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Abstract
This paper investigates the simultaneous changes of combined temperature and moisture content on thermal
conductivity, k-value, of polystyrene (EPS) building insulation material. In building energy analysis, the heat transfer
through its envelope usually neglect the transport of moisture in the porous structure of the envelope and a constant
thermal conductivity, k-value, of thermal insulation material is used to assess the heat transfer through the building
envelope. In reality, the building envelope is subjected to the combined thermal and moisture gradients so that an
accurate heat transfer determination requires a simultaneous calculation of both sensible and latent effects. Actually,
the k-value is a complex function of temperature, moisture content, and density, which requires more accurate
evaluation to lead to data that are more realistic to achieve a precise building energy assessment. The findings
revealed that the impact of the change of these parameters on the cooling load calculation is significant, especially at
a high operating temperature and moisture content.
Keywords: Operating temperature, Moisture content, Thermal conductivity, Building insulation material, heat and
mass transfer, Building energy performance

1. Introduction
In Oman, due to the absence of regulation and standards, few buildings are insulated; consequently,
they consume more energy than is necessary for their operation [1]. Thermal insulation is organic or
inorganic material, or a combination of fibrous or particular materials, that are manufactured to slow
down the rate of heat flow by a combination of modes (i.e., conduction, convection, and radiation) [2, 3].
The thermal conductivity of building insulation materials are dependent on both temperature and
moisture content. In practice, in building energy assessment, constant thermal conductivity values are
generally used for insulation material. The k-value is typically evaluated under standard conditions, i.e.,
24 °C and 50±10% RH [3-5] and single k-value is provided by the manufacturer regardless of the
temperature and moisture content. However, when placed in a building envelope under real climatic
conditions, their actual thermal performance differs from that predicted under standard laboratory
conditions [6, 7]. This dependence has been reported by several investigations during the last decades. In
general, the thermal conductivity k-value of building insulation materials increase with temperature and
moisture content [8-13]. An extensive research dealing with the impact of operating temperature on
thermal conductivity of building insulation materials under various operating temperatures has been
presented by [14]. Results indicate that a higher operating temperature is always associated with higher
thermal conductivity. Recently, Berardi and Naldi investigated the impact of the temperature dependent
thermal conductivity of insulating materials on the effective building envelope performance. They
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conclude that for most materials, the relationship between conductivity and temperature is nearly linear.
This is the case for inorganic fiber insulations (e.g. fiberglass and rock wool) and some petrochemical
insulating materials (e.g. extruded polystyrene), which show lower thermal conductivity at lower
temperatures. However, some materials, such as the blown foam insulations (e.g. polyisocyanurate),
exhibit non-linear relationships between conductivity and temperature [15].
On the other hand, a good number studies have dealt with moisture transfer and thermal performance
of insulation materials in the presence of moisture. Recent paper dealing with dynamic thermal response
of building layers in aspect of their moisture content reported that the presence of the moisture on the
surface of building component including the insulation material affects its energy efficiency and causes
deterioration that causes change of their thermal conductivity [7]. In fact, the accumulation of moisture in
building materials, leads to the increase of the building insulation material thermal conductivity, k-value,
and decrease of their insulation capacity [16-21].
Dynamic Insulation Materials (DIMs) are emerging as promising new technology, which allows the
rate of heat transfer through a wall to be varied over time to reduce energy consumption required to
maintain thermal comfort in buildings [22, 23].
Up to now, several studies have dealt with the combined effect of the operating temperature and
moisture content on the k-values of the insulation materials. However, heat and mass conservation
equations in porous media are coupled and, in general, solved iteratively by using the value of
temperature and moisture content from previous iteration to calculate the source terms [24].
In this study the change of the operating temperature first and then the moisture content effects on the
k-values of EPS insulation material, which allow accurate calculation of the k-value of the insulation has
been investigated. The results of this paper allow building engineers to assess accurately the thermal
performance of building envelopes under real climatic condition based on more realistic data of building
insulation materials.
2. Measurement of Thermal Conductivity of Samples
Prior to developing the experimental procedure for measuring the thermal conductivity of the samples
at different operating temperatures, an experimental apparatus based on the transient plate source was
designed (Fig. 1). The apparatus was subsequently calibrated using the known thermal conductivity
values at 10 °C of three polystyrene insulation samples characterized by high, ultra-high, and super-high
density (denoted as HD, UHD, and SHD, respectively) provided by another company [1].
A water reservoir shown in Fig. 2 was used in combination with a chiller and a heater-embedded water
circulator pump. The description of the experimental procedure is detailed by several previous papers; see
[1, 25]. To ensure accuracy, all samples were tested in triplicates over an extended period and the average
values, along with the reference levels, are shown in Table 1.

Fig. 1. Guarded hot plate
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Fig. 2. Experimental setup, comprising of water reservoir, chiller, pump and heater.

The average measured thermal conductivities of the three samples and the reference values are within
the acceptable range of accuracy. The difference pertaining to the UHD sample was the highest, at 4%.
Therefore, the designed apparatus was considered sufficiently accurate for use in the remaining
measurements [4].
Table 1. Comparison between k-values of the three samples with the reference ones
Samples
HD
UHD
SHD

Average measured
k-value (Wm-1K-1)
0.03588
0.03329
0.03046

k-value reference
(Wm-1K-1)
0.035
0.032
0.03

k-value difference
(%)
2.5
4
1.5

In order to moisturize the samples, an ultrasonic humidifier was utilized, as shown in Fig. 3, and a
small acrylic chamber was designed to trap the moisture, and the sample was placed inside as illustrated
by Fig. 4. The sample was elevated from the chamber floor via a metal mesh to prevent contact with the
chamber surfaces, and thus ensure homogeneous moisture distribution around the sample (Fig. 5). More
details are provided by [25].

Fig. 3. Ultrasonic humidifier.

Fig. 4. Chamber filled with moisture.
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Fig. 5. Metal mesh carrying the samples
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The impact of operating temperature on the thermal conductivity values of polystyrene insulation
material with four density levels—low (LD), high (HD), ultra-high (UHD), and super-high (SHD)—is
illustrated in Fig. 6. As can be seen from the graph, the thermal conductivity of all four samples is linear.
While it is affected by the operating temperature to varying degrees, in all cases, higher temperature
results in higher thermal conductivity. Moreover, thermal conductivity decreases with the increase in
sample density.
The effect of the moisture content of the k-value of polystyrene insulation with different densities was
investigated at 10, 24, and 28 °C using the previously described apparatus. The findings revealed that the
moisture content change at different operating temperatures had a very small effect on the k-value for the
polystyrene insulation material designated as HD, UHD, and SHD. Indeed, they are impermeable to water
and moisture transfer due to their high densities. Therefore, the investigation of the effect of the moisture
content on the polystyrene insulation k-value was limited to the LD sample. The best-fit linear
relationships between the k-value and moisture content at a specified operating temperature are shown in
Fig. 7. It should be noted that obtaining significant data at operating temperatures beyond 28 °C was a
challenge due to the evaporation from the sample that took place during the measurement process.
In order to compare thermal conductivity variations for the different samples, the measured k-values
and the resulting operating temperature were established. This best-fit linear relationship is shown in Fig.
8. As can be seen from the graph, the thermal conductivity of the LD sample increases with the moisture
content and operating temperature increase.

Fig. 6 Change of the k-value with different densities vs. temperatures.
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Fig. 8. Best-fit relationships of k-value measurement results of LD vs. operating temperatures and different
percentages of moisture content by weight.

3. Impact of Change of Thermal Conductivity on the Envelope –Induced Cooling Load
Muscat is characterized by a hot-humid climate, with long and very hot summers and mild winters.
The temperatures reaching as high as 49 °C (120 °F) in the summer. Annual rainfall in Muscat is about
100 mm (4 in) and is mostly restricted to the period between December and April. The average annual
relative humidity is 57.6%, whereby the average monthly relative humidity ranges from 42% in May to
67% in August. However, it can reach up to 90% in the coastal region.
For the purpose of the present investigation, a typical one-story building (20 × 10 × 3 m3) located in
Muscat (Oman) was considered. The house was assumed to operate at a typical residential load profile
with an average air-tightness of 0.5 ACH. Windows are tinted, double-glazed, and distributed uniformly
over 2.5% of the wall area on the east, west, and south walls with R-value=3.34 W/m2ºC and overall
shade coefficient=0.811.
The cooling load was computed using the Hourly Analysis Program (HAP) computer program
utilizing the data of climate pertaining to Muscat assuming the house operating at a typical housing
profile. HAP is a powerful tool designed for professionals involved in the design and analysis of
commercial building HVAC systems. HAP uses the ASHRAE transfer function method for load
calculations and detailed 8760 hour-per-hour simulation techniques for the energy analysis.
The variation in building cooling load due to the combined effect of temperature and moisture content
is shown in Table 2. The wall/roof transmissions and the total zone loads increase with the increase in
both the operating temperature and the moisture content. Indeed, the change is significant at high
temperature and moisture content and is more pronounced for roof relative to the wall due to the
important amount of solar radiation received on the roof surface. The extreme percentage change
associated with the base case at 24°C and 0% moisture content is 7%, 13%, and 7%, respectively for the
wall, roof, and the total zone loads at 28°C and 30% moisture.
Table 2. Change in the amount of cooling load due to the combined effect of temperature and moisture
content
Cooling Load based on k10°C (W)
Wall
Roof
Zone

Cooling Load based on k24°C (W)
Wall
Roof
Zone

Cooling Load based on k28°C (W)
Wall
Roof
Zone

0%

998

2909

6794

1003

2958

6848

1006

2964

6857

10%

1007

2979

6873

1020

3036

6943

1027

3080

6994

20%

1026

3081

6994

1037

3132

7055

1045

3180

7112

30%

1047

3211

7145

1056

3253

7196

1067

3306

7260
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4. Variation of the K-value of the Insulation with Changes in Temperature within the Thickness of
the Material
The temperature to which the insulation materials are exposed depends on several parameters,
including the thermal resistance of the material, the location of the insulation layer within the wall or roof
assembly or system, and the effective or operating temperature (te) [1]. Te is a function of several
parameters, including the outdoor air temperature, the surface solar absorbance of the system (wall or
roof), the total solar radiation on the system surface, and the outdoor surface conductance [4]. The
temperature at any location within the wall at steady-state conditions can be given by [8]

𝑡𝑥 = 𝑡𝑒 − 𝑅𝑥 ⁄𝑅𝑡𝑜𝑡 (𝑡𝑜 − 𝑡𝑖 )

(1)

where te = effective outdoor temperature; Rx = portion of thermal resistance measured from within; Rtot =
total thermal resistance of the envelope assembly; to = outdoor air temperature; and ti = indoor air
temperature [1]. The effective outdoor temperature, also known as sol-air temperature is given by [8]

𝑡𝑒 = 𝑡𝑜 + 𝛼 𝐼𝑡 ⁄ℎ𝑜 − 𝜀 ∆𝑅⁄ℎ𝑜

(2)

where α = surface solar absorbance; It = total solar radiation; ho = outdoor surface conductance; and
ε∆R/ho = correction factor (equal to zero for vertical surface).
The total solar radiation is given by

𝐼𝑡 = 𝐻𝑏 (

cos 𝜃
cos 𝜃𝑧

1+cos 𝜃

) + 𝐻𝑑 (

2

) + 𝜌𝑔𝑟 𝐻 (

1−cos 𝛽
2

)

(3)

where Hb = direct horizontal radiation; Hd = diffuse horizontal radiation; H = global horizontal radiation;
ρgr = ground albedo; θ = incident angle; and β = slope (90º for vertical wall and 0ºfor horizontal roof). A
commonly used wall and roof construction is modeled. The details of the construction is given in Table 3.
Table 3. Details of the wall and roof construction

R-value

Wall

Roof

13 mm interior gypsum
200 mm concrete block
50 mm insulation
19 mm concrete stucco (from the
exterior)

15 mm plaster (from the interior)
200 mm concrete slab
Water proof membrane
50 mm concrete
75 mm polystyrene insulation
Weather resistant barrier
30 mm sandstone

2,79 (m2C/W)

2,4 (m2C/W)

Figs 9-12 show the change in insulation polystyrene thermal conductivity as a function of temperature
at the mid-thickness of the material for different percentages of moisture content for horizontal and
vertical surfaces during the daytime with dark and light color of the external surfaces. These curves have
been plotted with the reference k-value of polystyrene insulation obtained at 24°C. It is evident from the
graphs that the k-value of the samples increases with the increase of the moisture content within the layer
of the samples and the operating temperatures. Moreover, the change of the k-value of the roof is more
significant compared to the wall, due to the huge amount of the solar radiation received on the horizontal
surface, which is also higher for dark color compared with a light one.
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Fig. 9. Change in polystyrene k-value as a function of temperature at the mid-thickness of the material for different
percentage of moisture content and k-reference comprising a horizontal surface (roof) during daytime with roof dark
color (=0.9).
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Fig. 10. Change in polystyrene k-value as a function of temperature at the mid-thickness of the material for different
percentage of moisture content and k-reference comprising a horizontal surface (roof) during daytime with roof light
color (=0.5).
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Fig. 11. Change in polystyrene k-value as a function of temperature at the mid-thickness of the material for different
percentages of moisture content and k-reference comprising a vertical surface (wall) during daytime with roof dark
color (=0.9).
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Fig. 12. Change in polystyrene k-value as a function of temperature at the mid-thickness of the material for different
percentages of moisture content and k-reference comprising a vertical surface (wall) during daytime with roof light
color (=0.5).

5. Conclusion
The combined impact of temperature and humidity content on the change in the thermal conductivity
of building polystyrene material and its impact on the energy performance of building was investigated in
this work. The findings revealed that the impact of this change on the cooling load calculation is
significant, especially at a high operating temperature and moisture content. This effect is also more
pronounced for the roof compared to the wall. These results indicate that, in hot-humid climate, the
change of the k-value of the insulation should be taken into account to increase building energy
performance assessment accuracy.
Increasing the operating temperature and the moisture content, the k-value of the LD increases.
Moreover, the change of the k-value for the roof is more significant compared to the wall, due to the huge
amount of the solar radiation that falls on a horizontal surface, which is also higher for the dark color
compared with a light one.
The results of this study confirm the necessity to require from the building insulation material
manufactures to provide, at various operating temperatures and humidity contents for different densities,
the thermal conductivity of their products, to allow accurate building energy assessment by building
designers. This study should be also extended to other insulation materials, including fiberglass, mineral
wool, cellulose, and polyurethane foam which could also be sensitive to the variation of the combined
effect of temperature and humidity.
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