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A B S T R A C T

The characterization of thermal insulation properties of construction materials represents a fundamental step on
the building insulation assessment. In recent years innovative materials have been introduced in the market to
fulfill the continuously growing requirements of energy saving and sustainability, and their performance is not
so reliable and mature as it happens for traditional insulators. The work presents a Round Robin Test realised
among six European laboratories hosting hot plates devices to measure the thermal conductivity of four different
materials: aerogel, vacuum insulation panels, polystyrene and birch wood fibre insulation boards. After the
definition of the common measurement protocol, the tests campaign was executed and the results were checked
with a consistency analysis. Data showed that the hot plate apparatuses result suitable for the measurement of
the tested innovative materials, both in terms of absolute values retrieved and repeatability. The reproducibility
is satisfactory as well, except for vacuum insulation panels, the most insulating samples, which present values of
standard deviations quite high, at least in relative terms, so showing that the thermal properties of high per-
formance materials must be assessed with particular care.

1. Introduction

The energy saving requirements in the building sector pushes the
research on highly insulating materials towards continuously increasing
performance. Wall thermal insulation properties, as well as transparent
surfaces transmittance, play a fundamental role for the definition of the
heating consumption, as showed by sensitivity analyses conducted to
assess the reliability of building simulation tools [1]. Besides, in recent
years, the environment-friendly materials gained a growing success, as
the sustainability is becoming a central issue on the construction sector
[2,3].

The thermal conductivity of most common building materials could
be retrieved from standard sources of data [4,5]; nevertheless, the di-
rect measurement (with its uncertainty) constitutes the most reliable

way to assess this thermophysical property [6–8].
One of the most accurate approach for the measurement of homo-

genous materials thermal conductivity in steady-state conditions is the
guarded hot-plate method [9–15].

The principle is quite simple: the sample is positioned among two
surfaces kept at known constant temperatures Th and Tc; registering the
stationary heat flow passing through the plates, it is possible to obtain
the thermal conductivity of the material analysed by means of the one-
dimensional integral form of the Fourier equation [16,17]:

= qL
A T T( )h c (1a)

where q is the heat flow per time unit and A is the area of the sample
facing the plates.
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The guarded hot plate method proved useful for the assessment of
the thermal behaviour of particular samples, such as phase change
materials [18], flat evacuated glazing [19] and vacuum insulation pa-
nels.

The scientific community is well aware of the issue of comparing the
results coming from different laboratories: the Keymark group [20]
defined scheme rules to ensure laboratories conformity, stating that
registered laboratories shall produce results on the measurements of λ
at 10 °C respect to the reference material within±1,5%. Extending the
working temperature from 300 K up to 1,000 K, Ebert et al. [21] con-
ducted an interlaboratory campaign on a calcium silicate material;
various types of instruments were used in these measurements: from
guarded hot plates to hot wires, and a self-built apparatus. An increase
of uncertainty emerged at higher temperatures. The temperature de-
pendence of thermal conductivity of expanded glass granulate was also
investigated by Schreiner et al. [22] through a Round Robin Test (RRT)
executed again with different devices. It was demonstrated that the
transient methods show very good compliance with the Keymark re-
ference curve.

In recent years a particular attention has been dedicated to the
super-insulating materials thermal tests. In the EBC Annex 65 [23], for
instance, the theme of repeatability was the object of a common-ex-
ercise on Insulation Panels and Advanced Porous Materials. Within this
framework, a series of different samples of Vacuum Insulation Panels
(VIP) and aerogels produced by the main market players were tested by
the research centres involved, highlighting a scarce reproducibility for
the tested surveys. It was not strictly a RRT, but a common exercise as
each laboratory tested a different sample, although made of the same
material and by the same producer. VIPs were also the subject of a RRT
conducted according to the Standard ASTM C1484-00 [24]; a satisfac-
tory agreement among the results was found, showing at the same time
the importance of a proper assessment of the edge effect.

The present work is aimed at performing a RRT among various la-
boratories hosting different hot plate devices, using four types of ma-
terials (the same samples for all the participants, which is an important
feature of the tests). According to the Standard ASTM E 691 for inter-
laboratory studies [25], six laboratories were involved in the RRT; the
participant came from six different European Universities: four Italian,
one Spanish and one Latvian.

The materials described below were chosen for the tests:

− aerogel, composed of nanoporous silicon molecules with trapped air,
deposited on a reinforced glass fiber matrix [26]; nominal thickness
of each panel: 10mm; apparent density: 92 kg/m3.

− Expanded polystyrene panel (EPS), a solid polystyrene closed-cell
foam, one of the most common insulation material; nominal

thickness of each panel: 40mm; apparent density: 8 kg/m3.
− Vacuum insulation panels (VIPs), made of a microporous insulation

material consisting of inorganic oxides, which main constituent is
fumed silica [27]; nominal thickness of each panel: 25mm; apparent
density: 167 kg/m3.

− Birch wood fibre board, derived from the birch veneer waste and
produced by a Latvian manufacturer [28]; nominal thickness of each
panel: 50mm; apparent density: 55 kg/m3.

The selection criterion obeyed to the following considerations:
aerogel and VIPs represent the innovative high-insulation solutions,
birch wood fibre insulation boards stand for the sustainable answer,
and the common polystyrene panels fulfilled the function of the re-
ference insulating material.

Four samples for each material were tested, except for the VIPs, as
only two samples were available.

2. Methodology and description of the hot plate apparatuses

2.1. Measurement protocol

A seven steps measurement protocol was shared among the part-
ners, with the purpose of controlling, as far as possible, the variables
linked to the measurement procedures.

− Step 1 (panels conditioning): the panels to be tested were condi-
tioned in a climatic chamber (or similar devices) for the humidity
evaporation between 105 °C and 110 °C, except for EPS panels be-
cause of possible structural damages at these temperatures. The
conditioning lasted no less than 24 h and it has been considered
effective if the panel weight difference between two conditioning
periods was lower than 0.1 kg/m3 or 0.01% by volume.

− Step 2 (thickness measurement): the thickness of each panel on its
four sides was measured and the mean value was registered.

− Step 3 (register environmental conditions): the room temperature
and relative humidity were registered, fixing them to values close to
20 °C and 50%, respectively.

− Step 4 (panel setup): the lateral edges of the panels to be tested were
covered with a tape, at the aim of preventing air humidity to enter
the panels themselves.

− Step 5 (pressure set): the pressure was set to 3,000 Pa or the closer
value each device allowed to reach.

− Step 6 (temperature set): the hot plate temperatures were set to
60 °C (hot side) and 15 °C (cold side), or to the closer values that
each device allowed to reach.

− Step 7 (measurement): retrieve the thermal conductivity and repeat

Nomenclature

A area of the sample [m2]
c calibration factor [−]
d deviation for each laboratory [W/m∙K]
EPS expanded polystyrene panel
f correction coefficient [K−1]
h between-laboratory consistency
j laboratory number
k within-laboratory consistency
n number of the tests executed
q heat flow per time unit [W]
Q heat flow per time and area unit [W/m2]
r repeatability
R reproducibility
RRT Round Robin Test
s standard deviation of the averages [W/m∙K]

T temperature [K]
V voltage output [V]
VIP vacuum insulation panel

Greek symbols

λ thermal conductivity [W/m∙K]

Subscripts

a average
c cold
h hot
m measured
r reference
T temperature
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the procedure for all the samples.

During the RRT, the results of each laboratory remained unknown
to all other participants, to avoid reciprocal influence on the mea-
surements.

2.2. Description of the hot plate and heat flow meter apparatuses

Each hot plate device used in the RRT differs from the others for
various characteristics. In the next paragraphs a short description of
each apparatus is provided.

2.2.1. University of Bologna
The experimental set-up is based on the heat flux meter method

with a single-specimen symmetrical configuration; the schematic of the
apparatus is shown in Fig. 1. Water from two separate thermostatic
baths (Techne Tempette Mod. RB-54) (1 and 2 in Fig. 1) is circulated by
two pumps (3 and 4 in Fig. 1) through two serpentine coils in thermal
contact with a thick copper plate each (5 and 6 in Fig. 1). The plates are
thus kept at a constant but different temperature and strive to provide
two isothermal boundaries for the specimen to be tested. The surface
temperature on the plates is measured by ten K-type thermocouples.
Two heat flux meters are placed between the two plates and the test
specimen. These assemblies allows the calculation of the specific heat
flux through the metering area, A, from a measurement of their voltage
output, V, and a calibration factor, c, which is a function of the average
temperature of the heat flux meter face in contact with the test spe-
cimen, Th or Tc, respectively. Hence, for each flow meter, the following
obtains:

=q c T V( )h c, (1b)

On the flow meter side facing the specimen, six K-type thermo-
couples are located, following the arrangement suggested by EN 12667
[17] in order to calculate the average temperature on each side of the
test specimen, Tc and Th respectively. The average temperature of the
test specimen, Ta, is obtained averaging these two values. The ambient
air temperature is also measured by another thermocouple placed close
to the set-up. All thermocouples cold junctions are kept at the reference
temperature (0 °C) by a Peltier cooler ice point (Kaye 170, 12 in Fig. 1).
Data relative to heat flux meter and thermocouple output are recorded
continuously during the measurement period using a HP 3488A
switcher, a HP 3458A multimeter and stored in a personal computer for
processing.

The experimental setup has been checked in order to verify its
compliance with the standard requirements for conductivity measure-
ments. The most significant controls were performed on the following
parameters: flatness, emissivity and temperature distribution of the

heating and cooling plates, number and location of temperature sensors
and emissivity of the two heat flow meters.

2.2.2. University of Latvia
The Department of Physics, Faculty of Physics and Mathematics,

University of Latvia hosts a Taurus TCA 500 P measuring instrument. It
is a system for determining the thermal conductivity of samples by the
heat flow meter method (Fig. 2). The test sample, with dimensions of
50× 50 cm, is placed between the cooling plate and the heater plate;
the heat flows from the heater plate through the sample to the cooling
plate from where it is carried off. A passive protection zone surrounds
the heat flow meter to prevent, as far as possible, lateral heat transfer.
Depending on the thickness of the sample, the width of the protection
zone considerably influences the uncertainty of the measuring set-up.
The minimum thickness of the test specimen is 20mm; the maximum is
200mm.

The instrument includes the following main functional units:

− measuring chamber;
− one cooling plate with heat flow meter;
− one hot plate with heat flow meter;
− one isothermal block.

The heater and cooling plate temperature is adjusted by means of a
Peltier cryostat to establish a temperature gradient from the heater
plate across the specimen of 5 ÷ 30 °C. The average sample tempera-
ture can be changed between 0 and 60 °C.

The thermocouples of each measurement plane are embedded in the
surface of the heating and cooling plate, respectively, in fixed positions.
When measuring solid samples, sponge rubber mats with known
thermal conductivity are used as compensating layers. A total of 10
thermocouples are used for the direct determination of the average
measurement temperature difference.

The purpose of the isothermal block is to provide compensation for
the thermocouple voltages for the transition from thermal material to
copper conductors, which also have thermal voltages.

In order to keep the effort for compensating these error voltages
low, all transitions from thermal conductors to copper conductors are
made in an environment kept at a uniform temperature. This environ-
ment is the isothermal block, designed to keep the temperature gradient
within the block very small. The temperature within the isothermal
block is determined by means of a highly accurate PT100 measuring
resistor and it is used for correcting the thermal voltage error.

The device is equipped with a lifting equipment (the upper cold
plate is moved by an electric lift device) and force (resolution 1.0 N)
and thickness (resolution 0.1mm) sensors.

Fig. 1. Illustrative chart and general view of Bologna heat flow meter apparatus. 1), 2) thermostatic baths; 3), 4) circulator pumps; 5),6) heating and cooling plates;
7) test specimen; 8) heat flow meters; 9) personal computer; 10) multimeter; 11) switcher unit; 12) ice point; 13) general purpose interface bus.
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2.2.3. Universidad Politécnica de Madrid
At Universidad Politécnica de Madrid the thermal conductivity λ of

the samples was measured by means a heat flow meter model HFM 436
Lambda. The HFM 436/Lambda complies with the standards ASTM
C518-17 [29] and EN 12667 [17].

In the HFM 436 the sample is placed between two heated plates, set
at different temperatures. For the measurement, the dimension of the
samples is 30× 30 cm. The heat flow Q per time and area unit trough
the sample is measured by a calibrated heat flux transducer.

The test is executed after reaching a thermal equilibrium. The
sample is placed between two heated plates controlled to a user-defined
average sample temperature and temperature drop.

The plate temperatures are controlled by bidirectional Heating/
Cooling Peltier systems, coupled with a closed loop fluid flow with an
integrated forced air heat exchanger as shown in Fig. 3.

In the HFM 436, one of two heat flow transducers measure the heat
flow though the sample. The signal of a heat flow transducer (in volts)
is proportional to the heat flow through the transducer (see equation
(1)).

2.2.4. University of Modena and Reggio Emilia
The Guarded Hot Plate apparatus (GJHP) is a "double-specimen"

type, with frontal dimensions 300mm×300mm. Fig. 4 shows an ex-
ploded sketch of the GHP. The heaters are divided in a central square
section to which a heat flow rate is provided through embedded re-
sistors fed with direct current, and a contour section provided also with
a heat flow rate, and maintained at the same temperature of the central
section by a closed-loop control system.

Building the sandwich from the ham to the two bread slices, the
central and contour heaters have over and under themselves two cou-
ples of aluminium plates (hot plate metering and guarding sections)
that follow their contours. In these plates, 5 sensors are housed;

continuing outwards, the spaces for the samples to be tested are lo-
cated. Continuing again, other couples of aluminium plates are located
following the contours of the central square and the guard. Two sensors
are located in the central aluminium elements (cold plates metering
section). At the top and bottom of the apparatus two liquid cooled metal
plates are located. A thick layer of expanded polyethylene insulates all
the apparatus.

The apparatus is provided with 14 shielded RTD Pt100 elements,
divided as follows:

- 8 positioned within the measurement zone;
- 6 positioned inside the ring guard near the main heating element.

All the sensor are connected with a National Instrument NI-4251
PCI board with TBX-68T and their signal is collected through a
LabVIEW custom software that is also in charge of managing the tem-
perature control of the hot plates. The electric power fed into the
central zone, completely converted into heat due to Joule effect, is
measured by a professional digital wattmeter.

2.2.5. University of Perugia
The apparatus hosted in the Laboratory of Thermotechnics of the

University of Perugia is a "single-specimen" type, the frontal dimensions
are 50×50 cm; Fig. 5 shows an illustrative chart and a general view of
the guarded hot plate. The main heating element (hot plate) is divided
into a central square component (measurement area) that provides a
specific power through resistors fed with direct current, and a contour
element (guard ring) maintained at the same temperature of the central
part by the control system. Below the heating element, sandwiched
between two panels of insulating materials, a second guard hot plate is
installed; also this plate is maintained at the same temperature of the
central part by the control system. All the apparatus is aimed at the

Fig. 2. Illustrative chart and general view of Latvian laboratory system. 0) heater plate; 1) heat flow meter 2; 2) specimen; 3) heat flow meter 1; 4) cooling plate.

Fig. 3. Illustrative chart and general view of Madrid system.
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achievement of a one-dimensional heat flow within the measurement
zone. The specimen is interposed between the main heating element
and a water cooled metal plate (cooling unit).

The apparatus is provided with 34 shielded J-type thermocouples,
divided as follows:

- 17 thin-wire thermocouples positioned within the measurement
zone;

- 8 thin-wire thermocouples positioned inside the ring guard near the
separation from the measurement zone;

- 8 immersion thermocouples positioned inside the cooling unit in
direct contact with the specimen;

- 1 shielded thermocouple inserted inside the bottom guard hot plate.

The sensors can be divided into two subgroups:

- a group that monitors the thermal imbalance between the measuring
area and the guard zones;

- a second group to measure the average temperature of the hot and
cold face of the specimen, at the aim of defining an average cross
temperature difference.

The sensors installed to balance the temperatures between the
various elements of the apparatus are connected to the control panel,
which is made of 6 temperature controllers capable of operating both in
PID and ON/OFF modalities. The monitoring apparatus and the mea-
surement of the various temperatures elements is implemented by 3
DAQ data acquisition systems, four channels each, for a total of twelve

sensors acquired. The measurement of the power fed into the central
zone is carried out with a professional digital multimeter.

2.2.6. Politecnico di Torino
The apparatus hosted in the Energy Department of Politecnico di

Torino is a single sample Dynamic Heat Flow Meter apparatus (DHFM)
“Lasercomp FOX 600” conforming to the standards ASTM C518-17 [29]
and EN 12667 [17]. The apparatus can operate in steady state condi-
tions (measurement of the thermal conductivity and thermal re-
sistance), and dynamic thermal conditions can be used for the char-
acterization of the dynamic thermal properties (volumetric specific heat
and enthalpy according to ASTM C1784-14 [30]).

The experimental apparatus was calibrated by the manufacturer
with a reference expanded polystyrene sample certified by NIST (1450b
NIST SRM). Moreover, a second calibration process was carried out in
Politecnico di Torino by using a Pyrex glass “Pyrex50mmIRMN” certi-
fied by National Physical Laboratory (NPL) of Teddington UK.

The measurement plates have dimensions of 60×60 cm and are
both equipped with thermocouples (temperature resolution± 0.01 °C)
and heat flux transducers (measuring area of 254×254mm) that allow
measuring samples with a minimum size of 30× 30 cm. The HFM de-
vice is heated/cooled by Peltier elements that utilize an external chiller
system as a heat exchanger. Linear optical encoders are located in the
corners of the apparatus to measure the sample thickness. The scheme
of the apparatus and the picture of the measurement rig are reported in
Fig. 6.

Fig. 4. Illustrative chart and general view of Modena and Reggio Emilia guarded hot plate.

Fig. 5. Illustrative chart and general view of Perugia guarded hot plate.
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2.3. Statistical analysis

The results of all the experimental tests have been subjected to a
statistical analysis, as indicated in the Standard ASTM E 691 [25]. For
each laboratory partner j involved in the RRT, the thermal conductivity
average value j of each material tested is calculated as follows:

=
= nj

i

n
i

1 (2)

where λi represents the individual test result in the laboratory j and n is
the number of the tests executed in one material in that laboratory; the
correspondent standard deviation (SD) is described by equation (3):

= =s
n

( )
( 1)j

n
i j1

2
i

(3)

The relative SD is the percentage ratio between the standard de-
viation and the average value.

As far as intermediate statistics, the average of the thermal con-
ductivity averages for each material is defined by the next relation:

=
= p

¯
j

p
j

1 (4)

where p is the number of the laboratories involved (six).
Thus, it is possible to evaluate the deviation for each laboratory j:

=d ¯j j (5)

and the standard deviation of the averages:

= =s
d

p( 1)
j
p

j
¯

1
2

(6)

Once the average of the averages and its standard deviation are
retrieved, the precision statistics have to be introduced, in terms of
repeatability standard deviation sr and reproducibility standard devia-
tion sR [31]. The first is obtained with equation (7):

= =s
s

pr
j
p

1
2

(7)

While the latter is the maximum value between (sR)* and sr, with

Fig. 6. Illustrative chart and general view of the Politecnico di Torino heat flow meter apparatus.

Table 1
Within-laboratory consistency k and between-laboratory consistency h critical values for the materials tested.

Material Number of
samples

Number of
labs

Within-laboratory
consistency k

Between-
laboratory
consistency h

Aerogela 4 4 1.73 1.49
Polystyrene 4 6 1.84 1.92
VIPb 2 4 1.95 1.49
Birch wood 4 6 1.84 1.92

a In Bologna lab, the four samples of aerogel were put together in order to reach the minimum thickness required by the apparatus, so retrieving only one value,
not included in the consistency analysis; furthermore, it was not possible to test aerogel in Latvian lab.
b Only two VIPs were available; in Modena Lab the two samples of VIP were put together, as required by the “double-specimen" type apparatus, so retrieving only

one value, not included in the consistency analysis; furthermore, it was not possible to test them in Madrid, as their dimensions exceeded the maximum size of the hot
plate available.

Table 2
Temperature correction coefficients for the materials tested.

Material Correction coefficient [K−1] Reference of the ISO 10456

Aerogel 0.0043 Cellular glass
Polystyrene 0.0030 Expanded polystyrene
VIP 0.0030 Calcium silicate
Birch wood 0.0040 Wood wool boards

G. Baldinelli et al. International Journal of Thermal Sciences 139 (2019) 25–35

30



Ta
bl
e
3

Re
su
lts
of
al
lt
es
ts
co
nd
uc
te
d
in
th
e
RR
T.

M
at
er
ia
l

Sa
m
pl
e

W
ar
m
si
de
-T
em
pe
ra
tu
re
[°
C]

Co
ld
si
de
-T
em
pe
ra
tu
re
[°
C]

Bo
lo
gn
a

La
tv
ia

M
ad
ri
d

M
od
en
a

Pe
ru
gi
a

To
ri
no

Bo
lo
gn
a

La
tv
ia

M
ad
ri
d

M
od
en
a

Pe
ru
gi
a

To
ri
no

A
er
og
el

A
1

50
.0
7

-
52
.0
0

19
.7
9

59
.3
1

60
.0
2

24
.0
4

-
22
.0
0

−
1.
06

15
.5
0

15
.0
2

A
2

-
52
.0
0

59
.3
6

60
.0
2

-
22
.0
0

15
.3
2

15
.0
1

A
3

-
52
.0
0

19
.8
7

59
.4
8

60
.0
2

-
22
.0
0

−
1.
07

16
.2
8

15
.0
2

A
4

-
52
.0
0

59
.3
0

60
.0
2

-
22
.0
0

16
.5
0

15
.0
1

Po
ly
st
yr
en
e

P1
49
.3
7

45
.9
0

52
.0
0

20
.2
7

59
.5
6

60
.0
3

24
.2
5

15
.7

22
.0
0

−
1.
17

17
.9
2

15
.0
1

P2
49
.3
7

46
.5
0

52
.0
0

59
.6
5

60
.0
2

24
.2
6

15
.7

22
.0
0

16
.9
3

15
.0
1

P3
49
.2
9

46
.8
0

52
.0
0

19
.8
8

59
.6
8

60
.0
2

24
.2
7

15
.6

22
.0
0

−
1.
18

16
.9
3

15
.0
1

P4
49
.1
6

-
52
.0
0

59
.6
7

60
.0
2

24
.2
4

-
22
.0
0

16
.8
5

15
.0
1

VI
P

V1
50
.5
3

48
.1

-
19
.2
2

59
.7
8

60
.0
3

23
.4
2

15
.3

-
1.
75

15
.7
8

15
.0
2

V2
50
.7
6

46
.7

-
37
.7
7

60
.0
2

23
.4
3

30
.1

-
18
.0
2

15
.0
1

Bi
rc
h
w
oo
d

W
1

49
.5
1

49
.2

52
.0
0

19
.6
2

36
.7
2

60
.0
2

23
.5
0

15
.7

22
.0
0

−
1.
16

18
.0
3

15
.0
1

W
2

49
.6
6

49
.2

52
.0
0

36
.7
1

60
.0
2

24
.2
0

15
.7

22
.0
0

18
.0
5

15
.0
1

W
3

49
.6
7

49
.1

52
.0
0

19
.9
7

36
.7
3

60
.0
3

24
.2
3

15
.6

22
.0
0

−
1.
16

18
.0
3

15
.0
1

W
4

49
.4
0

48
.5

52
.0
0

36
.7
0

60
.0
2

24
.1
6

15
.6

22
.0
0

18
.0
3

15
.0
2

M
at
er
ia
l

Ro
ug
h
th
er
m
al
co
nd
uc
tiv
ity

[W
/m

K]
Co
rr
ec
te
d
th
er
m
al
co
nd
uc
tiv
ity

[W
/m

K]

Bo
lo
gn
a

La
tv
ia

M
ad
ri
d

M
od
en
a

Pe
ru
gi
a

To
ri
no

Sa
m
pl
e

Bo
lo
gn
a

La
tv
ia

M
ad
ri
d

M
od
en
a

Pe
ru
gi
a

To
ri
no

A
er
og
el

0.
02
1

-
0.
02
63

0.
01
91

0.
01
9

0.
02
08

A
1

0.
02
10

-
0.
02
64

0.
02
16

0.
01
90

0.
02
08

-
0.
02
13

0.
01
8

0.
01
95

A
2

-
0.
02
13

0.
01
80

0.
01
95

-
0.
02
29

0.
01
98

0.
01
9

0.
02
01

A
3

-
0.
02
30

0.
02
23

0.
01
90

0.
02
01

-
0.
02
33

0.
01
9

0.
01
97

A
4

-
0.
02
33

0.
01
90

0.
01
96

A
ve
ra
ge

0.
02
10

-
0.
02
35

0.
02
19

0.
01
87

0.
02
00

SD
0.
00
00

-
0.
00
21

0.
00
06

0.
00
05

0.
00
06

Re
la
tiv
e
SD

0.
0%

-
9.
0%

2.
5%

2.
6%

3.
0%

Po
ly
st
yr
en
e

0.
03
70

0.
03
58

0.
03
73

0.
03
24

0.
03
60

0.
03
68

P1
0.
03
71

0.
03
65

0.
03
73

0.
03
52

0.
03
59

0.
03
68

0.
03
70

0.
03
58

0.
03
75

0.
03
70

0.
03
64

P2
0.
03
71

0.
03
65

0.
03
75

0.
03
69

0.
03
64

0.
03
60

0.
03
57

0.
03
72

0.
03
24

0.
03
70

0.
03
66

P3
0.
03
61

0.
03
64

0.
03
72

0.
03
53

0.
03
69

0.
03
66

0.
03
70

-
0.
03
72

0.
03
70

0.
03
67

P4
0.
03
71

-
0.
03
72

0.
03
69

0.
03
67

A
ve
ra
ge

0.
03
68

0.
03
65

0.
03
73

0.
03
52

0.
03
67

0.
03
66

SD
0.
00
05

0.
00
01

0.
00
01

0.
00
00

0.
00
05

0.
00
02

Re
la
tiv
e
SD

1.
4%

0.
2%

0.
4%

0.
0%

1.
4%

0.
5%

VI
P

0.
00
50

0.
00
57

-
0.
00
48

0.
00
80

0.
00
49

V1
0.
00
50

0.
00
58

-
0.
00
51

0.
00
80

0.
00
49

0.
00
50

0.
00
51

-
0.
00
70

0.
00
45

V2
0.
00
50

0.
00
51

-
0.
00
72

0.
00
45

A
ve
ra
ge

0.
00
50

0.
00
54

-
0.
00
51

0.
00
76

0.
00
47

SD
0.
00
00

0.
00
05

-
0.
00
00

0.
00
06

0.
00
02

Re
la
tiv
e
SD

0.
0%

9.
3%

-
0.
0%

7.
3%

5.
0%

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

G. Baldinelli et al. International Journal of Thermal Sciences 139 (2019) 25–35

31



(sR)* following defined:

= +s s s n
n

( ) ( ) ( ) ( 1)
R

r2
2

(8)

The within-laboratory consistency starts from the definition of the
parameter kj:

=k
s
sj

j

r (9a)

High values of the term kJ indicate within-laboratory imprecision,
while very low ones may be linked, for instance, to an insensitive
measurement scale.

The between-laboratory consistency hj, a parameter indicating at a
glance the variability of the test method and particular laboratories that
exceed or result close to the critical values, is calculated by the next
equation:

=h
d
sj

j

¯ (9b)

The k and h critical values at the 0.5% significance level depend on
the number of laboratories and the number of replicate test results [25]:
since not all samples were tested in all laboratories and the number of
samples available is not the same for all materials, the critical values
result different from one type of material to another (Table 1).

If the data consistency analysis shows that no inconsistent results
emerge, the 95% repeatability and reproducibility limits (r and R) could
be calculated without excluding any measurement:

=r s2.8 r (10)

=R s2.8 R (11)

The relative 95% repeatability and reproducibility are represented
by the percentage ratio between the r and R and the average of the
thermal conductivity averages ¯.

3. Results and discussion

Since the various apparatuses did not allow to test the samples at
the same average temperature of the protocol, the correction proposed
by ISO 10456 [5] was used for the materials considered in such stan-
dard to take into account of the dependence of thermal conductivity on
temperature. More specifically, the thermal conductivity λ of each
sample was modified from that retrieved at the average measurement
temperature Tm to that at the cross comparison reference temperature
Tr=37.5 °C, according to the following equation:

=T T e( ) ( )r m
f T T( )T r m (12)

The correction coefficients used for the various materials are in-
dicated in Table 2.

The results of the tests conducted in the laboratories are reported in
Table 3 and Fig. 7.

All values retrieved appear aligned to what expected from the type
of materials tested.

The data consistency analysis confirms that all tests may be con-
sidered reasonably consistent, as graphs for k and h reported in Figs. 8
and 9 demonstrate.

Table 4 shows the average of the averages of the thermal con-
ductivity ¯ for each material, coupled with the statistical results.

From the analysis of parameter k the accuracy of the single in-
strumentation of each material can be evaluated. Each measurement
performed by each laboratory should be expressed with his level of
uncertainty usually defined by instrumentation accuracy or calculated
by means the error propagation theory [32] taking into account the
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Fig. 7. Corrected thermal conductivity average value [W/m∙K] and standard deviation for each laboratory.

Fig. 8. Within-laboratory consistency k.

Fig. 9. Between-laboratory consistency h.
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measurement chain. Table 5 reports the uncertainty for each device
used in the tests.

However, the statistical analysis for the interlaboratory study has
been done according to the Standard ASTM E691 [25], where the
standard deviation and the within-laboratory analysis represent the
quality of the measurement for each laboratory.

It is showed that, the repeatability inside each laboratory is quite
satisfying for all materials (relative repeatability standard deviation
ranging from less than 1% up to a maximum of around 7%), con-
firming results obtained from another interlaboratory study [33]. As
regards reproducibility, the RRT outcomes show a relative reprodu-
cibility standard deviation not far from 10% for all the samples,
except for VIPs, which are characterised by a value of around 25%
and the correspondent relative 95% reproducibility of around 70%.
The reasons for the low performance of reproducibility for VIPs has
to be searched firstly in the very low value of its apparent thermal
conductivity, making more influent the absolute instrument un-
certainties on the final values. Secondly, the samples available were
only two, instead of the four tested for the other materials, and one
laboratory could not perform the measurements because of dimen-
sions issues: all these circumstance limited the number of tests exe-
cuted. Finally, as showed in the work of Fantucci et al. [34], the VIPs
thermal performance is strongly affected by ageing even of a few
years and as the RRT lasted more than two years, also the latter may
constitute a reason for the VIPs low reproducibility.

4. Conclusions

The Round Robin Test executed for the measurement of innovative
insulating materials thermal conductivity involved six laboratories all
over Europe. Four different materials (aerogel, vacuum insulation pa-
nels, birch wood fibre insulation boards and polystyrene) were chosen,
for a total of fourteen samples. A measurement protocol procedure was
shared among the partners, at the aim of limiting the possible physical
sources of differences in results.

The statistical analyses showed that all laboratories performed
adequately both in terms of within-laboratory consistency and between-
laboratory consistency, once the correction for different measurement
average temperatures is implemented.

The results demonstrated that the hot plate devices, despite the
different configurations used in the Round Robin Test, reveal them-
selves all as useful tools to assess the thermal conductivity of in-
sulating innovative materials. In particular, the repeatability values
indicate good performance for all the laboratories and sample, with a
relative repeatability standard deviation not higher than 7% in the
worst case.

As regards the reproducibility, aerogel, birch wood fibre insula-
tion boards panels and polystyrene registered a satisfactory upper
limit of around 10% for the relative reproducibility standard devia-
tion, while vacuum insulation panels, the most insulating samples,
present a value close to 25%, which is quite high, at least in relative
terms.

Although this low reproducibility could be partly due to the lim-
ited number of samples available and to the lack of the results of one
lab, it comes to light that data for materials with low thermal con-
ductivities are subjected to higher deviations respect to less insulating
ones.

Therefore, designers must handle with particular care these pro-
ducts, as the data available may be subjected to significant uncertainty.

The procedure used in this work appears reasonably robust and
suitable to be extended to other materials, or other testing conditions
(average temperature, humidity content, pressure on the sample), with
the purpose of better covering the possible conditions of use of in-
sulating materials.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijthermalsci.2019.01.037.
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Table 5
Uncertainties declared for the instrumentations used in the tests.

Partner Device manufacturer and model Uncertainty

University of Perugia University of Perugia and University of Roma "La Sapienza" – Own built Around 5%
University of Latvia Taurus - TCA 500-P Around 5%
University of Bologna University of Bologna Around 4%
Politecnico di Torino LaserComp FOX600 Around 2%
University of Modena and Reggio Emilia University of Modena and Reggio Emilia –Own built The highest of± 0.002W/(m*K) and 2%
Universidad Politecnica de Madrid Netzsch - Heat Flow Metter HFM436/3 Lambda Model Around 3%
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