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Summary 

In this study, the influence of different wall types (stone, brick, concrete and bims - 
which are usually used in building construction in Turkey) on the optimum insulation 
thicknesses, energy savings, and payback periods was evaluated for six different energy types: 
LPG, electricity, fuel oil, coal, natural gas, and geothermal energy. Four cities from different 
climate zones (Aydın, Trabzon, Malatya, and Sivas) were selected for the analysis which was 
carried out with two different insulation materials. Results showed that insulation thicknesses 
were determined between 0 – 0.179 m, with the amount of 0 – 235.053 $/m2 of energy saving 
and 0 – 11.53 years of payback period depending on various fuel and wall types. 
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1. Introduction 

Energy requirements, especially of the residential building sector, are an important part 
of the total energy consumption in many countries [1]. For example, in Turkey, the building 
sector was the second largest consumer of energy with 25.793 million tons of equivalent 
energy (MTOE) in 2001, and its demand is estimated to reach 41.7 MTOE by 2020 [2]. This 
is the eventual result of the noteworthy increase in the demand for new buildings and 
apartment buildings. Another reason for the high energy consumption of the building sector 
may be related to inadequate energy conservation measures in some buildings due to 
uncontrolled urbanization and building construction activities [2].  

It is clear from the above data that reducing the energy use for space heating in 
buildings is a key measure to energy conservation and environmental protection. Thermal 
insulation is applied for reducing heat loss in buildings through the envelope. In Turkey, the 
thickness of thermal insulation material that should be applied to buildings is determined 
according to Turkish Standard 825 (TS 825) “thermal insulation in building” [3]. Turkey is 
classified into four climatic zones considering only the heating energy requirement by using a 
degree-day concept in TS 825 [4]. 

Sallal K. [5] compared two types of roof insulation in warm and cold climates and 
found that the payback period in the cold climate is shorter than that is the warm climate. 
Bolattürk [6] calculated the optimum insulation thickness, energy savings and payback 
periods of various fuels for 16 selected cities from four climate zones. They found that energy 
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savings vary between 22% and 79% and the optimum insulation thickness varies between 
2cm and 17cm. Çomaklı and Yuksel [7] investigated the optimum insulation thickness for the 
coldest cities. The optimization is based on the life cycle cost analysis. Energy saving was 
obtained when the optimum insulation thickness is applied on the wall. Dombayıcı [8] found 
that in the city of Denizli, Turkey, when the optimum thickness of expanded polystyrene as the 
insulation material was used, energy consumption was decreased by 46.6%. Mahlia and Ikbal 
[9] determined potential cost savings by installing different insulation materials. Results showed 
that by having air gaps of 2 cm, 4 cm, and 6 cm energy consumption can be reduced by 65-77 
%. Ozel and Pıhtılı [10] calculated the optimum thickness of insulation applied to external walls 
for Adana, Elazıg, Erzurum and Izmir provinces considering the heating and cooling degree day 
values. J. Yu et al. [11] investigated the optimum insulation thickness for four typical cities in a 
hot summer and a cold winter zone of China for five insulation materials including expanded 
polystyrene, extruded polystyrene, foamed polyurethane, perlite, foamed polyester chloride. 
Results show that the optimum insulation thickness range is 0.053-0.236 m, while payback 
periods range from 1.9 to 4.7 years. Uçar and Balo [12] calculated the optimum insulation 
thickness of different wall structures for four different insulation materials and for four climatic 
zones of Turkey and different fuel types. Their results show that the energy cost savings vary 
between 4.2 $/m2

 and 9.5 $/m2, depending on the city and insulation materials. 

In this study, four different cities of Turkey, Sivas, Malatya, Aydın and Trabzon are 
selected to represent the first, second, third, and fourth climatic zones, respectively. The annual 
heating degree-days of selected cites in this study are taken for a base temperature of 18 °C for 
heating as given in Table 1 [13]. The effect of four different wall structures is considered to 
determine the optimum insulation thickness for XPS and rock wool insulation materials. Also 
six fuels including geothermal energy, coal, natural gas, fuel oil, LPG, and electricity are chosen 
to determine the optimum insulation thickness, energy savings and payback period. 

Table 1  Climate zones and certain data for the selected zci cities. 

Zone City Altitude (m) Longitude (°) Latitude (°) Degree-days(°C-days) 

1st zone Aydın 57 27°50΄ 37°51΄ 1213 
2nd zone Trabzon 30 39°43΄ 41°00΄ 1724 
3rd zone Malatya 998 38°18΄ 38°21΄ 2461 
4th zone Sivas 1285 37°01΄ 39°49΄ 3444 

2. External wall structures in buildings 

The four different types of wall in this study are: pumice blocks, autoclaved aerated 
concrete (AAC), walls with air gap, and brick walls. The structures of investigated walls are 
shown in Figure 1.  

 

 a)Wall 1 b) Wall 2 c) Wall 3 d) Wall 4 

Fig. 1  Structures of the investigated external walls a) brick b) wall with air gap 
c) pumice block d) autoclaved aerated concrete (AAC) 
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Wall 1 consists of inner plaster, brick, insulation material and external plaster. On the 
other hand, Wall 2 is an example of a wall that is named as a sandwich wall which comprises 
a combination of inner plaster, air gap, brick and external plaster. The materials used in Wall 
3 are inner plaster, block pumice (bims), insulation, and external plaster. The structure of 
Wall 4 is formed with inner plaster, autoclaved aerated concrete, and external plaster. The 
wall parameter values used in this study and their thermal properties are given in Table 2. 
These structures are used for calculation for all the cities considered here. In this study, 
extruded polystyrene and rock wool are used as insulation material. The values of the 
parameters used in the calculations for the insulated buildings are given in Table 2 and 
Table3. The optimum insulation thickness, payback periods and the net energy savings are 
calculated for all the walls, fuels and insulation materials. The conductivity and resistant 
values were taken from TS 825 Turkish Standard of Thermal Insulation in Buildings [3]. 

Table 2  The parameters used in calculations [3-19] 

Parameter Value  Parameter Value 

Degree-days, DD (°C-days) See Table 1  Insulation  
Fuel See Table 3 Extruded polystyrene  
  Conductivity, k 0.030 W/m K  
External walls  Cost, Ci 142 $/m3 
Brick    
Conductivity, k 0.523 W/m K Rockwool  
  Conductivity, k 0.045 W/m K  
Block pumice  Cost, Ci 234 $/m3 
Conductivity, k 0.19 W/m K  

Thermal resistances   
 
 

  Rw,1 0.645 m2 K/W 

Autoclaved aerated (AAC) Rw,2 0.886 m2 K/W 

Conductivity, k 0.14 W/m K Rw,3 1.223 m2 K/W 

  Rw,4 1.580 m2 K/W 

Wall with air gap   Ri 0.142 m2 K/W 
Conductivity, k 0.465 W/m K Ro 0.0454 m2 K/W 
    
Interior plaster  Interest rate 11.5% 
Conductivity, k 0.872 W/m K Inflation rate 10.7% 
  Lifetime,x 10 years 
Exterior plaster    
Conductivity, k 1.4 W/m K   

Table 3  Properties and cost of fuels [20] 

Fuel Price Hu ηs 
Coal 0.456 $/kg 29.294106  J/kg 0.65 
Natural Gas 0.476 $/m3 34.525106  J/m3 0.93 
Fuel-oil 1.601 $/kg 41.326106  J/kg 0.80 
LPG 2.757 $/kg 46.453106  J/kg 0.92 
Electricity 0.177 $/kWh 3.5990106   J/kWh 0.99 
Geothermal 0.444 $/kg 36.000106  J/kg 0.98 
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3. Heat losses at the external wall 

In buildings, heat losses mostly occur through external walls, floor, ceiling, windows, 
and air infiltrations [12]. In this study, the optimum insulation thickness was calculated by 
considering heat loss through external walls. The heat loss from per unit area of external wall 
[12] is 

q = U(Tb - T0) (1) 

U is the overall heat transfer coefficient, Th is the base temperature and T0 is the mean 
daily temperature. The annual heat loss occurring on the per unit area according to the degree- 
day method [14] is expressed as: 

qA = 86400DDU   (2) 

where DD is the degree-day sum. The annual energy requirement can be calculated by 
dividing the annual heat loss by the efficiency of the heating system s [15] 

86400
A

s

DD U
E

 



 (3) 

The overall heat transfer coefficient U for a typical wall that includes a layer of insulation is 
defined in Eq. (4) as: 

oinswi RRRR
U




1
 (4) 

Here, Ri and Ro are the inner and the outer air film thermal resistances, respectively, Rw is the 
total thermal resistance of the wall materials without the insulation, and Rins is the thermal 
resistance of the insulation layer [15] , which can be written as 

k

x
Rins    (5) 

where x and k are the thickness and the thermal conductivity of the insulation material, 
respectively. If Rtw is the total thermal resistance of the wall without the insulation material, 
Eq. (4) can be rewritten as [16] 

instw RR
U




1
  (6) 

As a result, the annual heating load is then given by [16] 

86400
A

tw s

DD
E

x
R

k



 

  
 

          (7) 

and the annual fuel consumption is [6] 

86400
fA

tw s

DD
m

x
R LHV

k



 

   
 

  (8) 

where LHV is the lower heating value of the fuel given usually in J/kg, J/m3 or J/kW h, 
depending on the fuel type [16]. 
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4. Life-cycle analysis and optimization of insulation thickness  

The life-cycle cost analysis (LCCA) is one of the methods to calculate the optimum 
insulation thickness. The total heating costs over a period of time of N years is evaluated in 
the present value using the present worth factor (PW). The present worth factor is calculated 
based upon the inflation and interest rate as follows [6]: 

The interest rate adapted for an inflation rate r is given by:  

if i > g, then 

g

gi
r





1

 

if i<g, then 

i

ig
r





1

 

and 

(1 ) 1

(1 )

N

N

r
PW

r r

 



            (9) 

where N is the lifetime, which is taken to be 10 years. If i=g, then 

1

N
PW

i



  (10) 

The annual heating cost per unit area may be determined from [17] as 

86400 f
A

tw s

DD C
C

x
R LHV

k

 

 

   
 

  (11) 

where Cf is the fuel cost in $/kg, $/m3, or $/kWh, depending on the fuel type. The cost of 
insulation is given by [17] as 

ins lC C x    (12) 

where Cl is the cost of insulation material in $/m3 and x is the insulation thickness in m.  

The total cost of heating the insulated building in present dollars is given by [18] as 

t A lC C PW C x                  (13) 

or 

86400 f
t l

tw s

DD C PW
C C x

x
R LHV

k

  
  
 

   
 

          (14) 

The optimum insulation thickness is obtained by minimizing Eq.14. Hence, the derivation of 
Ct to x is determined and equalized to zero and the optimum insulation thickness (xopt ) is 
obtained as follows [17]: 

l
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 (15) 
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From Equation 15, it can be seen that the optimum insulation thickness depends on 
degree-days, price of fuel and insulation material, PW value and properties of wall, and 
insulation material. The parameters used in these calculations and their corresponding values 
are given in Table 2 and Table 3. 

5. Results and Discussions  

In this study, the effects of wall type and degree-day values on the optimum insulation 
thickness for different fuels and insulation materials are investigated. The calculations were 
conducted on four different cities in four different climatic zones in terms of TS 825. In 
addition, XPS and rockwool were applied as insulation materials. 
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Fig. 2  Effects of insulation thickness on the insulation cost, energy cost for heating and total cost 

Figure 2 shows the effect of the insulation thickness on the heating, insulation, and the 
total cost of a brick wall in Sivas. The aim is to reduce heat losses by increasing the insulation 
thickness in buildings. In this way, heating load and fuel cost of the building will decrease as 
the insulation thickness increases. However, the negative side-effect of thicker insulation is 
that the insulation price will increase. The sum of the cost of fuel and insulation material is 
the total cost, which decreases until a certain value of the insulation thickness is reached, after 
which it begins to increase again. 

The energy savings at wall area are calculated from the difference between the energy 
need of an insulated and a non-insulated condition. Energy savings depend on types of fuel, 
efficiency of the heating system, the cost and insulation thickness of insulation material, etc 
[1]. The amount of energy savings as a function of the insulation thickness for different 
structural materials is shown in Figure 3 for two different insulation materials in the selected 
cities. When insulation thickness increases, energy savings rises and reaches its max. value at 
the optimum insulation thickness. When the maximum energy saving is obtained with XPS 
insulation, the minimum is obtained with Rockwool insulation. It is seen from Figure 3 that 
lowest value of energy saving is obtained for wall with autoclaved aerated concrete (Wall 4), 
while the higher energy savings are obtained for wall made brick. Similar results can be 
drawn for all cities. However, the magnitude of savings depends on the degree day of cities. 
The maximum energy savings of the optimum insulation thickness is about 170 $/m2 (wall 1-
XPS) for Sivas, and about 48 $/m2 (wall 1-XPS) for Aydın. 
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Fig. 3  Energy saving versus insulation thickness for different wall structures and  
insulation materials in the selected cities (for using fuel-oil as energy source)  

Optimum insulation thickness given in Table 4 is for different wall types, fuels and 
insulation materials in the selected cities. For natural gas in Sivas, the optimum insulation 
thickness values for Wall 1-Wall 4 are 8.2 cm, 6.9 cm, 5.8 cm, and 4.8 cm, respectively, 
whereas the optimum insulation thickness values for Aydın are 3.7 cm, 3 cm, 2 cm, and 0.9 
cm. It can be seen that the lowest optimum insulation thickness values are obtained for Aydın 
and rockwool insulation, while the highest values are obtained for XPS and Sivas. The results 
show that the optimum insulation thickness depend greatly on the wall structure, degree-days, 
and insulation material. Insulation thickness increases with both degree-days and energy cost 

Aydın Trabzon 

Sivas Malatya 
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for heating. Insulation thickness decreases with higher values of the thermal resistance for a 
given value of degree-days. 

Table 4  Optimum insulation thickness 

 

Table 5  Energy savings 

 

The energy saving is especially important in cold areas and in the use of expensive 
fuels, such as fuel oil and LPG, as the cost required for heating the building cold areas 
becomes considerably higher [16]. Depending on the type of energy and insulation material, 
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the calculated energy savings for different wall structures and for all the cities are given in 
Table 5. Energy saving for Sivas is higher than for the cities in the other regions. In all cities, 
the energy saving value increases for costly fuels. When XPS is used in Wall 1 for Sivas and 
LPG as a fuel, the maximum value of energy saving was found as 235 $/m2, whereas this 
value for Wall 4 is 68.234 $/m2. 

Table 6  Payback periods 
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Fig. 4  Effects of wall structures on the payback period for different fuels 

Table 6 gives the payback period of the optimum insulation thickness for each structure 
depending on the insulation materials and the energy types used. The payback period becomes 
more significant with an increase in degree-day. Naturally, the shortest payback periods occur 
in the components in which the maximum total annual savings are obtained. For example, the 
payback period for a brick wall with XPS insulation in Sivas is by 62.7% shorter than in the 
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same situation in Aydın with natural gas energy. The payback periods over 12 years are not 
considered since they are not examined. As it can be seen from the table, while the payback 
period is 1.72 for applying the optimum insulation thickness with XPS for Sivas (Wall 4-
LPG), it is 2.56 for applying the optimum insulation thickness with rockwool. 

Payback periods of the insulation are shown in Figure 4 for different energy types and 
wall structures. The payback periods range between 1.3 – 4.6 years, depending on wall 
structures and fuel type. They increase with increasing resistance of the wall and with 
decreasing fuel price.  

6. Conclusion 

An important part of energy consumed in buildings is used as the heating energy in 
Turkey. Using insulation materials on buildings is the most significant application to reduce 
the level of losing heat energy. In this study, the optimum insulation thickness, annual energy 
saving, and payback periods are investigated for four different types of external walls, with 
XPS and rockwool as insulation materials, and six different fuel types. The calculations were 
carried out for different cities in four different climatic zones according to TS 825. The results 
show that the energy saving is bigger, insulation is more effective, and the payback period is 
shorter for higher degree-day cities.  

As a result of the study, insulation thicknesses were determined between 0 – 0.179 m, 
with the amount of 0 – 235.053 $/m2 of energy saving, and 0 – 11.53 years of payback period, 
depending on various fuels and wall types. The highest value of the optimum insulation 
thickness is reached by using Wall 1, XPS as insulation material, and LPG as energy source, 
whereas the lowest optimum insulation thickness is obtained by using Wall 4, rockwool as 
insulation material and geothermal energy as energy source. 
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Nomenclature   
 C cost($/kg, $/m3, $/kWh)  x insulation thickness (m) 
 DD degree-days (oC-days)   
 EA annual heating energy (J/m2year) Greek letter 
 g inflation rate ηs efficiency of the heating system 
 i interest rate   
 LCCA life-cycle cost analysis Subscripts 
 LHV lower heating value (J/kg, J/m3, J/kWh)  A annual 
 k thermal conductivity (W/mK)  f fuel 
 mfA annual fuel consumption(kg/m2year,  

m3/m2year kWh/m2year) 
 I insulation material 

 N lifetime (years)  i inside 
 PW present worth factor  o outside 
 R thermal resistance (m2K/W)  opt optimum 
 q heat loss (MJ/ m2year) s system 
 Tb base temperature(oC)  t total 
 To mean daily temperature(oC)  tw total wall excluding insulation material 
 U overall heat transfer coefficient(W/ m2K)  w wall material 
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