR

λpl 1 −0.24 0.24 −0.03
λPUR 1 −0.05 0.16
(ρ.c)pl 1 −0.95

(ρ.c)PUR 1
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However, according to theoretical calculations, 96% of the resistance is due to the
insulation level of the polyurethane layer (λPUR) and 90% of the capacity is due to the
capacity of the plywood layers (ρ.c)pl. The identification will therefore focus on λPUR and
(ρ.c)pl. While λpl and (ρ.c)PUR are assumed to be equal to the theoretical value defined in
Table 1, as an error in these values would have a limited effect on the estimated R- and
C-values.

5.1.3. Identification Results with Synthetic Data and Boundary Conditions BC1

In this part, the Tsensor values in Figure 10 are synthetic data generated by the reference
model. Boundary conditions during this test are boundary conditions BC1 (see Section 2.3).
Identification was applied to sensors S2 and S2-3. As shown in the previous section, Sout
and S1-2 were not used for identification due to the high influence of ill-defined model
parameters, and Sin was rejected due to its low sensitivity. The R- and C-values were
calculated simultaneously by estimating λPUR and (ρ.c)pl.

The accuracy of the identification technique applied to the 24R21C model was assessed
by comparing the differences between the identified values and R and C (see Section 2.1).
Figure 13 shows the result of the identification of the thermal characteristics of the wall with
and without noise according to the 24R21C model. The results are given as the difference
between the estimated value and the theoretical target value. The graph has box plots to be
read statistically. The crosses represent the mean value. The box extends from the first to
the third quartile. The line in the middle indicates the median. The whiskers are a function
of the inter-quartile range and the extreme values. Each black dot represents an estimate.
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In terms of identification applied to synthetic data without noise, the C- and R-values
are accurately estimated. The difference in estimation of the C-value is +0.75 kJ.m−2.K−1

(+1%) compared to the theoretical value. The R-value is estimated to be +0.12 m2.K.W−1

(+2%) higher than the theoretical value.
When noise is applied, the results are scattered. Half of the estimated resistances

are between −4% and +1% of the theoretical value, but more extreme values occur. The
error can reach up to −0.9 m2.K.W−1 or −16%. Regarding capacities, the results are also
scattered. Half of the estimated capacities are between −5% and +27% of the theoretical
value. The error can reach up to 79%.

The total uncertainty can be calculated as shown in Section 4.2. The uncertainties
are ±0.6 m2.K.W−1 (10% error) for the R-value and ±26 kJ.m−2.K−1 (48% error) for the
C-value.

This indicates that identification from the measurement of the outer boundary con-
ditions is not possible, because the uncertainties in the measurement of the boundary
conditions and the heat transfer coefficients are too large in this case study. In the following
section, a method is proposed to overcome these uncertainties.
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5.1.4. Application to Synthetic Data with Boundary Conditions BC2

A similar methodology to that presented in Section 5.1.3 was used to assess the
robustness of the identification with boundary conditions BC2 (shown in Figure 6). As
the outer boundary conditions is placed at the interface between the plywood and the
polyurethane, the sensor S2 is no longer sensitive to the thermal capacity of the plywood
(Figure 14). However, sensor S2-3 is sensitive enough to the thermal capacity when active
heating is applied with a relatively rapid change in the indoor temperature (see the dashed
line in Figure 14). This sensitivity is small but greater than the uncertainty of temperature
sensors (over 0.15 ◦C). The limited influence of the indoor heat transfer coefficient was also
observed (as in Figure 11). Therefore, the identification procedure was applied to sensors
S2 and S2-3. The R- and C-values were calculated simultaneously by estimating λPUR and
(ρ.c)pl.
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The accuracy of the identification technique was assessed by comparing the differences
between the estimated values of R and C (see Section 2.1). Figure 15 shows the result of
the identification of the thermal characteristics of the wall with and without noise using
boundary conditions BC2.

When the identification is applied to synthetic data without noise, the R-value is
slightly underestimated by 2% and the C-value is also slightly underestimated by 1%.
When noise is applied, the difference between the identified resistance and the theoretical
value is about −0.15 m2.K.W−1 or −2.5% for all estimates. For the capacities, the difference
is also rather small (always less than 1 kJ.m−2.K−1 or 1% error).
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The total uncertainty can be calculated as shown in Section 4.2. The uncertainties for
24R21C model are ±0.15 m2.K.W−1 (3% error) for R-values and ±1.5 kJ.m−2.K−1 (3% error)
for C-values. The use of boundary conditions BC2 greatly improves the accuracy of the R-
and C-value estimation.

5.2. Application to Measured Experimental Data

In order to validate the previous observations, the identification methods were tested
on measured experimental data. The wall properties were estimated from the measured
experimental data. The identification results are shown in Figure 16. The grey area
represents the range of theoretical values with the uncertainties defined in Section 2.1. The
light pink rectangle represents the range of estimated R- and C-values, with the boundary
condition BC1, and the deep pink rectangle represents the range of estimated R- and
C-values, with the boundary condition BC2.
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It can be seen that the results with BC1 encompass extended ranges, as the uncertainties
are large in this case. Moreover, the R-value is significantly overestimated.
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The area corresponding to boundary conditions BC2 is smaller and closer to the
theoretical area. The resistance can be estimated between 5.05 and 5.35 m2.K.W−1. The
estimated capacities are slightly lower than the theoretical capacity, between 41.5 and 44.5
kJ.m−2.K−1. The difference between theory and estimate may be due to the uncertainty of
the model, the duration of the wall loading, the reduced sensitivity to the plywood thermal
capacity or the theoretical values estimated from tabulated data.

To verify that the RC model correctly reproduces the thermal behaviour of the wall,
the validation part of the ROLBS case was used (see data in Figure 3). Figure 17 shows the
temperatures measured by sensors S2 and S2-3 and the temperature estimated by the model
and their residuals. The residuals are small, indicating that the model correctly reproduces
the thermal behaviour of the wall.
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6. Discussions

Table 4 summarizes the results. The main differences between the identification results
lie in the choice of boundary conditions. It is shown that when boundary conditions BC1
are chosen, the uncertainties are so large that the results are unusable. When boundary
conditions BC2 are considered, the RC model estimates the resistance and capacity with
acceptable uncertainties.

A procedure is provided as shown in Figure 18. Two cases are highlighted regarding
the boundary conditions BC1 or BC2. If BC2 is chosen, special attention must be paid to the
location of the sensors in order to minimize their sensitivity to the boundary conditions,
while setting the experimental design. Once the sensors have been installed and their uncer-
tainty calculated, the parameters to be estimated can be derived from a second sensitivity
study. The uncertainty of identification associated with these boundary conditions can then
be calculated. If the accuracy is satisfactory, the experiment is performed with dynamic
boundary conditions.
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Table 4. Results of estimation.
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If BC1 is chosen, attention must be paid to the accuracy of the sensors measuring the
boundary conditions, as this has been shown in this article to be a limitation of this method.
The calculation of the uncertainties of the parameter estimation allows the method to be
validated or not.
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7. Conclusions

The objective of this article has been to evaluate the one-dimensional heat transfer in a
multilayer wall under real weather conditions using temperature sensors.

A sensitivity analysis was performed to reject the sensors that were too sensitive to
parameters defined with low accuracy, such as the internal and external radiative and
convective heat transfer coefficients and the external solar absorptivity. Differences up to 8
◦C could be observed, depending on the assumptions. This step determined that two of
the five sensors were useful.

To increase the confidence in estimated parameters, the identification was limited to
the parameters contributing the most to the global thermal properties of the wall assembly.
Therefore, it was found that estimating the thermal conductivity of the insulation layer and
the specific heat capacity of the wooden layer was enough for assessing accurately the R-
and C-values of the wall.

The parameter estimation method was carried out with two types of boundary condi-
tions: either the outside boundary conditions (air temperature, brightness temperature and
solar radiation) or the temperature measured a few centimeters below the outer surface
of the wall (intrusive sensor). The uncertainty on the estimated parameters obtained with
the outside boundary conditions was very large (over 1 m2.K.W−1 for R) compared to the
one obtained by using an intrusive sensor (0.3 m2.K.W−1). Using an intrusive sensor, with
adapted sensitivity to the applied thermal loads, considerably reduced the uncertainty of
the estimation. Considering the results, the estimated resistance fell within the range of
variation defined from the theoretical values. The estimated capacity was slightly lower
than the theoretical value.

Finally, this article provided guidelines for measuring thermal properties of homoge-
nous, highly insulated multilayer walls with uncertainties. It requires a rough knowledge
of the wall structure. A procedure is presented in Figure 18. It helps to confirm the rel-
evance of carrying out experimental tests according to the location of sensors and the
expected uncertainty of the measurements. This methodology could also be applied to
highly insulated heavyweight walls to see if the same conclusions can be drawn about the
ability of the model to estimate thermal characteristics.
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Nomenclature

c Specific heat capacity, J.kg−1.K−1 Q Heat flux density, W.m−2

C Total thermal mass, J.m−2.K−1 R Thermal resistance, m2.K.W−1

d Wind direction, ◦ S Sensor
e Thickness of a layer, m t Time, s
h Heat transfer coefficient, W.m−2.K−1 T Temperature, ◦C or K
L Thickness of wall, m v Velocity, m.s−1

https://gitlab.univ-lr.fr/jledreau/Inverse_Wall1D
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MAD Mean absolute deviation, ◦C x Space variable, m
Greek symbols
α Absorptivity, - λ Thermal conductivity, W.m−1.K−1

β List of parameters to be estimated ρ Density, kg.m−3

ε Emissivity, - σ Stefan-Boltzmann constant, W.m−2.K−4

Index and Exponent
→| Received by device PUR Polyurethane
b Brightness pyrgeo Pyrgeometer
conv Convection out Outdoor
in Indoor S Surface
LW Longwave radiation SW Shortwave radiation
pl Plywood
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