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Abstract
In this study, three different composite materials were produced from mixtures of 
natural and waste materials in different proportions. The produced composites were 
used to determine the insulation thickness of exterior walls of buildings located in 
12 provinces selected from the four different climate zones of Turkey. The selec-
tion of provinces was made according to Turkish standard TS 825. The produced 
materials are thermal insulation elements that can be used instead of construction 
elements, such as brick, on the exterior walls of the buildings. In this study, only the 
heating of the buildings was considered and the number of heating degree days of 
the provinces was taken into account to determine the insulation thickness. The life 
cycle cost analysis method was used to determine the optimum insulation thickness. 
It was determined that the optimum insulation thickness values calculated for four 
different fuel types for the selected provinces varied between 0.170 m and 1.401 m. 
The annual energy requirement for the unit surface area of the exterior walls of the 
insulated buildings was determined to be 11,213–965,715 kJ·m−2 per year. Moreo-
ver, it was determined that the insulation costs ranged between $ 22,841  m−2 and $ 
114,841 m−2, and the payback period ranged from approximately 2.5 to 6.5 years. 
It was concluded that using these new types of materials in the determined regions 
were advantageous in terms of thermal insulation, fire resistance, mechanical prop-
erties, production costs, extra labor costs, and optimum insulation thickness.

Keywords Degree-day method · Expanded perlite aggregate · Life cycle cost 
analysis · Optimum insulation thickness · Thermal insulation
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Cfuel  Cost of the fuel ($m−3, $  kg−1)

 * Fatih Ünal 
 fatihunal@artuklu.edu.tr

Extended author information available on the last page of the article

http://orcid.org/0000-0003-1806-7943
http://orcid.org/0000-0001-6383-3163
http://orcid.org/0000-0001-6660-9984
http://crossmark.crossref.org/dialog/?doi=10.1007/s10765-020-02761-1&domain=pdf


 International Journal of Thermophysics            (2021) 42:4 

1 3

    4  Page 2 of 28

Cins.  Cost of the insulant ($  m−2)
COP  Coefficient of performance
Ct,H  Total heating cost of the insulated building ($  m−2-year)
Cy  Cost of the insulant ($  m−3)
DD  Degree-day value (°C-days)
Eyear,H  Annual energy need for heating (J·m−2·-year)
g  Inflation rate (%)
HDD  Heating degree-day value (°C-days)
Hu  Low heat value of the fuel (J·kg−1, J·m−3)
i  Interest rate (%)
k  Thermal conductivity of insulation (W·m−1·K−1)
LPG  Liquefied petroleum gas
N  Lifetime (year)
Spp  Payback period (year)
PWF  Present Worth Factor
q  Annual heat loss  (Wm−2)
r  Actual interest rate
R  Heat transfer resistance  (m2·K  W−1)
Rins.  Thermal resistance of the insulant  (m2·K  W−1)
Ro  Outside heat transfer resistance  (m2·K  W−1)
Rw  Thermal resistance of wall layers without insulation  (m2·K  W−1)
Rw,t  Thermal resistance of non-insulated wall  (m2·K  W−1)
T  Temperature (K)
U  Total heat transfer coefficient (W·m−2·K−1)
X  Insulation thickness (m)
Xopt  Optimum insulation (total) thickness (m)

1 Introduction

The energy consumption in Turkey has been divided into four main industries, 
namely industrial, housing, transportation, and agriculture, while the housing indus-
try accounts for 33  % of total energy consumption [1]. Factors, such as limited 
energy resources, environmental problems that occur as a result of the unconscious 
use of these limited resources, and dependence on foreign sources for energy make 
it inevitable to use the existing energy resources efficiently. Therefore, considering 
the investment and operating costs, it is very important to select the right insulation 
material and insulation thickness for the air-conditioning needs, such as heating and 
cooling in the housing industry, which has a significant share in Turkey’s energy 
consumption [2]. In this context, several studies have been carried out to provide 
the most suitable insulation in residential buildings with different structural features 
and climatic conditions [3, 4]. When these studies are examined, it can be seen that 
some of them investigate the production of special insulation materials and some of 
them investigate the application and optimum thickness of the insulation material. 
Especially the materials used in residential buildings are required to be lightweight 
construction materials not to put an extra load on the structure as well as providing 
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sound and heat insulation, and most importantly, they should be resistant to dan-
gerous situations such as a fire. In the literature, it is possible to find many stud-
ies carried out for this purpose. For example, Soykan and Özel [5] investigated the 
use of waste marble powders as aggregates with polymer concrete technology. Kök-
sal et al. [6] produced foam concrete with thermal insulation properties. They used 
cement, expanded vermiculite, and silica fume in the production of foam concrete. 
The foam concretes were poured into 200 mm × 200 mm × 500 mm prism size molds 
and Ø150  mm × 300  mm cylinders. They kept the foam concretes at laboratory 
ambient temperature and exposed them to 300 °C. They discussed the test results 
taking into account the effects of foam concentration and high temperature. As a 
result, they found the thermal conductivity of foam concretes containing expanded 
vermiculite powder suitable. Gündüz et al. [7] solidified the cures they obtained by 
mixing the blended Portland cement with waste marble powder particles in certain 
proportions in different periods and compared the thermo-mechanical properties of 
these samples. Şengül et  al. [8], in an experimental study, replaced the expanded 
perlite with natural aggregate in lightweight concrete mixtures and investigated the 
effect of the new product on thermal insulation. Köksal et al. [9] produced insulation 
mortar with expanded vermiculite and waste expanded polystyrene. They used five 
vermiculite + polystyrene/cement ratios of 3, 4, 5, 6, and 7 by volume to produce 
mortar. They produced a total of 25 mortars with dimensions of 4 cm × 4 cm × 16 
cm to investigate physical, mechanical, and thermal properties. As a result, they 
found that samples containing vermiculite and polystyrene showed good insulat-
ing properties. Demirboğa and Gül [10] investigated the compressive strength and 
thermal conductivity of the mineral blended expanded perlite aggregate concrete. 
Ören et  al. [11] studied the physical and mechanical properties of foam concretes 
containing fly ash and blast furnace slag. As a result, the increased water binder 
ratio  (wb−1) due to the decrease in binder content caused an increase in the poros-
ity of foam concretes. They found that increased porosity in foam concretes caused 
a decrease in bulk density, compressive strength, and thermal conductivity and an 
increase in water absorption in foam concretes. Shastri and Kim [12] aimed to pro-
duce heat-insulated lightweight concrete using light aggregate (pumice, perlite, and 
EPS) in concrete. They investigated the mechanical and physical properties of the 
light concretes they produced. Sütçü et al. [13] studied the thermal behavior of hol-
low clay bricks obtained from paper waste and optimized their thermal performance. 
They studied both the strength and thermal properties of different paper waste con-
centrations. They found that the thermal conductivity of microporous brick mate-
rials with additives decreased from 0.68  Wm−1·K−1 to 0.39  Wm−1·K−1 compared 
to the non-additive sample. Gencel et al. [14] studied the physical and mechanical 
properties of composites obtained with the addition of vermiculite and polypropyl-
ene fiber to light gypsum. They found that thermal conductivity decreased with the 
addition of vermiculite. Statistical response surface method with three-level factorial 
was employed to evaluate the effect of the addition of vermiculite and polypropylene 
fibers on gypsum composites.

Regarding the studies investigating the application method and thickness of the 
insulation material, in a study carried out by Al-Sallal, two types of roof insulation 
found in hot and cold climates were compared and it was stated that the insulation 
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cost payback period in the cold climate was shorter than that in the hot climate [15]. 
In a study by Bolattürk, the optimum insulation thickness, energy saving, and pay-
back periods of various fuels were compared for a total of 16 cities selected from 
four different climate regions. As a result of the study, it was stated that energy sav-
ing varied between 22  % and 79  % and that optimum insulation thickness varied 
between 2 cm and 17 cm [16]. Yu et  al. [17] investigated the optimum insulation 
thickness for four typical cities in China’s hot summer and cold winter regions. In 
their research, they used five different insulation materials and found that the opti-
mum insulation thickness ranged from 0.053 m to 0.236 m and that the cost of insu-
lation payback periods ranged from 1.9 to 4.7 years. Han et al. [18] aimed to deter-
mine the optimum insulation thickness and minimize the energy cost by combining 
the structural insulation panel (SIP) and the vacuum insulation panel (VIP) for five 
cold climate regions of China. They stated that the findings of their study confirmed 
the economic feasibility of combining SIP with VIP in cold regions and provided 
viable parameters for the design of low-energy buildings in cold regions of China. 
Liu et al. [19] calculated the optimum insulation thickness of extruded polystyrene 
(XPS) and expanded polystyrene (EPS) insulation materials for three selected states 
(Changsha, Chengdu, and Shaoguan) in China. They determined that the optimum 
XPS thickness was between 0.053 m and 0.069  m and the optimum thickness of 
EPS was between 0.081 m and 0.105 m. Ustaoğlu et al. [20], performed an analyti-
cal simulation of lightweight concrete with different rates to decide on the thermal 
properties of vermiculite in real building applications using four different climatic 
regions and various fuels in Turkey to determine the energy consumption. Axaopo-
los et al. [21] investigated the optimum insulation thickness on the exterior walls of 
buildings in Larnaca, Cyprus, considering the wind speed and direction as well as 
heating and cooling times. They determined that the optimum insulation thickness 
was between 4.25  cm and 15.5  cm and that the payback period of the insulation 
was between 5.47 cm and 12.11 years. Liu et al. [22] developed a novel high-per-
formance building material to create the heating and cooling loads of the building 
envelope due to the increased energy consumption due to the increasing number of 
commercial buildings in the United States. Therefore, they produced a novel foam 
concrete reinforced with  SiO2 aerogel (FC-SA). (FC-SA) found the thermal conduc-
tivity of foam concrete as 0.049  Wm−1·K−1. As a result, the energy saving simula-
tion results showed that the use of FC-SA in cold and hot regions can significantly 
reduce energy consumption. Uçar and Balo [23] investigated the optimal insulation 
thickness with four different insulation materials in four different climatic regions 
in Turkey, considering different fuel types and different wall structures. As a result 
of their research, they stated that energy cost savings varied between $ 4.2  m−2 
and $ 9.5 m−2 depending on the city and the insulation material. Fleur ve diğ.[24] 
used an optimization approach to identify life cycle cost (LCC) optimal energy effi-
ciency measures (EEM) to implement as part of a renovation of a building in Swe-
den. The optimization tool OPERA-MILP was used. As a result, they showed that 
under certain framework conditions and assumptions, applying heat recovery ven-
tilation measures to reduce the demand for space heating in the building was not 
cost-effective.
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Low thermal conductivity and low density are the main desired properties of 
the materials to provide thermal insulation in buildings. For this purpose, it is 
possible to find many studies investigating the use of heterogeneous and com-
posite lightweight concretes produced using natural light aggregates as insulation 
materials. Several models have been developed for effective thermal conductiv-
ity of heterogeneous and composite materials and these models have been com-
pared with experimental results. For example, Collishaw and Evans [25], devel-
oped a model based on the geometric simplification of the microstructure related 
to the distribution of the pore phases in the solid matrix to calculate the effec-
tive thermal conduction coefficient of a porous solid and proved the accuracy of 
the selected model. In another study, Koçyiğit [26] compared thermal conduc-
tivity and mechanical properties of samples produced using pumice aggregates, 
tragacanth, and cement in different combinations. Koçyiğit [27] has produced a 
novel building material by using different proportions of waste marble powder, 
expanded perlite, cement, and natural resin. He determined the best insulation 
material by performing mechanical and thermal experiments on this insulation 
material. Furthermore, there are many studies in the literature to examine the 
hydrothermal properties of lightweight concrete, which is considered as an insu-
lation material in buildings. Záleská et al. [28] examined the physical, mechani-
cal, thermal, and hygrothermal properties of lightweight concretes produced from 
waste plastics and compared them with reference data. They found that even if 
the mechanical parameters decreased with the increase in the amount of waste 
plastic, it could be used in non-bearing structures. Besides, they found that there 
were seven times lower thermal conductivity than the reference material. They 
found that the designed concretes were characterized by plastic aggregates with 
increased hygric properties, increased water and water vapor transport param-
eters, and decreased water vapor adsorption capacity. Del Coz Díaz et  al. [29] 
conducted an experimental study to determine the hydrothermal properties of 
different lightweight concrete mixtures (LWC) produced from expanded clay. In 
their experimental work, they optimized the hydrothermal behavior for different 
LWC mixtures with material densities ranged from 900 kg·m−3 to 1400 kg·m−3. 
Del Coz Díaz et  al. [30] developed a novel hybrid methodology to numerically 
and empirically examine moisture transport and heat transfer in wall structures 
that occurred from lightweight concrete hollow bricks (LWHBs). To perform 
hygrothermal analysis, they exposed one square meter of a wall to eight different 
humidity stages for a total of 1480 h under laboratory conditions with a special 
test device. In this regard, they found a very good agreement between numerical 
and experimental results.

In this study, it was aimed to determine the optimum thickness for housing in 
12 province centers in four different climate zones by using three different novel 
developed composite insulation materials consisting of waste and natural materi-
als for thermal insulation purposes in the housing by Turkey’s TS 825 [31]. The 
study differs from other studies available in the literature due to the use of spe-
cially produced composite materials. Calculations were made considering the 
houses heated by using four different types of fuels: natural gas, coal, fuel oil, and 
LPG. The required optimum insulation thicknesses, net savings, and repayment 
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period were calculated for each case. In this respect, it was aimed to use novel 
developed insulation materials as an alternative to traditional insulation materials 
used in determining optimum insulation thicknesses of houses in different cli-
matic regions.

2  Materials and Method

2.1  Production of Insulation Materials

The raw perlite was expanded at 800  °C in the perlite facility located in İzmir 
Bergama region and was sized by sifting through sieves of desired dimensions 
in order to produce insulation materials. The supplied samples were divided 
into three different grain sizes as 0 mm–3 mm, 3 mm–5 mm, and 5 mm–8 mm 
(Fig. 1). The marble powder additive was obtained from the powder released in 
the processing of marbles at the Dimer Marble and Mining plant in Diyarbakır. 
As cement, CEM I 42.5 N standard number Portland cement was used. Expanded 
perlite aggregates divided into three groups in grain sizes of 0  mm–3 mm, 
3 mm–5 mm, and 5 mm–8 mm and at the rate of 15 %, 30 %, and 45 % by weight 
and 0.300  mm sieved waste marble powder at the rate of 5  % and 15  % were 
added to tragacanth and cement mixtures at the rate of 0 %, 0.5 %, and 1 %. The 
tragacanth resin used in the experiments was powdered with a grinder. 100  g 
powdered tragacanth resin weighed with precision scale was mixed in a 5-L 
water-filled container.

In preliminary studies, it was determined that 100 g tragacanth resin can dis-
solve in approximately 5 L of water. Expanded perlite(EP) was placed in a waste 
marble powder and cement mix bucket. Molten resin was added to these mixtures 
at the calculated rate. Furthermore, in this study, thermal conductivity values of 
the previous study presented with reference number [27] were used. The material 
properties and production costs of the composite samples used in the experiments 
are presented in Table 1.

Fig. 1  Perlite samples divided into three different grain sizes
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2.2  Determination of Thermal Conductivity Coefficients of Composite Samples 
Produced

The thermal conductivity of the samples was measured with the hot-wire method 
by using the "Shotherm QTM-D2" device developed according to DIN51046. 
In the catalog values of the device, the measurement sensitivity was given as 
± 5  % + 1 digit and the measurement range was given as 0.02  Wm−1·K−1–10 
 Wm−1·K−1. With this method, the real thermal conductivity coefficient can be 
measured without creating a change in the humidity in the samples produced. 
The difference of this method from the plate type thermal conductivity coefficient 
measurement method is that the measurement can be made even if the medium 
where the thermal conductivity coefficient is measured is heterogeneous. In 
order to determine the thermal conductivity coefficients of the produced samples, 
20  mm ×  60   mm × 150 mm sized molds (Fig.  2) suitable for the thermal con-
ductivity meter probe were produced and the mixture materials were poured into 
these molds. After 24 h, the samples were removed from the mold (Fig. 3) and 
let rest for 28 days for the test. The measured thermal conductivity values of the 
samples at the end of this period were as follows, respectively: The thermal con-
ductivity coefficient of the first insulation material (FIM) was 0.167 Wm−1·K−1, 
the thermal conductivity coefficient of the second insulation material (SIM) was 
0.311 Wm−1·K−1, and the thermal conductivity coefficient value of the third insu-
lation material (TIM) was 0.468 Wm−1·K−1.

Fig. 2  Sample preparation molds

Fig. 3  Produced samples
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2.3  Selected Cities and Features of the Exterior Walls Studied

It is known that heat losses in buildings are generally caused by exterior walls, win-
dow openings, roof, and floor. In this study, only heat losses and gains occurring in 
the exterior walls were taken into account. The optimum insulation thickness cal-
culation was made by taking account 12 of the provinces in four different regions, 
which were exemplified by the Turkish Standard TS 825 [31] (Fig. 4).

Monthly average temperatures of winter and summer seasons between 1929 and 
2019 in these provinces obtained from the Meteorology General Directorate of Tur-
key (MGM) are given in Table 2 [32]. The location information of the selected prov-
inces and the Heating degree-day (HDD) values of 2019 obtained from MGM [33] 
are given in Table 3.

In this study, a comparison was made between two types of walls, consider-
ing that the composite insulation materials produced can be used as a lightweight 

Fig. 4  Provinces whose insulation properties were examined

Table 2  Seasonal average 
temperature values of the 
selected cities [32]

Season Winter Summer

Province Dec Jan Feb Jun Jul Aug

İstanbul 8.2 5.9 5.9 21.3 23.8 23.9
Bursa 7.2 5.3 6.2 21.9 24.4 24.3
İzmir 10.4 8.7 9.5 25.3 27.8 27.6
Muğla 6.9 5.3 6.0 22.8 26.3 26.2
Antalya 11.6 10.0 10.6 25.3 28.4 28.3
Ankara 2.4 0.1 1.6 19.9 23.3 23.3
Sivas − 0.7 − 3.4 − 2.1 16.9 19.9 20.1
Niğde 1.8 − 0.3 1.1 19.1 22.4 22.3
Gaziantep 4.9 3.0 4.4 24.2 27.9 27.7
Kars − 6.9 − 10.8 − 9.0 13.8 17.5 17.8
Erzurum − 5.8 − 9.1 − 7.7 14.8 19.1 19.4
Ağrı − 6.4 − 10.6 − 9.2 16.4 21.0 21.2



 International Journal of Thermophysics            (2021) 42:4 

1 3

    4  Page 10 of 28

building material instead of brick or similar building elements. The first type of wall 
consisted of inner plaster, TS EN 771-1 horizontal type perforated brick [34], and 
outer plaster. The second type of wall consisted of the inner plaster, the composite 
insulation material produced, and the outer plaster (Fig.  5). The properties of the 
walls are presented in Table 4.

2.4  Parameters Used in Calculations

2.4.1  Fuels

In this study, research has been made according to four different fuel types and the 
information related to these fuels are presented in Table 5.

Table 3  Data for selected cities [32, 33]

Province Longitude Latitude Altitude
(m)

Population Number of households HDD

İstanbul 28.58 E 41.01 N 120 15,519,267 3,886,990 1865
Bursa 29.04 E 40.11 N 155 3,056,120 782,935 1497
İzmir 27.09 E 38.25 N 10 4,367,251 1,263,121 1119
Muğla 38.22 E 37.12 N 625 983,142 283,213 1705
Antalya 30.42 E 36.54 N 39 2,511,700 638,424 788
Ankara 32.52 E 39.56 N 850 5,639,076 1,512,363 2169
Sivas 37.02 E 39.45 N 1285 638,956 167,355 2862
Niğde 34.42 E 37.59 N 1229 362,861 92,929 2467
Gaziantep 37.22 E 37.05 N 843 2,069,364 400,637 1751
Kars 43.10 E 40.61 N 1768 285,410 62,971 4253
Erzurum 41.27 E 39.90 N 1890 762,062 168,074 4339
Ağrı 43.02 E 39.62 N 1640 536,199 87,671 4050

Fig. 5  The reference and the insulated walls
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2.4.2  Financial Values

In this study, the life cycle cost analysis method was used to determine the optimum 
insulation thickness, and the interest rate, inflation rate, system life, and current value 
factor are presented in Table 6.

2.5  Determination of Heating Load and Optimum Insulation Thickness

Heat loss from the unit surface of any wall can be calculated from Eq. 1:

(1)q = UxΔT .

Table 4  Physical properties of exterior wall elements [26, 27, 35]

Wall structure Pressure 
resistance 
(MPa)

Density (kg·m−3) Thickness (m) k
(W·m−1 K−1)

R
(m2KW−1)

Internal plaster (lime-
based)

– 1200 0.025 0.87 0.029

Brick  ≥ 13.2 750 0.190 0.50 0.380
External plaster (cement-

based)
– 2100 0.035 1.40 0.025

Ri – – – – 0.130
Ro – – – – 0.040
Rw,t (uninsulated) – – – – 0.604
FIM 14.14 0.933 0.01 0.167 0.060
SIM 22.05 1.5221 0.01 0.311 0.032
TIM 33.25 1.983 0.01 0.468 0.021

Table 5  Used fuels and their 
properties [36–38]

Fuel Hu η Price  (Cfuel)

Natural Gas 34,485,000 J·m−3 0.90 0.234 $ ·m−3

Coal 25,080,000 J·kg−1 0.65 0.176 $·kg−1

Fuel–oil 40,546,000 J·kg−1 0.80 0.525 $·kg−1

LPG 45,980,000 J·kg−1 0.88 0.548 $·kg−1

Table 6  Financial values [39] Parameters

Interest rate (i) 12.1 %
Inflation rate (g) 11.2 %
Life cycle (N) 10 years
Present Worth Factor (PWF) 9.569
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In Eq.  1, the U thermal conductivity coefficient  (Wm−2·K−1) and ΔT (K) are 
the difference between indoor and outdoor temperatures. Accordingly, annual heat 
losses or gains in the unit surface area of the wall can be calculated from Eqs. 2 and 
3 by using U and Degree-day values [1, 2, 40]:

where qyear,H represents annual heat loss in heating; qyear,C  (Wm−2) represents the 
annual heat loss in cooling. The formulas given in Eqs. 4 and 5 were used to deter-
mine the total thermal conductivity coefficient:

Equation 4 gives the total thermal conductivity coefficient for the wall without 
thermal insulation, while Eq. 5 gives the total thermal conductivity coefficient for 
the wall with a thermal insulation element (without bricks). In these equations, Ri 
and Ro indicate the heat resistance coefficients of the internal and external environ-
ment, while Rw and Rins indicate the thermal conductivity resistance coefficients 
of the non-insulated wall and the insulated wall, respectively. Rins, which indicates 
the thermal resistance of the insulation, can be calculated with the formula given in 
Eq. 6:

The term x given in Eq. 6 indicates the insulation thickness (m) and k indicates 
the thermal conductivity coefficient  (Wm−1·K−1) of the insulation. Also, for a wall 
without thermal insulation, the total thermal resistance can be calculated by Eq. 7:

Total annual heating energy requirement for the heating season Eyear,H can be cal-
culated with the formula given in Eq. 8 [1]:

With the insulation processes applied on the exterior surfaces of the buildings, 
it is possible to prevent heat loss or gain from the exterior surfaces per unit area 
according to the season. However, it is essential to select the insulation element 
that will provide this saving in optimum thickness. Otherwise, the process may 
be far from being economical even it performs the insulation task. Therefore, 

(2)qyear,H = 86400xHDDxU.

(3)qyear,C = 86400xCDDxU.

(4)U =
1

Ri + Rw + Ro

,

(5)U =
1

Ri + Rins + Ro

.

(6)Rins =
x

k
.

(7)Rw,t = Ri + Rw + Ro.

(8)Eyear,H =
86400xHDD
(

Rw,t + Rins

)

x�
.
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cost analysis is essential to determine the optimum insulation thickness. Annual 
energy costs from the unit surfaces of the exterior walls are given in Eq. 9 for the 
heating season:

where CA,H, is the total heating cost ($m−2-year). Hu refers to the lower thermal 
value (heating value) of the fuel according to the type of fuel used. The efficiency 
of the heating system is expressed with the symbol η. The life cycle cost analysis 
method was used to determine the optimum insulation thickness. The annual energy 
cost was calculated based on the life of the insulation elements and the current value 
factor [1, 2, 41]. The current value factor according to inflation and interest rates 
was calculated by Eqs. 10, 11, 12, and 13:

If i > g,

If i < g,

If i = g,

In addition, the statement giving the cost of insulation is presented in Eq. 14:

According to the life cycle cost analysis of an insulated building, the total heating 
cost is given in Eq. 15, respectively [1]:

The expression that gives the optimum insulation thickness that will minimize the 
total heating cost for the heating season is given in Eq. 16 [1, 2, 41]:

The calculations of the annual net savings to be obtained with the insulation mate-
rial to be applied to the buildings are presented in the equations below. Accordingly, 

(9)CA,H =
86400xHDDxCfuel
(

Rw,t + Rins

)

xHux�
,

(10)r =
i − g

1 + g
.

(11)r =
g − i

1 + i
,

(12)PWF =
(1 + r)N − 1

rx(1 + r)N
.

(13)PWF =
N

1 + i
.

(14)Cins = Cy × x.

(15)Ct,H
= CA,H

× PWF + Cy × x.

(16)Xopt,H
= 293.94 ×

(

HDD × Cfuel × PWF × k

Hu × Cy × �

)1∕2

− k × Rw,t
.
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the net earnings from heating during the heating season are given in Eq. 17, and the 
expression referring to the payback periods for this term is given in Eq. 18:

2.6  Uncertainty Analyses

In the experimental studies, an uncertainty analysis was performed for the heat con-
duction coefficient, water absorption and drying amounts, compression, and ten-
sile strength tests of the samples in order to give information about the degrees and 
amounts of possible uncertainties. The uncertainty values of the measured quanti-
ties were determined theoretically by making use of the uncertainty values recom-
mended by the manufacturers of the measuring instruments and the calibration stud-
ies and experimental experiences. Fixed errors and random errors were been taken 
into account for uncertainty analysis. Errors that occur due to manufacturing errors 
were not been taken into account. In this case, the total error calculation has been 
obtained with the help of Eq. 19. Also, uncertainty values that may arise for each 
independent variable are presented in Table 7.

where R is a function of the independent variables x1, x2, … xn and w1, w2, …, wn are 
the uncertainty of the independent variables.

Error parameters that may occur during the experiments are presented in Table 7 
and the magnitudes of possible errors were calculated with the help of Eq.  19. 
Accordingly, the values obtained are given in Table 8.

When the magnitude of the error values given in Table 8 was compared, it was 
determined that the greatest possible error value that could occur during experiments 
could occur during measurements of the heat conduction coefficient. Accordingly, it 
was calculated that the total error value that may occur in the measurement of the 
heat conduction coefficient will be between ± 0.059  Wm−1·K−1–0.067  Wm−1·K−1. 
From these values, it can be seen that the experimental measurements have accept-
able accuracy sensitivity.

3  Results and Discussion

In this study, insulation thickness was calculated to prevent the heat losses that 
will occur in the heating of the buildings. Three different insulation materials 
(FIM, SIM, and TIM) which have been developed for determining the insulation 

(17)Syear,H = CH − Ct,H
,

(18)SPP,H =
Cins

SyearH

.

(19)WR =

[

(

�R

�x1
w1

)2

+

(

�R

�x2
w2

)2

+…

(

�R

�xn
wn

)2
]1∕2

,
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thickness were examined and compared.  Xopt (optimum insulation thickness) 
stated in the calculations refers to the thickness of the insulation material to be 
used, that is, the material that will replace the brick. Hence, it is accepted that 
the insulation material thicknesses up to 0.40  m can be used for the insulation 
thickness to be practically feasible. Insulation material thicknesses above 0.40 m 

Table 7  Possible error parameters that may occur in experiments

Error parameters Error Unit

Uncertainties caused by the measurement of heat conduction coefficient
 Uncertainty caused by the measuring probe  ± 0.02 Wm−1·K−1

 Uncertainty due to set resistance (potentiometer)  ± 0.01 Wm−1·K−1

 Uncertainty caused by microcomputer  ± 0.01 Wm−1·K−1

 Uncertainty due to the structure and transmission ability of the hot wire  ± 0.02 Wm−1·K−1

 Uncertainty due to heat conduction coefficient measuring device  ± 0.05–0.06 Wm−1·K−1

Uncertainties caused by time measurement
 Uncertainty due to the vibration of the timer  ± 0.001 s
 Uncertainty due to the residence time of the samples in water  ± 0.1 s
 Uncertainty due to the drying time of samples  ± 0.1 s

Uncertainties caused by the measurement of weight losses
 Uncertainty caused by a precision scale  ± 0.001 g
 Uncertainty caused by the reader  ± 0.01 g
 Uncertainty caused by the friction of samples to the abrasive disc  ± 0.03 g
 Uncertainty caused by water absorption experiments of samples  ± 0.02 g
 Uncertainty caused by drying experiments of samples  ± 0.01 g

Uncertainties arising from compressive and tensile strength measurement
 Uncertainty caused by the precision of the compression experiment device  ± 0.02 kgf·cm−2

 Uncertainty caused to the load applied to the samples  ± 0.02 kgf·cm−2

 Uncertainty caused by the reader during compression–tensile stress meas-
urements

 ± 0.02 kgf·cm−2

Uncertainty in the cross-sectional area of the samples
 Uncertainty caused by cross-sectional area measurements of prepared 

samples
 ± 0.002 cm2

Table 8  Values of possible errors that may occur in experiments

Error parameters Error Unit

Uncertainties caused by the measurement of heat conduction Coefficient  ± 0.059–0.067 Wm−1·K−1

Uncertainties caused by time measurement  ± 0.014 s
Uncertainties caused by the measurement of weight losses  ± 0.039 g
Uncertainties arising from compressive and tensile strength Measurement  ± 0.035 Kgf·cm−2

Uncertainty in the cross-sectional area of the samples  ± 0.002 cm2
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are shown in bold. Thus, it can be easily seen in Table 9 that material thicknesses 
without coloring are practically feasible.

3.1  Examination of Insulation Thickness Change According to HDD Values

It was investigated how three different insulation materials changed according to the 
type of fuel used based on the number of heating degree days (HDDs) for 12 prov-
inces determined in accordance with Turkish Standard TS 825. The results are pre-
sented in Table 7.

When Table 9 is examined, it is seen that the first insulation material (FIM) is 
suitable for regions whose HDD values are between 1000 and 3000 for natural gas 
use, it is suitable for regions whose HDD values are between 1000 and 2000 for 
coal use, and it is suitable for regions whose HDD values are up to 1000 for regions 
for fuel oil use. Likewise, in buildings heated with LPG, it is suitable for use where 
HDD values are between 1000 and 2000. It was determined that the insulation thick-
ness of the second type of insulation material (SIM) is not among the accepted val-
ues for buildings heated by using fuel–oil. Likewise, it is seen that the third type 
of material (TIM) is suitable only for regions heated by natural gas and with HDD 
values up to 1000.

Table 9  Xopt change according 
to fuel type and HDD values

HDD Natural gas Coal Fuel–oil LPG

FIM (k = 0.167  Wm−1·K−1)  Xopt (m)
 1000 0.196 0.242 0.305 0.276
 2000 0.294 0.358 0.447 0.406
 3000 0.368 0.447 0.556 0.506
 4000 0.431 0.522 0.648 0.590
 5000 0.486 0.588 0.729 0.664
 6000 0.536 0.648 0.802 0.731

SIM (k = 0.311  Wm−1·K−1)  Xopt (m)
 1000 0.205 0.309 0.439 0.3958
 2000 0.319 0.466 0.649 0.588
 3000 0.406 0.587 0.811 0.736
 4000 0.480 0.688 0.947 0.861
 5000 0.544 0.778 1.067 0.971
 6000 0.603 0.859 1.162 1.070

TIM (k = 0.468  Wm−1·K−1)  Xopt (m)
 1000 0.389 0.485 0.617 0.556
 2000 0.593 0.729 0.917 0.830
 3000 0.750 0.917 1.146 1.040
 4000 0.883 1.075 1.340 1.217
 5000 0.999 1.214 1.511 1.374
 6000 1.105 1.340 1.665 1.515
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3.2  Examining the Insulation Thicknesses According to the Selected Provinces

When three different materials produced are used in 12 provinces and with four 
different fuels, the material thickness  (Xopt) that will minimize the heating cost 
was obtained with the help of Eq.  16. The results are presented in Table  10. 
Moreover, the change of insulation thickness by cities is given in Fig. 6.

When Table 10 is examined, it can be seen that the materials produced require 
insulation thicknesses greater than 0.40  m, which is the insulation thickness 
accepted for provinces with an HDD value greater than 4050, and therefore, it is 
difficult or impossible to apply it for these provinces. It was determined that the 
first insulation material (FIM) with the lowest thermal conductivity coefficient 
was used more than others in the application, whereas the third insulation mate-
rial (TIM) was only suitable in Antalya and for natural gas heating systems.

When Fig. 6 and Table 10 are examined together, it is seen that the thickness 
of the insulation material increases with the increase in the number of heating 
degree days (HDDs), and the insulation thickness is thinner in the materials with 
a low thermal conductivity coefficient of the insulation material. When a com-
parison was made among all three materials, it was determined that the mate-
rial price decreased as the thermal conductivity coefficient increased; however, 
it was not applicable in practice. Especially in provinces where HDD values vary 
between 1000 and 2000, these materials seem to be more functional for use in 
heating.

3.3  Examining the Heating Energy Requirements of the Buildings in the Selected 
Provinces

The heating energy requirements of the buildings in the selected provinces were 
calculated with the help of Eq. 8 according to the reference wall given in Fig. 5, 
and the values found are given in Table 11. The comparison of the heating energy 
requirements of the uninsulated building walls according to four different fuel 
types is presented in Fig. 7.

A comparison of the amount of energy required to heat the unit surface areas of 
the exterior walls of buildings in 12 provinces during the heating season is given in 
Fig. 7. When Fig. 7 is examined, it can be seen that the amount of energy to be spent 
in heating increases as the efficiency of the fuel used in heating decreases. Further-
more, considering the  Xopt values given in Table 10 and the type of fuel used, the 
energy values required for heating in 12 provinces are given in Table 12.

3.4  Examining Financial Values

In the heating process carried out using four different fuels in 12 selected prov-
inces, the annual heating energy costs required when the buildings are not insu-
lated are calculated with the help of Eq. 9, and the values found are presented in 
Table 13 and Fig. 8.
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When Fig. 8 is examined, it is seen that the most suitable fuel type to be used 
for heating uninsulated buildings is natural gas and the costliest fuel type is fuel 
oil. It is seen that the cost of heating is directly proportional to the HDD number 
and the cost of fuel increases with the increase of the HDD number. Besides, by 
applying insulation to the exterior walls, the insulation costs of the exterior walls 

Fig. 6  The change of thickness of three different insulation materials according to the type of fuel used in 
the selected provinces

Table 11  Annual heating energy 
values for the unit surface area 
of non-insulated outer walls

Uninsulated Wall (Reference wall)  Eyear,H (kJ·m−2-year)

Province HDD NG Coal Fuel–oil LPG

İstanbul 1865 296,420 410,430 333,480 303,160
Bursa 1497 237,930 329,450 267,680 243,340
İzmir 1119 177,850 246,260 200,090 181,900
Muğla 1705 270,990 375,220 304,870 277,150
Antalya 788 125,250 173,420 140,900 128,090
Ankara 2169 344,740 477,330 387,830 352,580
Sivas 2862 454,890 629,840 511,750 465,230
Niğde 2467 392,110 542,920 441,120 401,020
Gaziantep 1751 278,300 385,340 313,090 284,630
Kars 4253 675,970 935,960 760,470 691,340
Erzurum 4339 689,640 954,890 775,850 705,320
Ağrı 4050 643,710 891,290 724,170 658,340
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in the selected provinces by considering each fuel type and the insulation mate-
rial used were calculated using Equality 14 and are given in Table 14.

The comparison of the insulation costs for the cities that are considered to be 
suitable in practice for the insulation application is shown in Table 10 and is given 
in Fig. 9. In Fig. 9, it can be seen that the most suitable province where novel devel-
oped composite materials can be used as insulation elements in heating is Antalya 
(HDD = 788). For Kars, Erzurum, and Ağrı (HDD = 4253, 4339, and 4050, respec-
tively) in the Eastern Anatolian region, the insulation materials cannot be applied in 
practice, whereas for Sivas (HDD = 2862) and Niğde (HDD = 2467), the first insula-
tion material (k = 0.167  Wm−1 K−1) can be applied for heating with natural gas. In 
addition, it is seen that the province that requires the highest insulation cost is Bursa 
(HDD = 1497) when the first insulation material (FIM) is used and Fuel–oil or LPG 
is used for heating. The lowest insulation cost is in Antalya when the first insulation 
material and natural gas is used for heating.

The payback period of the insulation cost values found for the provinces where 
novel produced composite materials will be applied is given in Table 15.

When Fig. 10 is examined, it is seen that in cities with a large number of HDD, 
the insulation cost payback period is less than cities with a smaller number of HDD. 
This can be explained by the fact that more heating energy is saved and the cost of 
the fuel used decreases due to the higher temperature difference between the exterior 
walls and the ambient air.

4  Conclusion

In Turkey, insulation is usually applied to buildings for heating. For this reason, in 
this study, the insulation thickness calculation was made only for the heated build-
ings. In calculations, three different insulation elements, partially produced from 
waste materials to provide an alternative to conventional insulation elements, were 
compared in terms of insulation thickness, net saving amount, payback period, and 
usability. Although the production costs of the new insulation elements produced 

Fig. 7  Comparison of the heating energy requirements of the reference walls in the selected provinces by 
fuel type
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Table 12  Annual heating energy 
values for the unit surface area 
of insulated exterior walls 
according to  Xopt values

Province HDD NG COAL FUEL–OIL LPG

FIM  Eyear,H (kJ·m−2-year)
 İstanbul 1865 61,219 84,764 68,871 62,610
 Bursa 1497 49,139 68,039 55,281 50,256
 İzmir 1119 36,731 50,859 41,323 37,566
 Muğla 1705 55,967 77,492 62,962 57,239
 Antalya 788 25,866 35,815 29,099 26,454
 Ankara 2169 41,655 57,676 46,862 42,602
 Sivas 2862 93,945 13,008 10,569 96,080
 Niğde 2467 80,979 11,213 91,102 82,820
 Gaziantep 1751 57,477 79,583 64,661 58,783
 Kars 4253 13,960 19,330 15,706 14,278
 Erzurum 4339 14,243 19,721 16,023 14,566
 Ağrı 4050 13,294 18,407 14,956 13,596

SIM  Eyear,H (kJ·m−2-year)
 İstanbul 1865 106,940 148,080 120,310 109,370
 Bursa 1497 858,410 118,860 965,710 877,920
 İzmir 1119 641,660 888,450 721,870 656,240
 Muğla 1705 977,680 135,370 109,990 999,900
 Antalya 788 451,860 625,650 508,340 462,130
 Ankara 2169 727,670 100,750 818,630 744,210
 Sivas 2862 164,110 227,230 184,630 167,840
 Niğde 2467 141,460 195,870 159,150 144,680
 Gaziantep 1751 100,410 139,020 112,960 102,690
 Kars 4253 243,880 337,670 274,360 249,420
 Erzurum 4339 248,810 344,500 279,910 254,460
 Ağrı 4050 232,240 321,560 261,270 237,510

TIM  Eyear,H (kJ·m−2-year)
 İstanbul 1865 150,750 208,730 169,590 154,170
 Bursa 1497 121,000 167,540 136,130 123,750
 İzmir 1119 904,490 125,240 101,760 925,050
 Muğla 1705 137,820 190,820 155,040 140,950
 Antalya 788 636,940 881,920 716,560 651,420
 Ankara 2169 102,570 142,020 115,400 104,900
 Sivas 2862 231,340 320,310 260,250 236,590
 Niğde 2467 199,410 276,100 224,330 203,940
 Gaziantep 1751 141,530 195,970 159,230 144,750
 Kars 4253 343,770 475,990 386,740 351,580
 Erzurum 4339 350,720 485,620 394,560 358,690
 Ağrı 4050 327,360 453,270 368,280 334,800



 International Journal of Thermophysics            (2021) 42:4 

1 3

    4  Page 22 of 28

are quite low compared to traditional insulation materials, the thermal conductivity 
coefficients are much higher than conventional insulation materials. However, con-
sidering the features such as the new materials produced being lightweight construc-
tion materials and being produced from waste materials, especially non-combustible 
materials, they offer practical usage advantages. The results obtained from the study 
are presented below as items:

• The  Xopt values calculated for the new materials produced are not only the insu-
lation thickness but the total wall thickness excluding the interior and exterior 
plasters. The  Xopt values determined vary between 0.170 and 1.401  m for the 
selected 12 provinces and four different types of fuels for which usability is con-
sidered. It has been accepted that  Xopt values above 0.40 m cannot be applied in 
practice.

Table 13  Annual heating 
cost per unit surface area of 
uninsulated walls

CA,H ($m−2-year)

Province HDD NG COAL FUEL–OIL LPG

İstanbul 1865 13.753 19.637 29.444 24.659
Bursa 1497 11.039 15.763 23.634 19.793
İzmir 1119 8.251 11.782 17.666 14.795
Muğla 1705 12.573 17.953 26.918 22.543
Antalya 788 5.811 8.297 12.440 10.418
Ankara 2169 15.995 22.839 34.243 28.678
Sivas 2862 21.105 30.136 45.184 37.841
Niğde 2467 18.192 25.976 38.948 32.618
Gaziantep 1751 12.912 18.437 27.644 23.151
Kars 4253 31.363 44.782 67.145 56.233
Erzurum 4339 31.997 45.688 68.503 57.370
Ağrı 4050 29.866 42.645 63.940 53.549

Fig. 8  Comparison of the annual heating cost per unit surface area of uninsulated walls
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Table 14  Insulation cost of  Xopt 
thickness insulated walls

PROVINCE HDD FIM SIM TIM

Naturel Gas  Cins, H ($m−2-year)
 İstanbul 1865 36.738 44.561 46.715
 Bursa 1497 32.409 39.127 40.959
 İzmir 1119 27.365 32.791 34.243
 Muğla 1705 34.918 42.262 44.288
 Antalya 788 22.178 26.279 27.355
 Ankara 2169 40.001 48.653 51.053
 Sivas 2862 46.670 57.024 59.917
 Niğde 2467 42.978 52.393 55.014
 Gaziantep 1751 35.451 42.933 44.993
 Kars 4253 57.954 71.192 74.923
 Erzurum 4339 58.591 71.984 75.768
 Ağrı 4050 56.446 69.289 68.806

Coal  Cins, H ($m−2-year)
 İstanbul 1865 44.850 54.736 57.498
 Bursa 1497 39.676 48.246 50.619
 İzmir 1119 33.644 40.667 42.599
 Muğla 1705 42.666 51.997 54.596
 Antalya 788 27.443 32.901 34.366
 Ankara 2169 48.750 59.631 62.681
 Sivas 2862 56.719 69.641 73.275
 Niğde 2467 52.312 64.108 67.420
 Gaziantep 1751 43.303 52.800 55.440
 Kars 4253 70.200 86.570 91.209
 Erzurum 4339 70.954 87.516 92.209
 Ağrı 4050 68.393 84.293 88.798

Fuel–oil  Cins, H ($m−2-year)
 İstanbul 1865 56.004 68.750 72.332
 Bursa 1497 49.673 60.786 63.911
 İzmir 1119 42.289 51.524 54.087
 Muğla 1705 53.339 65.395 68.782
 Antalya 788 34.697 42.009 44.009
 Ankara 2169 60.775 74.734 78.679
 Sivas 2862 70.538 86.988 91.651
 Niğde 2467 65.143 80.212 84.476
 Gaziantep 1751 54.119 66.374 69.815
 Kars 4253 87.061 107.723 113.611
 Erzurum 4339 87.984 108.878 114.841
 Ağrı 4050 84.838 104.940 110.659

LPG  Cins, H ($m−2-year)
 İstanbul 1865 50.843 62.260 65.461
 Bursa 1497 45.045 54.989 57.753
 İzmir 1119 38.285 46.497 48.774
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• It has been determined that the first type of insulation material (FIM) pro-
duced is suitable for use with natural gas in provinces with HDD values 
between 1000 and 3000. In addition, it has been determined that the second 
type of material (SIM) produced is not suitable for buildings heated by fuel oil 
and the third type of insulation material (TIM) produced is suitable only for 
provinces heated with natural gas and with HDD values below 1000.

• It has been determined that the use of all three materials would not be practi-
cal in provinces with HDD values of 4050 and above.

• Antalya (HDD = 788) has been determined as the most suitable city to use the 
insulation materials produced.

• It has been determined that if the insulation materials are used in the prov-
inces where they are accepted as suitable, the payback period varies between 
2.5 and 6.5 years.

Table 14  (continued) PROVINCE HDD FIM SIM TIM

 Muğla 1705 48.399 59.191 62.213
 Antalya 788 31.343 37.785 39.540
 Ankara 2169 55.211 67.749 71.274
 Sivas 2862 64.142 78.958 83.148
 Niğde 2467 59.202 72.754 76.580
 Gaziantep 1751 49.114 60.093 63.165
 Kars 4253 79.261 97.933 103.246
 Erzurum 4339 80.106 98.989 104.370
 Ağrı 4050 77.220 95.381 100.540

Fig. 9  Insulation costs of cities where insulation can be applied
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Table 15  Payback periods 
of walls insulated with  Xopt 
thickness

PROVINCE HDD FIM SIM TIM

Naturel Gas  SPP,H (year)
 İstanbul 1865 3.367 4.375 4.683
 Bursa 1497 3.700 4.786 5.116
 İzmir 1119 4.180 5.366 5.722
 Muğla 1705 3.501 4.539 4.857
 Antalya 788 4.811 6.106 6.491
 Ankara 2169 3.152 4.107 4.401
 Sivas 2862 2.787 3.648 3.914
 Niğde 2467 2.978 3.889 4.170
 Gaziantep 1751 3.331 4.490 4.805
 Kars 4253 2.329 3.065 3.294
 Erzurum 4339 2.308 3.038 3.265
 Ağrı 4050 2.382 3.133 3.177

Coal  SPP,H (year)
 İstanbul 1865 2.761 4.012 5.177
 Bursa 1497 3.043 4.405 5.678
 İzmir 1119 3.452 4.968 6.393
 Muğla 1705 2.873 4.168 5.377
 Antalya 788 3.999 5.707 7.324
 Ankara 2169 2.581 3.758 4.853
 Sivas 2862 2.276 3.325 4.299
 Niğde 2467 2.435 3.552 4.589
 Gaziantep 1751 2.840 4.122 5.317
 Kars 4253 1.895 2.782 3.601
 Erzurum 4339 1.878 2.757 3.569
 Ağrı 4050 1.939 2.845 3.682

Fuel–oil  SPP,H (year)
 İstanbul 1865 2.215 2.838 2.987
 Bursa 1497 2.447 3.126 3.329
 İzmir 1119 2.787 3.545 3.769
 Muğla 1705 2.307 2.953 3.146
 Antalya 788 3.248 4.104 4.355
 Ankara 2169 2.067 2.653 2.829
 Sivas 2862 1.818 2.340 2.497
 Niğde 2467 1.948 2.503 2.670
 Gaziantep 1751 2.280 2.918 3.109
 Kars 4253 1.510 1.950 2.083
 Erzurum 4339 1.496 1.932 2.064
 Ağrı 4050 1.545 1.995 2.131

LPG  SPP,H (year)
 İstanbul 1865 2.438 3.132 3.340
 Bursa 1497 2.691 3.446 3.671
 İzmir 1119 3.060 3.898 4.148
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According to the results obtained,  Xopt change according to the fuel type and 
HDD values of the insulating materials examined showed a similar trend with the 
studies examined in the literature [1, 2, 5, 15]. Besides, in this study, it was deter-
mined that the insulation cost values varied between 22.841 and 114.841 $m−2 
and the payback period between 2.5 and 6.5  years. When the results obtained 
were compared with the studies performed, it was determined in the studies con-
ducted in the literature that the payback periods ranged between 1.9 and 6.1 years 
[2, 15, 16]. In this context, the payback periods were considered to be within the 
appropriate range. However, one of the most important features of this study is 
that the calculations made for the new types of insulation materials are not only 
the insulation thickness but also the total wall thickness except for interior and 
exterior plasters. Considering the reasons mentioned above and properties, such 
as convenience to apply during the construction phase, not requiring extra labor 
fee, sufficient mechanical properties, cheap production, and most importantly 
non-flammability, it is assumed that it is advantageous to use new types of insula-
tion materials in the regions where they are applicable in terms of insulation.

Table 15  (continued) PROVINCE HDD FIM SIM TIM

 Muğla 1705 2.539 3.257 3.472
 Antalya 788 3.557 4.498 4.775
 Ankara 2169 2.276 2.930 3.127
 Sivas 2862 2.004 2.588 2.765
 Niğde 2467 2.146 2.766 2.954
 Gaziantep 1751 2.509 3.219 3.433
 Kars 4253 1.667 2.160 2.310
 Erzurum 4339 1.651 2.140 2.289
 Ağrı 4050 1.705 2.209 2.362

Fig. 10  Comparison of payback periods of walls insulated with  Xopt thickness



1 3

International Journal of Thermophysics            (2021) 42:4  Page 27 of 28     4 

References

 1. N.A. Kurekci, Energy Build. 118, 197 (2016)
 2. A. Aytac, U.T. Aksoy, J. Gazi Univ. Fac. Eng. Archit. 21, 753 (2006)
 3. F. Koçyiğit, V.V. Çay, Int. J. Thermophys. 41(10), 1 (2020)
 4. Ş Koçyiğit, V.V. Çay, Eur. J. Tech. 9(2), 209 (2019)
 5. O. Soykan, C. Özel, The Effect of Marble Dust Grain Size on Properties of Polymer Concrete, 

(International Construction Congress-ICOCNC2012, October 11–13 (Isparta, Turkey), 2012)
 6. F. Koksal, Y. Sahin, O. Gencel, Constr. Build. Mater. 257, 119547 (2020)
 7. L. Gündüz, A. Sarıışık, M.U. Davraz, O. Çankıran, SDÜ-ISBAS, Ğ, 14 (1998).
 8. O. Sengül, S. Azizi, F. Karaosmanoglu, M.A. Tasdemir (2011) https://doi.org/https ://doi.

org/10.1016/j.enbui ld.2010.11.008.
 9. F. Koksal, E. Mutluay, O. Gencel, Constr. Build. Mater. 236, 117789 (2020)
 10. R. Demirboğa, R. Gül, Eng. Build. 35, 1155 (2003)
 11. O.H. Oren, A. Gholampour, O. Gencel, T. Ozbakkaloglu, Constr. Build. Mater. 238, 117774 (2020)
 12. D. Shastri, H.S. Kim, Constr. Build. Mater. 60, 1 (2014)
 13. M. Sutcu, J. J. del Coz Díaz, F. P. Á. Rabanal, O. Gencel, S. Akkurt, Energy Build. 75, 96 (2014).
 14. O. Gencel, J. J. del Coz Diaz, M. Sutcu, F. Koksal, F. A. Rabanal, G. Martinez-Barrera, W. Brostow, 

Energy Build. 70, 135 (2014).
 15. K.A. Al-Sallal, Renew. Energy 28, 603 (2003)
 16. A. Bolatturk, Appl. Therm. Eng. 26(11), 1301 (2006)
 17. J. Yu, C. Yang, L. Tian, D. Liao, Appl. Energy 86, 2520 (2009)
 18. X. Han, Y. Geng, H. Zhang, L. Shi, J. Build. Eng. 10, 2020 (1853)
 19. X. Liu, Y. Chen, H. Ge, P. Fazio, G. Chen, Proc. Eng. 121, 1008 (2015)
 20. A. Ustaoglu, K. Kurtoglu, O. Gencel, F. Kocyigit, J. Environ. Manag. 268, 110732 (2020)
 21. I. Axaopolos, P. Axaopolos, G. Panayiotou, S. Kalogirou, J. Gelegenis, Energy 90, 939 (2015)
 22. S. Liu, K. Zhu, S. Cui, X. Shen, G. Tan, Energy Build. 177, 385 (2018)
 23. A. Ucar, F. Balo, Renew. Energy 35, 88 (2010)
 24. L. La Fleur, P. Rohdin, B. Moshfegh, Energy Build. 203, 109438 (2019)
 25. P.G. Collishaw, J.R.G. Evans, J. Mater. Sci. 29, 2261 (1994)
 26. F. Koçyiğit, "Evaluation of tragacanth added bims and cement mixtures as a new building material", 

PhD Thesis. (Fırat University, Elazig, 2012).
 27. F. Koçyiğit, Int. J. Thermophys. (2020). https ://doi.org/10.1007/s1076 5-020-2620-3
 28. M. Záleská, M. Pavlikova, J. Pokorný, O. Jankovský, Z. Pavlík, R. Černý, Constr. Build. Mater. 180, 

1 (2018)
 29. J. J. del Coz Díaz, F. P. Á. Rabanal, P. J. G. Nieto, J. D. Hernández, B. R. Soria, J. M. Pérez-Bella, 

Constr. Build. Mater. 40, 543 (2013)
 30. J. J. del Coz Díaz, F. P. Álvarez-Rabanal, O. Gencel, P. G. Nieto, M. Alonso-Martínez, , A. Navarro-

Manso, B. Prendes-Gero, Energy Build. 70, 206 (2014).
 31. TS 825, https ://www1.mmo.org.tr/resim ler/dosya _ekler /cf3e2 58fbd f3eb7 _ek.pdf
 32. Seasonal average temperature values of the selected cities, https ://www.mgm.gov.tr/verid egerl endir 

me/il-ve-ilcel er-istat istik .aspx?k=A, Access Date: 14.06.2020
 33. Degree-day values of selected cities, https ://www.mgm.gov.tr/verid egerl endir me/gun-derec e.aspx
 34. TSEN 771–1+A1, Turkish Standard Institute, Specification for masonry units-Part1: Clay masonry, 

https ://intwe b.tse.org.tr/Stand ard/Stand ard/Stand ard.aspx?08111 80511 15108 05110 41191 10104 
05504 71051 02120 08811 10431 13104 07310 21020 73073 07107 80891 11077 05309 8

 35. Interior and exterior plaster properties, https ://www.izode r.org.tr/dosya lar/hesap deger leri.pdf
 36. Price of Natural Gas, https ://www.igdas .com.tr/serbe st-tuket ici-satis /
 37. Price of Coal, https ://www.tki.gov.tr/depo/file/2020H azira nanal izliF iyatL istes i.pdf
 38. Price of Fuel oil and LPG, https ://tppd.com.tr/tr/akary akit-fiyat lari?id=25
 39. Inflation and interest rate, https ://www.tcmb.gov.tr/
 40. R.G. Oğulata, Renew. Sustain. Energy Rev. 6, 471 (2002)
 41. N. Sisman, E. Kahya, N. Aras, H. Aras, Energy Policy 35, 5151 (2007)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published 
maps and institutional affiliations.

https://doi.org/10.1016/j.enbuild.2010.11.008
https://doi.org/10.1016/j.enbuild.2010.11.008
https://doi.org/10.1007/s10765-020-2620-3
http://www1.mmo.org.tr/resimler/dosya_ekler/cf3e258fbdf3eb7_ek.pdf
https://www.mgm.gov.tr/veridegerlendirme/il-ve-ilceler-istatistik.aspx?k=A
https://www.mgm.gov.tr/veridegerlendirme/il-ve-ilceler-istatistik.aspx?k=A
https://www.mgm.gov.tr/veridegerlendirme/gun-derece.aspx
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073102102073073071078089111077053098
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073102102073073071078089111077053098
https://www.izoder.org.tr/dosyalar/hesapdegerleri.pdf
https://www.igdas.com.tr/serbest-tuketici-satis/
http://www.tki.gov.tr/depo/file/2020HazirananalizliFiyatListesi.pdf
https://tppd.com.tr/tr/akaryakit-fiyatlari?id=25
https://www.tcmb.gov.tr/


 International Journal of Thermophysics            (2021) 42:4 

1 3

    4  Page 28 of 28

Affiliations

Ahmet Erhan Akan1  · Fatih Ünal2  · Fatih Koçyiğit3 

 Ahmet Erhan Akan 
 aeakan@nku.edu.tr

 Fatih Koçyiğit 
 fatih.kocyigit@dicle.edu.tr

1 Machinery and Metal Technology, Çorlu Vocational School, Namık Kemal University, 
Çorlu, Tekirdağ 59860, Turkey

2 Machinery and Metal Technology, Mardin Vocational School, Mardin Artuklu University, 
Mardin 47100, Turkey

3 Department of Aviation Administration, Civil Aviation High School, Dicle University, 
Diyarbakır 21280, Turkey

http://orcid.org/0000-0003-1806-7943
http://orcid.org/0000-0001-6383-3163
http://orcid.org/0000-0001-6660-9984

	Investigation of Energy Saving Potential in Buildings Using Novel Developed Lightweight Concrete
	Abstract
	1 Introduction
	2 Materials and Method
	2.1 Production of Insulation Materials
	2.2 Determination of Thermal Conductivity Coefficients of Composite Samples Produced
	2.3 Selected Cities and Features of the Exterior Walls Studied
	2.4 Parameters Used in Calculations
	2.4.1 Fuels
	2.4.2 Financial Values

	2.5 Determination of Heating Load and Optimum Insulation Thickness
	2.6 Uncertainty Analyses

	3 Results and Discussion
	3.1 Examination of Insulation Thickness Change According to HDD Values
	3.2 Examining the Insulation Thicknesses According to the Selected Provinces
	3.3 Examining the Heating Energy Requirements of the Buildings in the Selected Provinces
	3.4 Examining Financial Values

	4 Conclusion
	References




