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Abstract - This paper investigates the impact of the change of thermal conductivity of the insulation layer embedded in a typical 

residential building on the cooling effect. The simulation has been performed using the polystyrene (EPS), in extremely hot conditions 

of Al Ain (UAE) at different level of densities denoted as low density LD (12 kg/m3), high density HD (20 kg/m3), ultra-high density 

UHD (30 kg/m3) and super-high density SHD (35 kg/m3), and three moisture content levels (10%, 20%, and 30%) compared to dry 

insulation material for LD. The change of the thermal conductivity of the EPS material at different operating temperatures and 

moisture content has been investigated. The thermal wall resistance was evaluated by applying a conjugate heat transfer model based 

on enthalpy-based formulation. The thermal performance of the building incorporating polystyrene with variable thermal 

conductivity (λ -value) was compared to a constant thermal conductivity by quantifying the additional cooling demand and capacity 

due to the λ-relationship with time using the e-quest as a building energy analysis tool. The results show that, when the λ-value is 

modelled as a function of operating temperature, its effect on the temperature profile during daytime is significant compared with 

that obtained when a constant λ-value for the polystyrene (EPS) insulation is adopted, however, this trend is reversed at night time. 

A similar trend in the evolution of temperatures across the wall section was observed when EPS material was tested with different 

densities and moisture contents. The monthly energy consumption for cooling required by the building is found to be higher in case 

of variable thermal conductivity for LD sample. The yearly average change in space cooling demand and cooling capacity employing 

polystyrene with constant and variable thermal conductivity increases with the increase of the moisture content. Indeed, the highest 

change in cooling demand and capacity are 6.5% and 8.8% with 30% moisture content.  
 

Keywords: Temperature profile, Building insulation materials, Operating temperature, Moisture content, Space cooling, 

AC capacity. 

 

 

1. Introduction 
The buildings sector is responsible for 36% of global final energy consumption. Energy demand from buildings 

construction continues to rise, driven by improved access to energy in developing countries, greater ownership and use 

of energy-consuming devices, and rapid growth in global buildings floor area, at nearly 3% per year. Without action, 

energy demand in the buildings sector could increase 30% by 2060 [1]. 

Energy consumption is continuously increasing in all sectors around the world. In the U.S., 40% of the total energy 

demand arises from buildings [2]. Under harsh weather, where industrial activities are not extensive, the building sector 

contributes around 70% to the total energy requirements, mainly due to the AC system use [3].   

The building envelope is a physical barrier between the internal and external environments [4]. This barrier should 

provide an effective boundary for heat flow across the building envelope, which can be achieved by appropriate selection 

of insulation materials. Thermal insulation can be provided by organic or inorganic material, manufactured to reduce 

heat propagation by a combined heat transfer (i.e., conduction, convection, and radiation) [5]. 

The overall heat transfer coefficient (U-value) of the envelope is generally considered as a constant in pertinent 

calculations. This is however not true, as the U-value of the building envelope, a wall for instance, is a function of 

different layers particularly the insulation material which is a function of several parameters [3]. 

Actually, several researches [6,7] reported that the λ –value of the insulation material is a function of operating 

temperature and the moisture content in addition to the density of the material itself. Aldrich and Bond investigated the 

effects of temperature on the thermal performance of rigid cellular foam [8]. Their results show a significant change in 

the λ-value with temperature changes. Khoukhi and Tahat also investigated variations in the λ-values as a function of 

density, operating temperature, and humidity content of EPS insulation material, as well as the effects of these changes 

on the cooling load required by buildings [9, 10]. 

Several authors also investigated the impact of moisture content on the thermal conductivity of insulation materials. 

In these studies, thermal performance of polyurethane insulation [11], fiberglass [12] and mineral wool [13] expended 
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for cooling and heating pipes exposed to the underground water attacks was investigated. The reported results 

indicate that thermal conductivity was 35−50% higher than the value obtained when the differences in temperature 

were larger. Similarly, Liu et al. reported that the accumulation of moisture and its transfer through exterior walls 

have a significant impact on the cooling and heating transmission [14]. 

Given the observations, the main objective of the present study was to investigate the effects of temperature and 

moisture content variations on the heat transfer through the wall assembly. The heat transfer variations were 

quantitatively assessed for EPS insulation material at different densities and various operating temperatures and 

moisture contents. The required space cooling and the yearly average change in space cooling demand and cooling 

capacity have been calculated for both constant and variable thermal conductivity. The difference in space cooling 

demand and capacity for the whole year at different moisture content for LD insulation material has been assessed 

accordingly. 

 

2. Numerical Model 
2.1. Heat Transfer Analysis 

To simulate the thermal impact of applying constant and variable thermal conductivity of polystyrene insulation, 

a two-dimensional finite volume heat transfer model of the building wall was developed.  1-m2 wall section, consist 

of 4 layers of  concrete stucco, concrete block, insulation layer and interior gypsum, was modelled and solved in 

ANSYS platform (Version 18, Computer software company, Cecil Township, PA, USA, 2018), adopting Al Ain 

climatic conditions, characterized by the hot weather in July. The geometrical model was uniformly meshed using 

symmetric square cells with size of 0.5 mm as shown in Fig 1. Normalizing the solution residuals have been used as 

a criteria of solution convergence with the accuracy value of 1-E5. The transient temperature distribution at each 

node is determined iteratively by the solver. The solution is updated at 1-minute intervals, after completing 20 

iterations, for a total run time of 24 hours  

 

 

Fig. 1: The schematics diagram of the building wall cross-section, comprising of concrete stucco, concrete block, insulation layer, 

and interior gypsum. 

 

The thermal boundary conditions were applied considering the exterior surface of the concrete stucco as the 

input heat flux boundary, including incident irradiance (q) with a convective-radiative mixed-mode heat loss.  

 

The two-dimensional differential equation given below governs the transient heat transfer [15]: 

 

𝜌𝑐 
𝜕𝑇

𝜕𝑡
− [

𝜕

𝜕𝑥𝑖
(𝜆𝑖𝑗

𝜕𝑇

𝜕𝑥𝑗
)] + 𝑍𝑐 +  𝑍𝑟  = 0 
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where 𝝆 denotes density, 𝒄 is heat capacity, 𝝀 is thermal conductivity of the material, 𝑻 represents temperature, 𝒕 is time,  

𝒙𝒊 𝐚𝐧𝐝 𝒙𝒋 denote unit vectors, 𝒁𝒄 and 𝒁𝒓  are conductive and radiative heat losses.  

 The convection heat loss is computed from Equation (2) as: 

 

𝑍𝑐 =hcon×A(TSur−Tamb) (2)    
       
 The radiative heat loss is calculated from Stefan–Boltzmann law:  

 

𝑍𝑟  =σε(TSur4−T∞4) (3) 

 

where σ is the Stephan-Boltzmann constant, ε = 0.97 is the external emissivity, TSur is the surface temperature 

and T∞ is the infinity temperature. 

The density, the velocity vector, and the specific heat capacity for the materials (denoted by ρ, uj, cp, 

respectively) are assumed to be independent of temperature, while the thermal conductivity (𝝀) of the insulation 

material is treated as a function of temperature, and is defined by Eq. (4) [15]: 

 

𝜆(𝑇) = 𝐶1 +  𝐶2𝑇 + 𝐶2𝑇3….. (4) 

 

where λ is thermal conductivity of the material, Ci are constant values pertinent to this work as shown in Table 1 and T 

denotes temperature.  

 
Table 1: Thermo-physical properties of materials. [3]  

Material 
Density Thermal conductivity 

(kg/m3) (W/mK) 

Concrete stucco 2000 1.2 

Concrete block 664 0.14 

Interior gypsum 625 0.16 

Polystyrene 

12 

Moisture 

content 

(%) 

0% K (t) = 9 × 10-5 (T) + 0.0372 

10% K (t) = 9 × 10-5 (T) + 0.0386 

20% K (t) = 9 × 10-5 (T) + 0.0403 

30% K (t) = 8 × 10-5 (T) + 0.0426 
 

20   KHD (t)   = 6 × 10-5 (T) + 0.0357 

30   KUHD (t) = 5 × 10-5 (T) + 0.0347 

35 KSHD (t) = 6 × 10-5 (T) + 0.033 
 

 

2.2. Building Energy Simulations 

The cooling energy demand of a typical one-story building (of 20 m × 20 m × 3 m dimensions) located in Al Ain 

(UAE), with a commonly used wall construction assembly comprising of 200 mm thick concrete block layer, a 50 mm 

insulation layer, a 13 mm thick interior gypsum board, and a 19 mm concrete stucco at the exterior surface was 

numerically simulated using e-quest program as a building energy analysis tool. The numerical model enables the 

analysis of multi-zone buildings including HVAC systems, internal loads from people, equipment and lighting, applying 

the hot weather condition of Al Ain UAE. The set temperature is 25 °C.  

Al Ain is characterized by a very hot climate from May to October and the daytime and night-time average ambient 

temperatures for a typical day of the peak summer is ~42 °C and ~35 °C, respectively. However, the weather remains 

hot for the whole year, with average daytime temperatures being above 27 °C, the upper range of thermal comfort.  
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3. Results and Discussion 
The aim of the simulation is to assess the heat transfer through the wall sections considering the variation of the 

value of the EPS insulation at different operating temperatures and moisture content. The results are then compared 

the base case with constant λ-value. The surface temperature was monitored before and after the insulation layer. 
 

3.1. Temperature Distribution 

The temperature profiles at the concrete−insulation and insulation−gypsum layers are shown in Fig.2. It can be 

noted that during the daytime, using variable λ-value results in a higher temperature rise on the surfaces compared 

to the reference case based on constant thermal conductivity of the insulation material. The change in temperature 

(∆T) between applying variable and constant thermal conductivity is gradually increasing as the ambient temperature 

and solar radiation increase due to the increase of heat transfer in case of variable thermal conductivity. However, 

the trend is reversed at night-time, whereby employing variable λ produces lower surface temperatures. 

Across the wall section, at the location before the insulation layer (concrete- insulation), the temperature 

obtained when using a constant λ and variable λ are almost the same.  However, in the subsequent wall layers, the 

difference is noticed. As the heat is transferred to the interior layers, ∆T increases, reaching maximum on the surfaces 

located after the insulation layer toward the inner surface (insulation- gypsum). 

 
 

 
Fig. 2: Temperature profile of the concrete−insulation boundary and insulation−gypsum boundary for catalogue thermal 

conductivity as a reference (solid lines) and variable thermal conductivity (dashed lines) of dry low-density polystyrene. 

 
 

3.2. Density Effect on the Change of the Temperature 

The change of the temperature (∆T) between the constant and the variable λ-value of the EPS at the insulation-

gypsum layer for the four level of densities is shown by Fig. 3. As the density increases from LD to UHD, ∆T 

decreases due to the high heat transfer for both cases of constant and variable λ. The peak of ∆T with polystyrene 

LD, HD and UHD are 2, 1.7 and 1.5 oC, respectively.  
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Fig. 3: Daily temperature change (∆T) at the insulation-gypsum layer of polystyrene with different density levels: Low (LD), high 

(HD), Ultra high (UHD), and super high (SHD). 

 

3.3. Moisture Effect on the Change of the Temperature 

       Figure 4 shows the change in temperature (∆T) of the thermal conductivity of the insulation at different levels of 

moisture (10%, 20% and 30%). As the moisture content increases, ∆T decreases slightly. The peak ∆T in case of dry 

low-density is 2.28 oC, while with the moisture content of 10%, 20% and 30%, the ∆T are 2.19, 2.08 and 1.797 oC, 

respectively.   

 

          
Fig. 4: Daily temperature change (∆T) at the insulation-gypsum layer of low-density polystyrene at moisture content of 0%, 10%, 

20%, and 30%. 
 

3.4. Energy Performance in Building 
3.4.1. Cooling Demand and Cooling Capacity 

The energy demand required for cooling the residential house located in AL-Ain is obtained with constant and 

variable thermal conductivity of the dry LD polystyrene and the result is shown in Fig. 5. 
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Fig. 5. Required space cooling employing dry low-density polystyrene with constant (dashed bars) and variable (solid bars) 

thermal conductivity for residential building in hot climate of UAE. 

 

The monthly energy consumption for cooling required by the residential building is not uniformly distributed across 

the year. Indeed, the energy demand is maximum during the hot months July and August. Thus, the changes in cooling 

demand between using constant and variant thermal conductivity reached the maximum in these months. The peak 

cooling demand for polystyrene with constant and variable thermal conductivity are 4.15 KWh and 4.32 KWh, 

respectively  

        
 

3.4.2.   Cooling Demand and Cooling Capacity 

The yearly average cooling demand and the cooling capacity of the AC system to remove the heat from the 

space are obtained for different level of polystyrene densities and different levels of moisture content as shown in 

Fig. 6 and Fig.7, respectively. 

 
Fig. 6: Yearly average change (%) in space cooling demand and cooling capacity employing dry polystyrene with constant and 

variable thermal conductivity at different density levels for residential building in hot climate of UAE. 

 

Among different polystyrene densities, LD results in the lowest yearly average change in cooling demand and 

capacity with 0.4% and 0.55%, respectively. SHD shows the highest change in cooling demand and capacity of 0.5% 

and 0.7%, respectively.  
 

3.4.3. Moisture effect on Cooling Demand and Cooling Capacity 

       The yearly average change in cooling demand and capacity for polystyrene at different moisture levels is presented 

in Fig. 7. The change for the dry polystyrene is not significant with less than 1%. While, as the moisture increase to 10%, 
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the yearly average change for cooling demand and capacity increased to 4.8% and 5 %, respectively. Further increment 

in the change of cooling demand and capacity occurred as the moisture level increases to 20% of the polystyrene content 

reaching up to 6% and 8.2%, respectively. The highest change in cooling demand and capacity were 6.5% and 8.9% in 

case of polystyrene with 30% moisture content. 

 

 
Fig. 7. Yearly average change (%) in space cooling demand and cooling capacity employing dry polystyrene with constant and 

variable thermal conductivity at different moisture levels for residential building in hot climate of UAE. 

 
 

 

4. Conclusion 
The work presented in this paper illustrates the impact of variable thermal conductivity values of the insulation layer 

embedded in a typical wall on the cooling effect and energy performance of buildings in extremely hot climate of UAE. 

Insulation materials are generally assumed to have a fixed thermal conductivity provided by the suppliers. However, their 

thermal conductivities exhibit variation with both operating temperature and moisture content. The thermal performance 

of the building when the insulation layer is assumed to have variable thermal conductivity was compared to that of a non-

variable thermal conductivity by quantifying the additional heat transferred due to the λ-relationship with the time. The 

model was used to numerically evaluate insulation material (polystyrene) with four densities denoted as LD (12 kg/m3), 

HD (20 kg/m3), UHD (30 kg/m3) and SHD (35 kg/m3), and three moisture content levels (10%, 20% and 30%) compared 

to dry insulation material for LD material.  
 During the daytime, using variable λ results in a higher temperature rise on the surfaces compared to the reference 

case based on constant thermal conductivity of the insulation material. As the density increases from LD to UHD, ∆T 

decreases due to the high heat transfer for both cases of constant and variable λ. The yearly average cooling demand and 

the cooling capacity of the AC system to remove the heat from the space are obtained for different levels of polystyrene 

densities and different levels of moisture content. Indeed, among the four densities, the LD results in the lowest yearly 

average change in cooling demand and capacity. Moreover, the yearly average change in cooling demand and capacity 

for EPS at various moisture levels is also investigated. Indeed, the sample with 30% moisture content exhibits the highest 

change in cooling demand and capacity.   
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