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Abstract- There are many parameters affecting the optimum thermal insulation thickness on building external walls such as 
heating/cooling loads, wall structure, properties of the insulation material and also economic parameters (inflation rate, 
discount rate, lifetime and energy costs). This study focused on an investigation of the effects of these parameters on the 
optimum thermal insulation thickness and payback periods. To determine the optimum thickness and payback period, an 
economic model based on life-cycle cost analysis was used. As a result, the optimum thermal insulation thickness increased 
with increasing the heating and cooling energy requirements, the lifetime of the building and energy costs. However, the 
thickness decreased with increasing the total wall resistance.  
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I. INTRODUCTION 
 
Thermal insulation application is one of the effective 
methods to decrease an energy consumption 
buildings. Many studies on thermal insulation were 
performed under different climatic conditions, 
building characteristics, insulation material 
properties, insulation cost, building lifetime and 
energy costs. Daouas [1] focused only on the 
economic parameters affecting the optimum 
insulation thickness. Using the heating energy 
required, the optimum insulation thicknesses were 
calculated based on heating fuel types in [2–4] for 
one or several cities in Turkey. Bolatturk [5] 
investigated the optimum insulation thicknesses and 
payback periods for seven cities located in the 
warmest zone in Turkey based on heating and cooling 
degree-hours (HDHs and CDHs). In Kaynakli [6], the 
variation of the annual heating energy requirement of 
the building for various architectural design 
properties (the air inflation rate, the glazing type, and 
the glazing area) and the optimum insulation 
thicknesses for different fuel types were investigated. 
 
In this study, the parameters affecting the optimum 
thermal insulation thickness for building walls were 
investigated. The parameters considered in the 
analysis are, respectively, the heating and cooling 
DDs, building lifetime, insulation material cost, 
insulation installation cost, costs of energy sources 
for heating and cooling (natural gas and electricity), 
external wall resistance, thermal conductivity of 
insulation material, coefficient of performance (COP) 
of the cooling system, and the solar radiation incident 
on a wall. The influences of these parameters on the 
optimum insulation thickness, payback periods, total 
life-cycle cost and energy savings were investigated. 
In addition, in most studies the effect of solar 
radiation was not considered in the calculations, 
which is one of the differences of this study. 
 

II. MATHEMATICAL MODEL 
 
One of the methods to estimate the amount of energy 
required for heating and cooling which has been used 
by many authors is to calculate the number of degree-
days (DDs) [2,7–9]. The total number of heating and 
cooling degree-days (HDDs and CDDs) are 
calculated by: 

 
 
where Tb is the base temperature and To is the daily 
mean outdoor air temperature. The plus sign above 
the parentheses indicates that only positive values are 
to be counted. The total number of DDs is the sum of 
the differences between the base temperature and the 
daily average outside air temperature. Therefore, it is 
one of the important indicators that reflects the 
heating or cooling energy requirements of a building. 
The determination of Tb depends on various 
parameters such as climate conditions  
(e.g., temperature, humidity, precipitation and wind), 
building characteristics (e.g., thermal insulation, air 
leakage and solar gains) and personal preferences. 
The annual heating and cooling loads per unit area of 
external wall are given as follows [5,10,11]: 

 
 
where η is the efficiency of the heating system, COP 
is the coefficient of performance of the cooling 
system, and U is the overall heat transfer coefficient 
expressed as: 
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In Equation (5), Rt,w is the total wall thermal 
resistances excluding the insulation layer, and x and k 
are the thickness and thermal conductivity of 
insulation material, respectively. The cost of 
insulation used on an external wall is a function of its 
thickness. The total insulation cost including the 
installation cost is given by: 

 
 
where Cins is the cost of insulation material per unit 
volume, and Cinst is the installation cost. The annual 
heating (CH) and cooling (CC) costs are given by:  

 
 
where Hu is the lower heating value of the fuel, Cf is 
the cost of fuel, Ce is the cost of electricity, and PWF 
is the present worth factor. The PWF, which depends 
upon the lifetime of building (LT), the inflation rate 
(i), and the discount rate (d), is given as: 

 
 
The total annual cost is the sum of the heating and 
cooling energy costs, and the optimum insulation 
thickness is obtained by minimizing the total cost. To 
minimize with respect to insulation thickness, the 
derivative of the total cost equation is taken and set 
equal to zero. Therefore, the optimum insulation 
thickness (xopt) is obtained as follows: 

 
 
III. RESULTS AND DISCUSSION 
 
The influence of variables affecting the optimization 
results was investigated under different cases. 
Predictions were generated by simulating the six 
cases described in Table 1. In order to investigate the 
effects of each parameter, while only one parameter 
was varied, the rest were kept constant, as shown in 
this table. 
 
The effects of heating and cooling DDs on the 
optimum insulation thickness and payback periods 
are shown in Fig. 1. HDDs and CDDs vary in a quite 
wide range depending on climatic conditions. In this 
analysis, the HDD and CDD values varied from 500 
to 6000 and from 250 to 2000, respectively, while the 
other parameters remained constant as shown in 
Table 1.  
 
As seen in Fig. 1., when the heating and cooling 
energy requirements of a building increased, the 

thickness of the thermal insulation required also 
increased. The payback period decreases with 
increasing DDs. Therefore, applying insulation in 
climatic conditions having high energy requirements 
for heating or cooling would be more advantageous. 
 
Table 1. The parameters used in the analysis and the ranges of 

variation. 

 
 
The ranges of variation corresponding to each 
variable are in bold print. 
 

 
Fig. 1. The effects of HDD and CDD on optimum insulation 

thickness and payback period 
 
In the literature, assumptions of LT vary from 10 
years to 30 years (10 years in [4,10,12], 20 years in 
[11] and 30 years in [1]). The influences of LT on the 
optimum insulation thickness and payback periods 
are shown in Fig. 2 (a). When the predicted building 
lifetime increases, thicker insulation should be 
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applied to building walls. This improve the payback 
period.  
One of the most important parameters affecting the 
optimum insulation thickness is the cost of thermal 
insulation material. Fig. 2 (b) shows the effect of 
insulation material cost on the optimum insulation 
thickness and payback periods. Typically, the most 
commonly used insulation materials in the literature 
are polystyrene (expanded or extruded) and rock 
wool. According to these studies, the costs of 
insulation materials varied in a wide range of 24–
215 US$/m3, depending on material types. When the 
insulation material cost increases, the optimum 
value of the insulation thickness decreases.  
 

 
Fig. 2. The effects of lifetime and insulation cost on optimum 

insulation thickness and payback period 
 
The energy prices for heating and cooling are 
among the most important factors to determine the 
optimum insulation thickness and payback period. 
Compared with coal, fuel-oil, LPG, diesel and 
kerosene, natural gas was the most widely used 
energy source for heating in the literature.  
 
The effect of energy cost on the optimum insulation 
thickness and payback periods is shown in Fig. 3 
(a). In contrast to the insulation cost, the optimum 
insulation thickness increased and payback period 
decreased with increasing the energy costs.  
 

Because the thermal insulation applications for 
building walls were carried out in different 
geographical regions, the external wall resistances 
varies in a wide range of 0.307–0.945 m2K/W. The 
effect of external wall resistance excluding the 
insulation layer is given in Fig. 3(b). An an increase 
in the wall resistance decreases the optimum 
insulation thickness. 
 

 
Fig. 3. The effects of natural gas cost and wall resistance on 

optimum insulation thickness and payback period 
 
CONCLUSIONS 
 
To investigate the effect of various parameters on the 
optimum insulation thickness and payback period, the 
heat transfer and cost equations have been formed on 
the basis of minimization of total cost over a lifetime. 
The investigated parameters in this analysis are, 
respectively, the heating and cooling DDs, building 
lifetime, cost of insulation material, cost of energy 
source for heating and total wall resistance.  
 
It is concluded that the parameters that increase the 
optimum thermal insulation thickness are HDD, 
CDD, lifetime and natural gas cost. However, the 
parameters that decrease the optimum thermal 
insulation thickness are insulation material cost and 
total wall resistance excluding the insulation. 
Furthermore, the payback period increases with 
increasing insulation cost and total wall resistance. 
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This study has also showed that the parameters 
having the most significant effect on optimizing the 
thermal insulation thickness are the energy 
requirements, LT of building and the insulation cost, 
however, the wall resistance has found to be 
relatively less effective. 
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