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Abstract
Nowadays, developing advanced, highly insulating materials for minimizing heat losses in buildings is of utmost relevance. 
Thus, there is a constant research activity focused on developing new and enhanced solutions for thermal insulation. However, 
characterizing the behavior of new thermal insulation materials, usually produced at lab-scale with small dimensions, by a 
steady-state approach is a challenge. The reason is that commercial heat flow meters require large samples (hundred on mm 
side) to provide accurate results of thermal conductivity because they are based on international standards. In this work, a new 
methodology to measure the thermal conductivity of small prototypes of thermal insulating materials (as low as 50 × 50 mm2) 
is developed by using an external heat flow sensor placed into a standard heat flow meter apparatus. Four different thermal 
insulators were used to validate the developed methodology by performing measurements in the heat flow meter with and 
without the external sensor. From these results, a calibration curve that relates both methods was calculated. Furthermore, 
the effect of the sample size was studied to explore the limits of the technique. Results show that the self-developed method 
is an accurate procedure to determine the thermal conductivity of samples with small dimensions via a steady-state condition.
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Introduction

Nowadays, the efficient use of energy is one of the main 
concerns of our society. All sectors require efficient manage-
ment of energy use, but, according to the European Com-
mission [1], the main challenge for the coming decades 
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will be in buildings. More than a third of the global energy 
consumption is used in buildings, and of this energy, more 
than 50% is needed to heat interior spaces. Most of the heat 
is lost through walls, ceilings, and floors. Therefore, ade-
quate insulation is required to reduce heat losses and, thus, 
energy consumption. Improved thermal insulators would 
save money and also would significantly reduce the CO2 
emissions associated with energy production. In this way, 
finding new materials with enhanced insulation properties 
becomes a mandatory task, and significant research in this 
field is ongoing. However, most of the research carried out at 
laboratory scale results in the production of small samples of 
thermal insulating samples that are difficult to characterize 
[2–5], as is explained in the following paragraphs.

Insulation materials are characterized by their thermal 
conductivity (λ). Thermal conductivity is an intensive 
physical property of materials that describes heat transport 
through a body due to a temperature gradient. Thermal con-
ductivity can span several orders of magnitude, from vac-
uum insulation panels (0.004 W m−1 K−1) to single-layer 
graphene (3000 W m−1 K−1) [6, 7]. For materials currently 
used in the thermal insulation sector, typical values are in the 
range of 20–40 mW m−1 K−1 for insulators like rigid polyu-
rethane foam (PUR), mineral wool, expanded polystyrene 
foam (EPS), and extruded polystyrene foam (XPS).

The thermal conductivity of a material is its ability to 
transfer heat. It is defined via Fourier’s law of thermal con-
duction (Eq. (1)). This equation states that the time rate of 
heat flux density through a material ( �⃗q ) is proportional to 
the negative gradient in the temperature ( ��⃗∇T  ), and λ is the 
parameter relating to both factors. The heat flux density is 
defined as the time rate of heat transfer per unit area normal 
to the direction of heat transfer. It is a vector quantity since 
it has both direction and magnitude. According to the second 
law of thermodynamics, heat always flows in the direction 
of the lower temperature. Regarding thermal conductivity, it 
is usually considered as a scalar (a constant). Still, in some 
cases, it can vary with local position or direction (such as in 
anisotropic or heterogeneous materials). For the data analy-
sis of this work, λ will be considered as a constant param-
eter only depending on the material type and temperature of 
measurement.

When measuring the thermal conductivity, it is possible 
to distinguish between transient and steady-state techniques 
depending on how Eq. (1) is solved. On the one hand, in 
transient or non-steady-state methods, the temperature distri-
bution throughout the sample varies with time. In this case, 
solving the heat conduction equations is more complicated 
because it involves a time-dependent heat flow equation 
[8]. One interesting advantage of these techniques is that 

(1)�⃗q = −𝜆��⃗∇T

measurements can be performed in small samples; however, 
the accuracy of these methods for thermal insulating materi-
als is not clear [9, 10]. For instance, in the work of Zheng 
et al. [10] it is proved that complex calculations are required 
to fit the TPS data to more realistic values as those obtained 
in steady-state techniques. On the other hand, in steady-state 
methods, a temperature difference that does not evolve with 
time is established; thus, the mathematics are simplified, 
turning the heat transfer problem into a one-dimensional 
problem. A steady-state condition is attained when the heat 
flux through the sample is constant, i.e., the temperature 
at each point of the specimen does not vary over time (see 
Fig. 1) [6].

Equation (2) is the one-dimensional solution of Fourier’s 
law for a steady-state method. It allows the calculation of the 
thermal conductivity in W m−1 K−1, where q is the heat flow 
throughout the sample per unit area in W m−2, Q (Q = q·A) 
is the heat flow throughout the sample in W, A is the area 
the heat flow passes through in m2, d is the sample’s thick-
ness in m, T2 is the temperature of the cold source, T1 is the 
temperature of the hot source, and ΔT (ΔT = T1 − T2) is the 
temperature difference across the sample in K.

Both methods, either transient or steady, have advan-
tages and limitations, and they are suitable for only a lim-
ited range of materials, depending on the thermal properties, 
sample configuration, and measuring temperature [6, 7]. For 
instance, transient measurements are relatively quicker than 
steady-state measurements, where the time until the ther-
mal equilibrium is reached can be rather long. However, 
non-steady approaches are typically indirect, which adds 
additional uncertainties to the measurement. For this reason, 
they are not the ideal techniques for characterizing insulating 
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Fig. 1   Steady-state condition scheme of heat transfer between two 
sources at temperatures T1 and T2 that are maintained constant during 
the experiment across a sample of thickness d 
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materials, described by very low thermal conductivities in 
which any uncertainty can have a great effect [11].

To measure the thermal conductivity of insulators, steady-
state techniques, like guarded hot plate and heat flow meters, 
are commonly used [6]. There are several international 
standards, very common in the industry to carry out these 
measurements, such as ASTM C518 [12] and ISO 8301 [13] 
for heat flow meters, and ASTM C177 [14], ISO 8302 [15], 
or UNE-EN 12667 [16] for guarded hot plate meters. On 
the two steady techniques, the heat flows from a hot plate 
(at temperature T1), throughout the sample, to a cold plate 
(at temperature T2 < T1), establishing a temperature gradient 
(as shown in Fig. 1). After reaching the thermal equilibrium, 
the heat flow Q and the temperature difference across the 
sample (ΔT = T1 − T2) are measured. Thermal conductivity 
is calculated by using Fourier’s law one-dimension solution 
(Eq. (2)), introducing the sample thickness (d).

The guarded hot plate method is considered an absolute 
method because the heat flux is determined by measuring the 
power to keep the temperature of the hot plate constant [6, 
7]. On the contrary, the heat flow meters are a comparative 
or relative method [6, 7]. In this case, the heat flux is deter-
mined by measuring the voltage drop through an electrical 
resistor, a so-called sensor or heat flux transducer, which is 
previously calibrated. While the guarded hot plate is a very 
time-consuming apparatus, heat flow meters are faster and 
provide accurate measurements. Thus, the latter is the most 
commonly used apparatus to determine the conductivity of 
insulation materials.

At lab-scale, the main problem of these steady-state 
techniques resides in the large samples that are needed to 
perform the measurements. The steady-state equipments 
are designed to fulfill the requirements of the international 
standards (such as ASTM C518 [12] or ISO 8301 [13]), for 
which large samples are mandatory. Typical heat flow meters 
measure samples of 300 × 300 mm2, while the measuring 
area where the heat flow sensor is located is higher than 
100 × 100 mm2. Thus, researchers have been developing new 
methods to measure small-size samples [11, 17–19]. For 
instance, Miller et al. [19] developed a hot-plate device to 
measure the thermal conductivity of small aerogel samples 
(20 mm diameter and 2.5 mm thickness) with conductivi-
ties on the order of that of air (around 26 mW m−1 K−1). 
Meanwhile, Jannot et al. [11, 17, 18] continuously improve a 
centered hot plate method to finally measure centimeter size 
samples (15 mm diameter and 3–9 mm thickness) accurately. 
However, these devices are homemade methods with com-
plex technical parts, complicating their scalability to other 
laboratories. Other researchers tuned their commercial heat 
flow meters [5], reducing the heat flux transducer area. This 
approach had the advantage of using most of the parts of a 
commercial heat flow meter, but it has the main drawback 
of disassembling the equipment to add the smaller sensor.

Following the previous ideas, in this work, a new method-
ology to measure the thermal conductivity of small samples 
has been developed by using an external heat flow sensor 
(10 × 10 mm2 of area) in combination with a commercial 
heat flow meter. The sensor is installed on top of the sample 
externally, so no modifications to the equipment are needed, 
and the method can be easily implemented in any heat flow 
meter. By this approach, and thanks to the small area of the 
sensor, small samples can be measured with good accuracy 
within the temperature range of the sensor.

Experimental

Materials and sample preparation

Four well-known thermal insulating foam materials were 
used in this work to test the method. The characteristics 
of the samples are listed in Table 1. The materials are an 
extruded polystyrene foam (XPS), an expanded polystyrene 
foam board (EPS), a rigid polyurethane foam (PUR), and 
a polyethylene foam (PE). The density of the samples was 
determined by the geometric method. The cell size was char-
acterized with a self-developed tool in the software ImageJ 
[20]. The range of density of these products varies from 17 
to 41 kg m−3, while the cell sizes are in the range from 120 
to 700 µm.

Initially, samples were cut in 300 × 300 mm2 sheets with 
a thickness of 15 mm to measure their thermal conductivity 
using the standard heat flow meter procedure and the exter-
nal sensor approach.

From the samples used in the previous analysis, smaller 
samples were cut to investigate the effect of the sample size. 
First, samples of XPS with dimensions of 25 × 25, 35 × 35, 
50 × 50, and 75 × 75 mm2 were used to analyze the resolu-
tion of the method regarding the sample size. The rest of the 
materials (PE, EPS, and PUR) were cut in dimensions of 
50 × 50 mm2 to compare the obtained results and to confirm 
the validity of the method for small samples. A PUR mask 
(density of 36 kg m−3 and thermal conductivity of 26.26 
mW m−1 K−1 at 20 °C) was used for these measurements to 
fill the remaining volume of the heat flow meter, avoiding 
convection.

Table 1   Density and cell size of the thermal insulators used in this 
work

Material Density/kg m−3 Cell Size/µm

XPS 34 140
EPS 17 120
PUR 33 200
PE 41 700
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Thermal conductivity measurements

Commercial heat flow meter (HFM)

Thermal conductivity measurements were performed 
using a thermal heat flow meter model FOX 314 (TA 
Instruments/LaserComp, Inc.), which measures accord-
ing to ASTM C518 and ISO 8301 [12, 13]. Samples with 
dimensions 300 × 300 × 15 cm3 (width × length × thick-
ness) were used. For the measurements, the sample was 
placed between the two plates, promoting a temperature 
gradient through the material thickness (Fig. 2a). The 
measurements were performed at 10, 20, 30, and 40 °C. 
The temperature gradient (ΔT) was set to 20 °C in every 
case (i.e., for the measurement at 10 °C, the temperature 
goes from 0 °C in the upper isothermal plate to 20 °C in 

the lower one). The active area of the FOX 314 heat flux 
transducers is 100 × 100 mm2, and the absolute thermal 
conductivity accuracy is 2%.

In the measurements of this work, the commercial heat 
flow meter performs cycles of 512 s and calculates the 
average thermal conductivity of each cycle. The steady-
state condition (i.e., the conductivity does not vary with 
time) is reached after 2–3 cycles. Once the steady-state 
condition is reached, the commercial heat flow meter per-
forms 8 additional cycles (set by user). Finally, the mean 
thermal conductivity and the standard deviation are calcu-
lated from the last 3 cycles (set by user). Up to precision, 
note that once the steady-state condition is reached, the 
thermal conductivity value provided each cycle is almost 
the same.
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Fig. 2   Scheme of the measurement procedure to determine the ther-
mal conductivity using: a a commercial heat flow meter for samples 
of 300 × 300 mm2; b an external sensor coupled to a commercial 

heat flow meter for samples of 300 × 300 mm2; and c an external sen-
sor coupled to a commercial heat flow meter for samples of dimen-
sions < 100 × 100 mm.2
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External sensor coupled to a commercial heat flow meter 
(ES)

Additionally, a heat flux sensor gSKIN®-XP 27 9C 
(greenTEG AG) and a data logger gSKIN® DLOG-4218 
(greenTEG AG) were used to measure the thermal con-
ductivity. This combination allows measuring in a range 
of ± 1100 W m−2. The relative error of the flux measured is 
3%. Sensor dimensions are 10 × 10 mm2 with a thickness of 
0.5 mm. The temperature range of the sensor is from − 50 °C 
to 150 °C. The sensor is calibrated under steady-state condi-
tions with a method that is oriented towards ISO8301 [21]. 
A linear correction factor Sc accounts for the temperature 
dependency of the sensor sensitivity. To calculate the sensi-
tivity of the sensor at temperature Ts Eq. (3) is used, where 
S0 = 10.74 µV m2 W−1 and Sc = 0.0134 µV m2 W−1 °C−1. 
Equation (3) and the correction factors are provided by 
greenTEG AG.

The heat flux per unit area is finally calculated using the 
following formula (Eq. (4)), where U is the sensor output 
voltage in μV.

The measurements using the external sensor were per-
formed using the following method. First, samples of 
300 × 300 × 15 mm3 were placed between the two plates 
of a commercial heat flow meter. As shown in Fig. 2a, in 
this case, two rubber pieces of dimensions 300 × 300 mm2 

(3)S(T) = S
0
+
(

T
s
− 22.5

)

⋅ S
c

(4)q =
Q

A
=

U

S

(thickness 1.5 mm) were placed between the sample and the 
plates to minimize the fluctuations of the heat flux registered 
by the sensor. The sensor is located between the sample and 
the upper rubber piece, in the middle of the samples’ sur-
face. Furthermore, two thermocouples were used to monitor 
the temperature on both sides of the sample. To measure 
the thermal conductivity of the small samples (samples 
area < heat flow meter heat flux transducers area), a PUR 
mask was used to fill the remaining space to avoid convec-
tion (Fig. 2b).

For all the experiments using the external sensor, the 
output voltage was measured every second (Fig. 3a). The 
output signal has been smoothed to compare the measure-
ments with the ones provided by the commercial heat flux 
meter, which calculates the average flux at each measuring 
cycle. An adjacent-averaging smooth has been applied. This 
smoothing consists of taking the average of a number of 
data points around each point in the data and replacing that 
point with the new average value. The number of data points 
to perform the smooth was set to 400 to compare with the 
commercial heat flow meter measurements (which calculates 
the thermal conductivity of each cycle as an average of the 
values measured during 512 s). Finally, an average of 1200 s 
(i.e., 3 cycles of the commercial heat flow meter) was taken 
in the smoothed signal in the region where the steady-state 
condition is reached (i.e., the voltage does not vary with 
the time) to obtain the mean output voltage and the stand-
ard deviation (Fig. 3b). This data treatment just reduces the 
measurement fluctuations (i.e., the standard deviation), not 
affecting the mean value of the calculated thermal conduc-
tivity and providing an accurate comparison with the results 
obtained by the commercial heat flow meter.
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Results and discussion

HFM versus ES method

Figure  4 summarizes the thermal conductivities of 
the XPS, EPS, PE, and PUR samples with dimensions 
300 × 300 × 15 mm3 obtained by both methods. Thermal 
conductivities of those materials ranged between 26.45 
mW m−1 K−1 (PUR measured at 10 °C) and 39.46 mW 
m−1 K−1 (PE measured at 40 °C), values that are in the 
range of interest for thermal insulation materials. Gen-
erally, the thermal conductivities obtained through both 
methods are similar and follow the same trends. How-
ever, the thermal conductivity obtained using the sensor 
method (ES) is slightly higher than the one provided by 
the commercial heat flow meter (HFM). For example, at 
20 °C for the XPS (Fig. 4a), the HFM method provides 
33.55 mW m−1 K−1, while the ES method gives 35.50 mW 

m−1 K−1 (6% increase). For the PUR (Fig. 4c), the differ-
ence between the two values is around 7%. Meanwhile, for 
the EPS and PE samples difference between the two values 
is around 2%. Differences are slightly higher for XPS and 
PUR in comparison with EPS and PE samples probably to 
their higher rigidity which could affect the sample-sensor 
contact. Also, the relative difference between methods 
increases as the temperature increases. For instance, for 
EPS (Fig. 4b) at 10 °C the difference between the thermal 
conductivity obtained through both methods is half of that 
obtained at 40 °C (0.52 versus 1.01 mW m−1 K−1. Regard-
ing the standard deviation of the measurement (SD) using 
the ES method is lower than 0.15 mW m−1 K−1 for most 
of the materials; meanwhile, using the HFM method is 
0.01 mW m−1 K−1. The SD values are calculated as the 
deviation of subsequent measurements of the same sample 
throughout the steady-state regime. However, for the PE 
(Fig. 4d), the SD is higher in the ES measurements (0.92 
mW m−1 K−1 at 10 °C and 0.31 mW m−1 K−1 at 40 °C). 
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Fig. 4   Comparison between the thermal conductivities obtained by 
HFM and ES methods for the different samples with 300  mm side 
(dimensions of 300 × 300 mm2): a XPS, b EPS, c PUR, and d PE. 

Note that the deviation associated with the measurements with the 
HFM is too low for the resolution of the graphs
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Nevertheless, on average, the values measured by the ES 
method follow the same trends as those obtained with the 
conventional HFM. On average, differences in the values 
of the conductivity of 4% are obtained at low temperatures 
(below 30 °C), while at 40 °C the differences increase up 
to 6%.

The mean ratio between the thermal conductivity 
obtained via the two methods (λHFM/λES) is represented as a 
function of the temperature in Fig. 5 to get an average behav-
ior of the relative difference between the methods. The mean 
ratio has been calculated by averaging the ratio of thermal 
conductivity (λHFM/λES) obtained for each material at each 
temperature. It is observed that, as previously commented, 
the ratio decreases as temperature increases; that is, the 
result obtained with the ES procedure is less similar to the 
reference HFM value at higher temperatures. A calibration 
factor (f) as a function of the temperature can be calculated 
by fitting the data to a linear relation (Fig. 5). This calibra-
tion factor correlates the measurements obtained with the ES 
method to those obtained via the regular HFM method. With 

this calibration, it is possible to calculate a corrected thermal 
conductivity (λES*) using the value obtained with the ES 
method at any temperature (TM) from 10 to 40 °C (Eq. (5)). 
The coefficient of determination (r2) of the linear fit is 0.933, 
which implies a good adjustment of the data. This calibra-
tion considers the global effect of the employed methodol-
ogy itself (the use of two external rubber pieces, the external 
thermocouples, and the external sensor) and allows obtain-
ing a value closer to the one that would have been obtained 
through the conventional procedure. From now on, results 
from the ES method after applying the calibration factor 
would be referred to as ES* method. In the Supporting Infor-
mation Sect. 1 the results of applying the ES* method to the 
300 × 300 mm2 samples are presented. Figure S1 shows that 
the values obtained with the ES* method are almost the same 
as those measured with the HFM system once the calibration 
equation of (5) is applied.

Effect of the sample size using the ES method

XPS was selected to carry out the study of the influence 
of the sample size on the ES method. Samples of 25 × 25, 
35 × 35, 50 × 50, and 75 × 75 mm2 were used for this study. A 
rigid PUR mask was used to fill the remaining volume avoid-
ing convection, as explained in Fig. 2c. Figure 6 presents 
a scheme of the relative areas of the sample and the PUR 
mask for the different experiments. Also, the dimensions of 
the heat flux transducers of the heat flow meter equipment 
used (dotted line) and sensor (black square) are included 
to consider the reduction of the sample size and the rela-
tion between the sample and each sensor. Note that the area 
relationship between the full sample (300 × 300 mm2) and 
the commercial heat flux transducers of the heat flow meter 
is 9. The sample-mask configurations for the measurements 
using the external sensor have been selected to satisfy, in 
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most of the cases, this relation (area ratio higher than 9) with 
the external sensor. The sample with dimensions of 25 × 25 
mm2 is the exception having a relation of 6.25 between the 
sample and the external sensor area.

Figure 7 shows the thermal conductivities of the XPS 
samples as a function of their dimensions at the four tem-
peratures used in this study. The values obtained by the ES 
method (Fig. 7a) and the ES* method (Fig. 7b) are presented. 
The value obtained with the HFM technique in a 300 × 300 
mm2 sample is also included as a reference. Also, the relative 
difference between the reference thermal conductivity meas-
ured by HFM and obtained using the ES method (Fig. 7c) 
or the ES* method (Fig. 7d) is included. By applying the 
correction, the accuracy of the measurement improves for 
all the temperatures (i.e., the relative difference is reduced).

As the sample size decreases, the thermal conductivity 
maintains almost constant and close to the reference value 
until reaching a limit. For sample dimensions smaller than 
50 × 50 mm2, the thermal conductivity drastically decreases 
to values much lower than the reference value obtained with 

the HFM method due to a heat flux reduction. For instance, 
at 10 °C the thermal conductivity for the 50 × 50 mm2 sam-
ple measured by the ES* method is only 1% higher than 
the reference. However, the thermal conductivity value is 
reduced by c.a. 5 mW m−1 K−1 when passing to 35 × 35 
mm2 (difference of 15%). We hypothesize that the reduction 
in the measured heat flux using the external sensor might 
be because of heat flux losses in the sample produced by 
border effects.

To summarize, with the current configuration, samples 
with sizes as small as 50 × 50 mm2 can be measured with the 
external sensor method with high accuracy (relative differ-
ence below 4%). Thus, the sensor method allows measuring 
the thermal conductivity of small-size samples.

Validation of the method

Finally, to validate the method, the thermal conductiv-
ity of the rest of the samples (EPS, PUR and PE) with 
dimensions of 50 × 50 mm2 was measured. Figure 8a, b, 
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Fig. 7   Influence of the sample size on the thermal conductivity for 
XPS samples measured at four temperatures using: a the ES method 
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and c show the calculated thermal conductivities with 
and without the application of the correction (ES and 
ES* methods, respectively); for the sake of compari-
son, the reference value measured with the conventional 
HFM method is also included. Figure 8d, e, and f present 
the relative difference between the ES methods and the 
value obtained with the HFM procedure. For example, 
at 10 °C the EPS 50 × 50 mm2 sample shows a value of 
33.79 mW m−1  K−1 when the reference value is 32.63 
mW m−1 K−1 (Fig. 8a). When applying the correction, 
the relative difference is reduced and almost 0% (Fig. 8d). 
Meanwhile, for the PUR (Fig. 8e), the relative difference 
between measurements decreases from 4 to 1% using the 
ES* method. However, for the PE foam (Fig. 8c and f), 
the differences are higher. Anyway, the obtained thermal 
conductivity is close to the reference value; and the gap 
between the results is acceptable, taking into account the 
error of the technique (the absolute error of the HFM is 
2% and the relative error of the external heat flux sensor 
is 3%). Therefore, in general, by applying the correction, 
the accuracy of the thermal conductivity results improves.

Conclusions

A method to measure the thermal conductivity of small 
samples using a heat flux sensor with a dimension of 
10 × 10 mm2 has been developed. The external heat flux 
sensor is coupled to a commercial heat flow meter to per-
form steady-state measurements.

Thermal conductivity has been measured with a com-
mercial heat flow meter (HFM method) (heat flux transducer 
area of 100 × 100 mm2) for four different insulating materi-
als covering a range of thermal conductivities between 26 
and 39 mW m−1 K−1. The same samples (with dimensions 
300 × 300 mm2) were measured with the self-developed 
external sensor method (ES method). In the ES method, two 
rubber pieces were placed between the sample and the plates 
to minimize the fluctuations of the heat flux registered by 
the sensor, and two thermocouples were used to monitor the 
temperature on both sides of the samples.

Results showed that the ES method provides slightly 
higher thermal conductivities than the HFM method. 
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Furthermore, the relative difference increase as the meas-
urement temperature increases. The differences have been 
normalized by obtaining a calibration factor to improve 
the accuracy of the ES method. The effect of the sample 
size has been studied using XPS foam samples, obtaining 
good results with the ES method for sample sizes as small 
as 50 × 50 mm2. Finally, the method has been validated by 
measuring 50 × 50 mm2 samples of the rest of the materials 
(EPS, PUR, and PE foams). In general, once the correction 
is applied, the relative difference is reduced. Therefore, the 
developed external sensor method allows measuring the 
thermal conductivity (within the temperature range of the 
sensor) using a steady-state approach of small prototypes 
as those produced at lab-scale.
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