energies MBPY

Article

On the Effects of Variation of Thermal Conductivity
in Buildings in the Italian Construction Sector

Umberto Berardi 1**, Lamberto Tronchin >* -, Massimiliano Manfren 3
and Benedetto Nastasi 4

1 Department of Architectural Science, Ryerson University, 350 Victoria Street, Toronto, ON M5B2K3, Canada;

uberardi@ryerson.ca

Department of Architecture (DA), University of Bologna, Viale Europa 596, 47521 Cesena, Italy

Faculty of Engineering and the Environment, University of Southampton, Highfield,

Southampton SO17 1BJ, UK; M.Manfren@soton.ac.uk

Department of Architectural Engineering & Technology, TU Delft University of Technology, Julianalaan 134,
2628BL Delft, The Netherlands; benedetto.nastasi@outlook.com

*  Correspondence: lamberto.tronchin@unibo.it; Tel.: +39-051-2090542

check for
Received: 10 February 2018; Accepted: 5 April 2018; Published: 9 April 2018 updates

Abstract: Stationary and dynamic heat and mass transfer analyses of building components are
an essential part of energy efficient design of new and retrofitted buildings. Generally, a single
constant thermal conductivity value is assumed for each material layer in construction components.
However, the variability of thermal conductivity may depend on many factors; temperature and
moisture content are among the most relevant ones. A linear temperature dependence of thermal
conductivity has been found experimentally for materials made of inorganic fibers such as rockwool or
fiberglass, showing lower thermal conductivities at lower temperatures. On the contrary, a nonlinear
temperature dependence has been found for foamed insulation materials like polyisocyanurate, with
a significant deviation from linear behavior. For this reason, thermal conductivity assumptions used
in thermal calculations of construction components and in whole-building performance simulations
have to be critically questioned. This study aims to evaluate how temperature affects thermal
conductivity of materials in building components such as exterior walls and flat roofs in different
climate conditions. Therefore, experimental conductivities measured for four common insulation
materials have been used as a basis to simulate the behavior of typical construction components in
three different Italian climate conditions, corresponding to the cities of Turin, Rome, and Palermo.

Keywords: insulation materials; thermal conductivity; building energy consumption; temperature
dependence; high-performance buildings

1. Introduction

In 2010, buildings accounted for 32% of total global final energy use, 19% of energy-related
Greenhouse Gas (GHG) emissions, 51% of global electricity consumption, 33% of carbon emissions,
and an eighth to a third of F-gases emissions [1]. In residential buildings, space heating shows the
highest share of total primary energy consumption, equal to 32%. In commercial buildings as well,
space heating dominated consumption with a 33% share of the total primary energy consumption [1].
In the European Union (EU), important efforts have been put into energy policies and different
directives have resulted in recent years. Among them, the most important ones are the Energy
Performance of Buildings Directive [2,3] and the Energy Efficiency Directive [4]. Further, there is
much evidence that improving energy efficiency practices in the existing building stock will be crucial
for energy sustainability at the EU level [5]. This strategy is even defined as the “new start” for the
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new EU economy [6] since the finance of energy efficiency can be unlocked by public and private
partnership and not rely only on EU funds [7]. Considering the problem of space heating demand
reduction, heat losses can be decreased by improving envelope performance with increased levels of
insulation. This measure is the most effective way to drastically reduce heating demand, considering,
of course, dependence on climate conditions [8]. However, in the existing building stock, this measure
is much more costly than the replacement of boilers in heating systems [9,10]. Nonetheless, there are
evident synergies between building envelope performance enhancement and sizing and operation of
technical systems [11], even in the case of advanced energy conversion systems [12]. Following this
evidence, many research efforts have been concentrated on the definition of methodologies [13] for the
determination of cost-optimal levels of energy performance [13] in new and retrofitted buildings [14,15],
and the impact of insulation can be extremely relevant in modelling [16]. Clearly, a reasonably robust
performance estimate [17] is necessary to evaluate project feasibility. In this sense, uncertainty of
energy performance represents an issue in techno-economic assessment methodologies and relevant
sources of uncertainty have to be considered to limit as much as possible the “performance gap” [18],
or side effects such as “re-bound” [19], “pre-bound” [20], and overheating risk [21]. These effects could
potentially undermine the credibility of energy efficiency practices and, for these reasons, appropriate
methodological tools are needed to account for uncertainty in building applications—for example, at
the energy performance contracting level [22].

This paper focuses on one particular aspect that may affect the performance of building insulation
materials (and, consequently, overall building performance)—temperature dependence of thermal
conductivity—and how the approximations used in calculation tools may affect performance estimates.
So far, this aspect is normally neglected and has not been considered in a number of scientific
publications about energy behavior of buildings. In particular, the potential uncertainty introduced by
constant and linear temperature dependence approximations is addressed by combining experimental
analysis and thermohygrometric simulations for selected case studies in three Italian climate conditions.

2. Impact of Thermal Insulation Variability in Building Energy Performance

In common design practice, the starting point for building energy performance analysis is
the thermal analysis of building construction components and fabric. A more accurate analysis
requires the use of thermohygrometric modelling tools, based on heat, air, and moisture transfer
(HAMT) algorithms [23]. This type of analysis is not generally integrated into energy simulation and
is conducted in a separate way according to specific standards [24], considered for building code
compliance checking.

Heat transfer in building components occurs through three modes: conduction, convection, and
radiation [25]. In dynamic building energy modelling tools, monodimensional heat transfer and zonal
energy and mass balances are generally considered [26,27]. For these reasons, several approximations
are introduced in the modelling process. These approximations will be briefly summarized hereafter,
showing the impact of thermal conductivity at multiple scales of analysis:

1.  single layers of material;
2. construction components;

3. overall building fabric.

First, the thermal conductivity concept was introduced by Fourier with his phenomenological law
of heat [11]. This law states that heat transfer rate through a material is proportional to the negative
temperature gradient and to the area through which heat flows. By considering a monodimensional
heat transfer problem through a single material layer in stationary conditions, we can write
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where

q is heat transfer rate;

Q is thermal energy transfer;

A is thermal conductivity;

s is depth of the material layer;
A is area;

At is time interval;

9; is internal side temperature;
8. is external side temperature.

Building construction components generally constitute multiple layers of material and we can
account for stationary heat transfer by introducing thermal transmittance U [28]. Limits on U (or
R) values of individual construction components are generally imposed by building regulations.
Convective and radiative heat transfer taking place respectively on the internal and external surfaces
of components are accounted for by specific resistances in the calculation [28]. The stationary thermal
energy transfer for a multilayered construction component can be calculated as follows:

U= % - 15‘ T 1 15‘ 1 @)
(RSi + L /Tl, + RS") (Esi + Z:] /Tl, + Ese)

Q= UA(0. — 0;)At 4)
where

U is thermal transmittance;

R is thermal resistance;

A; is thermal conductivity of layer i;

s; is depth of material layer i;

R,; is thermal resistance on internal side;

Rs, is thermal resistance on external side;

h; is thermal heat transfer coefficient on internal side, accounting for convection and radiation;
he is thermal heat transfer coefficient on external side, accounting for convection and radiation;
Q is the thermal energy transfer.

In order to easily account for the overall heat transfer performance of the building fabric in
stationary conditions, heat transfer coefficient H can be introduced [29]. Similar to the U value, in
building regulations, limits can be set for the overall fabric performance using H. The heat transfer
coefficient can be calculated as follows:

Hy =) Ui- Ai+ Y 9L+ ) xe (5)
i j k

Qtr - Htr(ei - Ge)At (6)
where

Hy, is the thermal heat transfer coefficient for the building fabric;

U; is the thermal transmittance of construction component i;

Aj is the surface area of construction component i;

i; is the heat transmission coefficient for two-dimensional thermal bridge j;

lj is the length of the two-dimensional thermal bridge j;



Energies 2018, 11, 872 40f17

Xk is the heat transmission coefficient for three-dimensional thermal bridge k;
Hy, is the heat transfer coefficient for envelope transmission;
Qy is the heat transfer of the overall building envelope in stationary conditions.

In Equation (5), quantities are introduced to account for bidimensional and tridimensional heat
transfer happening in thermal bridges. Even in this case, simplifications are possible, for example, by
performing regression analysis on thermal bridges calculated with detailed bidimensional stationary
heat transfer models in multiple conditions [30]. Further, moving from stationary to dynamic behavior
of building construction components and fabric [26,27], conceptual models can be introduced [31] to
simplify performance assessment [32,33]; however, the estimation of aggregated (lumped) thermal
properties has to be considered carefully [34], as the potential advantages themselves depend on the
operational strategy adopted in buildings [35].

The impact of insulation materials in building components is determined by the low conductivity
value. Consequently, the use of insulation sensibly affects all the aggregated physical properties
(i.e., Uor R, H, but also dynamic parameters) from individual components to the overall building
fabric. For this reason, it is very important to give boundaries to assumptions and simplifications
introduced in calculations. They depend on the specific context of application, i.e., type of construction
technologies, climate conditions, and operation strategies. Further, it is also necessary to synthetically
visualize the impact of design choices at multiple scales, from individual components to the whole
building fabric [36].

Insulation materials generally used in buildings are characterized by a thermal conductivity
lower than 0.10 W/mK, although the most common insulation materials used in the construction
industry have thermal conductivities ranging from 0.03 to 0.05 W/mK. Further, materials with thermal
conductivity values lower than 0.03 W/mK are becoming more popular today in building applications.

The way an insulation material resists heat flux depends on the microscopic cells where air or
other gaseous substances are locked up. In closed-cell materials, the insulation effect is guaranteed
by the fact that air or gas contained in the cells is prevented from moving and, therefore, convective
heat transfer is significantly suppressed. For example, cells in plastic foam insulation (e.g., polystyrene
and polyurethane) contain fluorocarbon gas instead of air, obtaining lower thermal conductivity than
air. A different behavior can be observed for blown foam insulation materials like polyisocyanurate.
This kind of insulation generally shows low conductivity values since the blowing agent is locked up
within the pores, and this condition permits a lower heat transfer by convection and conduction with
respect to air. However, if temperature decreases under the condensation value of the aforementioned
agent, condensation occurs in the pores and, subsequently, the thermal conductivity value rises due to
the higher conductive property of the liquid phase compared to the gaseous phase of the agent [37].

Therefore, thermal conductivity is not directly linked to the insulation material but it is associated
with the thermal resistance of the gas used within the material which determines the theoretical value
limit [25,38]. As such, conduction properties are heavily influenced by the characteristics of raw
material, insulation material density, nature and microscopic structure of the solid component, and
moisture content and temperature [38-40].

Although commonly used insulation materials show variations in their thermal conductivity
determined by temperature, their physical properties are measured at 23.8 °C, the standard test
conditions. However, when insulation materials experience realistic temperature oscillations, their
thermal conductivities vary significantly with respect to the values obtained in standard test conditions.
This effect will be investigated experimentally and by means of simulations in the following sections.

3. Research Methodology

In order to evaluate the effects of temperature-dependent thermal conductivities of insulation
material in typical Italian construction components, thermohygrometric models were created and a
series of simulations were run in different climatic conditions. Experimentally measured data from
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conductivity tests were used as a basis for these simulations. The hygrothermal modelling tool chosen
was Wufi® Pro (Fraunhofer Institut fiir Bauphysik, Stuttgard, Germany) [23], a well-established and
tested software used for both research and design purposes. Wufi is used to simulate heat and moisture
transfer in multilayered building components and its calculation engine can account for temperature
dependence of thermal conductivity of materials. Simulations are used to assess the impact of
temperature-dependent thermal conductivities on external walls and flat roofs, representing typical
components used in the Italian construction sector. Four insulation materials were considered for
experimental analysis: fiberglass, rockwool, polyisocyanurate (PIR), and extruded polystyrene (XPS).
These materials were chosen based on their high market share among the conventional solutions [41].

Three different thermal conductivity profiles were used in the simulations for each insulation
material:

1.  aconstant value based on the value measured at standard temperature, i.e., 23.8 °C;

2. alinear temperature-dependent function;

3. experimental values which represent the temperature-dependent thermal conductivities,
measured in the laboratory.

In order to demonstrate the effect of temperature-dependent thermal conductivity, simulations
were run in three different Italian climate conditions corresponding to three cities: Turin (northern Italy),
Rome (central Italy), and Palermo (southern Italy). According to Képpen climate classification [42],
Turin has a humid temperate climate, classified as Cfa, with cold, foggy winters and hot summers;
Rome has a warm temperate climate, classified as Csa, with warm winters and hot summers; and
Palermo has a semi-arid climate, classified as BSk, with moderately cold winters and hot and dry
summers. Figure 1 depicts the average monthly temperature trends.

——Tavg Turin Tavg Rome ——Tavg Palermo
30
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Figure 1. Average monthly temperature (Tavg) trends plotted for Turin, Rome, and Palermo.

In terms of typical construction components, a brick cavity structure for walls and a hollow
brick-cement structure for flat roofs were selected for the simulations, as shown in Figure 2.
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Figure 2. Type of construction components simulated, brick-cavity structure for walls (on the left),
hollow brick-cement structure for flat roofs (on the right).

Thermal simulations were run to obtain hourly time-series data of thermal conductivities and
heat transfer. In terms of boundary conditions, all the calculations were conducted with 80% initial
relative humidity (RH) and an initial temperature of 20 °C. The initial RH accounts for materials
exposed to the open air before being included in the building envelope. A moisture source was taken
into account within the wall assembly for each simulation performed, derived from a percentage (1%)
of exterior driving rain [43]. In order to account for worst-case conditions, external walls considered
were the ones oriented towards the north direction. For each city, a specific maximum U-value has
been determined for vertical walls and roofs according to current technical standards [28] and Italian
national regulations, as reported in Tables 1 and 2. Building indoor temperature was supposed to be
constantly 21 °C in the winter period and 26 °C in the summer period.

Table 1. Maximum U-value data prescribed in Italy used for the selection of the building systems and
insulation thickness for constant, linear, and measured conductivities—external walls.

Insulation Thickness for Constant and Linear

Max U-Value for o R
Conductivities/for Measured Conductivities

Location Vertical Wall Typology
2, -
(W/(m*-K)) Fiberglass Rockwool PIR (cm) XPS (cm)
(cm) (cm)
Turin 0.30 Wall (brick 8.0/75 65/6.0 5.0/55 55/5.0
cavity structure)
Rome 0.34 Wall (brick 6.0/6.0 5.0/45 4.0/4.0 45/40
cavity structure)
Palermo 045 Wall (brick 3.0/3.0 25/25 2.0/2.0 2.0/2.0

cavity structure)

Table 2. Maximum U-value data prescribed in Italy used for the selection of the building systems and
insulation thickness for constant, linear, and measured conductivities—horizontal roofs.

Insulation Thickness for Constant and Linear

. Max U-Value for Conductivities/for M d Conductiviti
Location Roofs(w/(mz,K)) Typology ROnk uc 1;/1 1es/tor easure onductivities
ockwoo PIR (cm) XPS (cm)
(cm)
Turin 0.25 Flat roof (hollow 8.5/8.0 6.5/ 65 7.0/6.5

brick—cement)
Flat roof (hollow

brick—cement)
Flat roof (hollow

brick—cement)

Rome 0.30 6.0/5.5 45/5.0 5.0/4.5

Palermo 0.38 3.5/3.5 2.5/3.0 3.0/3.0
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Constant and linear temperature-dependent thermal conductivities considered for calculations
are reported in Figure 3 for the four insulation materials, in comparison with experimental data.
The thermal conductivity of the samples was measured at 23.8 °C using the heat flow meter apparatus
HFM 436/3/1E Lambda produced by Netzsch (Selb, Germany). The apparatus was calibrated
with a standard fiberglass board, supplied by the National Institute of Standards and Technology.
The measurement accuracy of the apparatus was set to 1% (so an error of +1% can be expected in
the measurement results). Specimens sized with variable thicknesses were placed between the hot
and cold plates and the thermal conductivity was measured by the heat flux sensor upon reaching
the thermal equilibrium at a defined temperature difference and for a uniform temperature gradient
throughout the sample. The sample size was 305 x 305 mm?, although the heat flow was measured in
the central 100 x 100 mm? area of the sample. The large sample size compared to the measurement
area ensured steady-state thermal conditions for the measuring area so that the surrounding area of the
transducer acted as an effective guard against lateral heat flow. To keep track of the moisture content,
samples were weighed before and after thermal measurement using a digital scale with 0.1 g accuracy.
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Figure 3. Temperature dependence of the thermal conductivity for the four analyzed materials,
comparing constant, linear, and measured values. (a) Fiberglass; (b) Rockwool; (c) Polyisocyanurate;
(d) Extruded polystyrene.
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Conductivities were measured experimentally multiple times in the range from —20 °C to +60 °C
and the final results of the test are reported in Figure 3; data points are between —10 °C and +50 °C
for all materials except for polyisocyanurate, for which the nonlinear behavior is reported up to
—20 °C. The trend lines, supported by the equation reported in the legend, depict the data behavior
of materials. It is noteworthy that the thermal conductivity values for rockwool, fiberglass, and
extruded polystyrene (XPS) are nearly linear with respect to temperature while polyisocyanurate
exhibits a nonlinear behavior with higher conductivity values for colder temperatures. In particular,
the deviation from linear behavior begins at 20 °C and the main change is reached around 10 °C; this
is when the blowing agent within the polyisocyanurate microstructure starts condensing, determining
the rise of conductivity. This effect has recently been extensively discussed by Berardi and Naldi [44].

4. Temperature-Dependent Thermal Conductivity in Building Components

This section concerns the study of variations in thermal conductivity determined by variability of
climate conditions. Mid-thickness temperature of the insulation materials has been investigated for the
months of January and July, which represent the two extreme conditions, following the methodology
described in the previous section for the different locations.

Figures 4 and 5 present the data results for vertical walls and flat roofs, respectively, and are
organized by material for each location. The thermal conductivities of exterior walls with fiberglass,
rockwool, and extruded polystyrene (XPS) insulation in Figure 4 exhibit better performance at lower
temperatures, as shown in the winter time series for Turin and Palermo. They represent the two
extreme conditions, Turin corresponding to northern Italy and Palermo to southern Italy. On the
contrary, polyisocyanurate (PIR) conductivity increases at lower temperatures with a nonlinear trend.
The deviation from linear temperature dependence begins at 20 °C and the value remains nearly
constant up to 10 °C. This fact depends on the gas condensation process inside the polyisocyanurate
when temperature falls below 10 °C, as explained before. The case of Rome in winter presents a larger
variability because of the combination of low temperatures with high solar radiation that determines
larger oscillations.

Fiberglass is not considered for roof insulation because it is not a suitable material for flat roof
components. Analyzing the plots relative to flat roofs in Figure 5, we can see how simulations confirm
the different behavior of polyisocyanurate with respect to the other insulation materials—rockwool
and XPS. What appears to be evident from Figure 1 is the fact that temperatures in Turin are much
lower in winter then those in Rome and Palermo and are below 10 °C, the point of condensation of the
blowing agent in the polyisocyanurate. Again, Rome in winter presents larger conductivity oscillations
because of the combination of low temperatures with high solar radiation.
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Figure 4. Time series of thermal conductivity values of insulation materials in external walls.

(a) Fiberglass; (b) Rockwool; (c) Extruded polystyrene; (d) Polyisocyanurate.
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Figure 5. Time series of thermal conductivity values of insulation materials in flat roofs. (a) Rockwool;
(b) Extruded polystyrene; (c) Polyisocyanurate.

5. Seasonal Average Heat Flux through Building Components

The definition of normative requirements for building efficiency accounts for climate conditions
(and possibly for climate change effects in the medium-long term [45,46]); however, it is difficult
to account for complex effects, such as temperature dependency, without using detailed simulation
models. Clearly, underestimations or overestimations of building thermal performance have an impact
on energy supply design and operation [47]. For this reason, average heat flux values have been
analyzed in the subsequent section, comparing percentage deviations.

In order to evaluate how each assumed behavior (in terms of thermal conductivity) for the
different materials affects energy consumption in buildings, respective hourly simulated time series
of heat losses and gains were analyzed for winter and summer selected periods. The winter period
analyzed goes from 1 December to 31 March, while the summer period analyzed goes from 1 June
to 30 September. Results for the exterior walls and flat roofs are reported in Figures 6-9 for the two
cities Turin and Palermo, representing the two extreme conditions, corresponding respectively to the
northern and southern Italian climates. The data presented in Figures 6-9 are average heat fluxes
through construction components obtained with the three different assumptions:
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1.  constant thermal conductivity;
linear temperature dependence of thermal conductivity;
3.  experimentally measured thermal conductivity.

Negative values of average heat fluxes represent an average heat loss (heat exiting from thermal
zone), while positive values indicate an average heat gain (heat entering thermal zone). As explained
in Section 2, the energy balance of construction components depends on its characteristics and
on the dynamic conditions of temperature, as well as other effects such as thermal gains due to
incident solar radiation. In the case study considered, following Italian normative requirements, the
differences between the U values for the components in Turin and Palermo are very large, as reported
in Tables 1 and 2.

In the Turin cases, heat fluxes are negative in winter conditions both for external walls and
horizontal roofs, while in summer conditions, heat fluxes are negative for external walls and positive
for horizontal roofs. In Palermo cases, heat fluxes are negative in winter conditions both for external
walls and horizontal roofs, while in summer conditions, heat fluxes are positive both for external walls
and horizontal roofs.

The aim of the research in this case was to highlight differences among performance estimates
obtained using the different assumptions about thermal conductivity reported previously. In particular,
our goal was to show the difference obtained with measured data with respect to constant and linear
assumptions. For this reason, Tables 3 and 4 report the percentage difference of average heat fluxes for
all the components and locations, comparing

1.  experimentally measured with respect to constant thermal conductivity;
2. experimentally measured with respect to linear temperature dependence of thermal conductivity.
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Figure 6. Heat flux average in exterior walls in Turin. (a) Turin—winter; (b) Turin—summer.
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Figure 9. Heat flux average in flat roofs in Palermo. (a) Palermo—winter; (b) Palermo—summer.

Table 3. Percentage difference of heat flux for exterior walls.

Heat Flux Difference Percentage

. . Measured vs. Constant Measured vs. Linear
Location Material
Winter Summer Winter Summer
Fiberglass - 0.0% 0.0%
. Rockwool 0.0%
Tarin PIR —2.5% —6.4% —4.6% —9.4%
Xps  [85% 1 82% |  -17% [82%
Fiberglass —3.2% —3.8% —1.3% —3.8%
Rome Rockwool —0.5% 0.0% - 10% 0.0%
PIR —1.3% 0.0% —1.5% 0.0%
XPS 183% | —40% —2.5% —7.7%
Fiberglass —4.4% —4.4% —1.0% —2.3%
Rockwool 0.0% 0.0%
Palermo PIR
XPS —6.3% —4.4%

Highlighted: positive values.



Energies 2018, 11, 872 14 of 17

Table 4. Percentage difference of heat flux for flat roofs.

Heat Flux Difference Percentage

. . Measured vs. Constant Measured vs. Linear
Location Material
Winter Summer Winter Summer

Rockwool —21.8% 4.2% 0.0% —3.8%

Turin PIR 9.6% 4.2% 42.5% —3.8%
XPS —13.0% 8.3% 12.0% 0.0%
Rockwool —1.9% 2.9% 10.6% 0.0%

Rome PIR —5.1% —2.9% —2.2% —8.1%
XPS —0.5% 8.8% 2.2% 0.0%

Rockwool —2.3% —4.1% —0.7% —4.1%

Palermo PIR —3.6% —8.1% —1.0% —8.9%

XPS —2.1% —2.5% —-1.9% —3.3%

Highlighted: positive values.

A positive value of the percentage difference indicates that the heat flux obtained from simulations
with experimentally measured conductivity is higher, in absolute value, than the one obtained with
either constant or linear assumptions. This implies that in the winter period an underestimation of
heat losses and, consequently, an underestimation of thermal demand for heating flux is negative in all
cases. On the other hand, the summer results depend on the sign of the heat flux: when the heat flux is
negative, a negative percentage difference implies an underestimation of heat losses (e.g., external walls
for Turin) or, vice versa, an underestimation of gains when the heat flux is positive (e.g., external walls
for Palermo, horizontal roofs for Turin and Palermo). The differences found by means of simulation
remain in most of the cases lower than 10% in absolute value. The higher values encountered are for
polyisocyanurate (PIR) and extruded polystyrene (XPS) in the flat roof in Turin for winter conditions,
when comparing linear temperature dependence with respect to measured. The percentage differences
in these cases are respectively 42.5% and 12%. Therefore, we can state that for the cases considered,
most of the time a sensitivity analysis assuming constant thermal conductivity would be sufficient
to address the issue of accounting for performance variability. This implies the possibility of using
conventional simulation tools, although considering a spectrum of input data variability. Clearly, in
order to be able to derive general conclusions (e.g., practical indications for sensitivity analyses using
conventional stationary and dynamic simulation tools), more extensive experimental and simulation
analysis would be necessary, employing statistical reference buildings [48].

6. Conclusions

Insulation materials are some of the most crucial elements in energy efficient building design,
especially in buildings where heating represents the predominant demand. Standard thermal
conductivities assumed in most of the cases in building performance simulations are measured
in standard conditions at 23.8 °C. However, a variation of thermal conductivity is clearly to be expected
in actual building operation.

The relation between temperature and thermal conductivity can be approximated with a
linear function for many materials. For example, inorganic fiber insulations, e.g., rockwool and
fiberglass, and some petrochemical-based ones, e.g., extruded polystyrene, are characterized by lower
conductivity values at lower temperatures. However, there are materials such as refrigerant blown
foam insulation, e.g., polyisocyanurate, that have a nonlinear relation between temperature and
conductivity, determined by the condensation of the blowing agent below certain temperatures.

This paper presented experimental analysis of the thermal conductivity of four materials, namely,
rockwool, fiberglass, extruded polystyrene, and polyisocyanurate. Temperatures ranging from —10 °C
to +50 °C were used to measure conductivities. The outcomes of laboratory tests were the basis for
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creating thermal conductivity functions (temperature dependent) to represent the behavior within
a dynamic thermohygrometric modelling tool, WUFI. By means of this tool, simulations were run
for typical construction components such as exterior walls and flat roofs in different Italian climatic
conditions, corresponding to the north (Turin), center (Rome), and south (Palermo) of the country.

According to the results obtained, polyisocyanurate determines the larger performance variability
with respect to other materials. This becomes more evident in colder climates, as the blowing agent
inside the material begins condensing at 10 °C. The research shows how assumptions about thermal
conductivity in simulations affect performance estimates. While for Turin the results with measured
conductivities implies in many cases a higher simulated thermal demand for heating with respect to
constant and linear assumptions, in Rome and in Palermo this effect may not be particularly relevant
because of the temperature ranges. In summer conditions, the results depend on the sign of the average
heat flux leading to an underestimation of heat losses when the flux is negative or, vice versa, an
underestimation of gains when the heat flux is positive. In the last case, the effect may be negative in
terms of increased cooling demand or overheating.

This research represents an evaluation of the potential inaccuracies in building performance
estimation introduced by assumptions about thermal conductivity of insulation materials. The impact
of these inaccuracies when using simulation tools for building design and code compliance checking is
relevant because it affects design choices that will influence performance for the whole building life
cycle. Further, climate change issues play an important role as well, requiring the designer to consider
not only present but also future climate conditions. Finally, at the policy-making level, there should be
awareness of the potential faults related to simplified assumptions in the thermohygrometric behavior
of construction components and overall building performance.
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