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Abstract: Photovoltaic Power Plants have a considerable share among solar energy conversion technologies toward 

environmentally sustainable and economically feasible electricity production. However, when a rural region's land 

surface formed by natural soil types is covered by a Photovoltaic Power Plant (PVPP)'s dark-colored solar modules 

in large numbers, an artificial albedo (reflectivity) change is expected on that surface. Because of the heat exchange 

between these modules and the air surrounding them due to albedo alteration, the region's natural weather 

conditions may experience Photovoltaic Heat Island Effect (PVHIE) as a result of external and time-dependent air 

temperature oscillations caused by the warming-cooling cycles of solar modules. To observe and analyze a possible 

PVHIE trend, it has been conducting a field study project since October 2017 for a PVPP near the Sekbandemirli 

rural region in the Kutahya city of Turkey. The weather data, including air temperature and wind (direction and 

speed) at every 10-minute and hourly intervals, are collected by the three weather monitoring stations installed at 

the specific locations inside and outside the PVPP field. The plant's hourly average power output and module 

temperature data can also be monitored. After conducting statistical, correlational, and graphical analyses, the 

results show some temporal PVHI formations at the PVPP field center daily and on a seasonal basis. The plant 

center's air temperature tends to be warmer (up to the 6°C difference) during daytimes and colder (up to the (-3)°C 

difference) during nighttimes. 

 Keywords: Heat island effect, Air temperature, Photovoltaic power plant, Weather station, Wind direction, Wind 

speed 

 

YEREL METEOROLOJİK VERİ KAYITLARI İLE SEKBANDEMİRLİ KIRSAL 

BÖLGESİNDE GÜNLÜK VE MEVSİMSEL FOTOVOLTAİK ISI ADASININ 

İNCELENMESİ VE DEĞERLENDİRİLMESİ 

 

Özet: Fotovoltaik enerji santralleri, çevresel açıdan sürdürülebilir ve ekonomik olarak uygulanabilir elektrik 

üretimine yönelik güneş enerjisi dönüşüm teknolojileri arasında önemli bir paya sahiptir. Ancak, kırsal bir bölgenin 

doğal toprak türlerinin oluşturduğu arazi yüzeyi, bir fotovoltaik enerji santralinin büyük sayılardaki koyu renkli 

güneş modülleri ile kaplandığında, bu yüzeyde yapay bir albedo (yansıtma) değişimi beklenir. Albedo değişimi 

nedeniyle bu modüller ve onları çevreleyen hava arasındaki ısı alışverişine ve ısınma-soğuma döngülerine bağlı 

olarak oluşan harici ve zamana bağlı hava sıcaklığı salınımları sonucunda, bölgenin doğal hava koşulları 

“Fotovoltaik Isı Adası Etkisi”ne maruz kalabilir. Olası bir fotovoltaik ısı adası etkisi eğilimini gözlemlemek ve 

analiz etmek için, Türkiye'nin Kütahya ilinin Sekbandemirli kırsal bölgesi yakınındaki bir fotovoltaik enerji santrali 

için Ekim 2017'den itibaren bir saha çalışması projesi yürütülmektedir. Her 10 dakikalık ve saatlik aralıklarla hava 

sıcaklığı ve rüzgar (yön ve hız) dahil olmak üzere hava durumu verileri, santral alanının içindeki ve dışındaki belirli 

konumlara kurulu üç meteorolojik izleme istasyonu tarafından toplanmaktadır. Santralin saatlik ortalama güç çıkışı 

ve modül sıcaklık verileri de izlenebilmektedir. İstatistiksel, korelasyonel ve grafiksel analizler yapıldıktan sonra 

sonuçlar, fotovoltaik enerji santrali sahasının merkezinde günlük ve mevsimsel olarak bazı geçici fotovoltaik ısı 

adası oluşumlarını göstermektedir. Santral merkezinin hava sıcaklığı, gündüzleri daha sıcak (6°C farka kadar) ve 

geceleri daha soğuk ((-3)°C farka kadar) olma eğilimindedir. 
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Anahtar Kelimeler: Isı adası etkisi, Hava sıcaklığı, Fotovoltaik enerji santrali, Meteorolojik istasyon, Rüzgar yönü,  

Rüzgar hızı 

NOMENCLATURE 

 

°C  degree Celsius 

ΔT   Temperature Difference 

ANOVA One-Way Analysis of Variance 

avg  Average 

BLUHI Boundary Layer Urban Heat Island 

CLUHI Canopy Layer Urban Heat Island 

HSD  Honest Significant Difference 

m/s  meter/second 

NE  North East 

P  Hourly Average PVPP Power Output 

PV  Photovoltaic 

PVHI  Photovoltaic Heat Island  

PVHIE  Photovoltaic Heat Island Effect 

PVPP  Photovoltaic Power Plant 

Tm  Module Temperature 

Tm_avg  Hourly Average Module Temperature 

Tamb_avg Hourly Average Ambient Temperature 

UHI  Urban Heat Island 

UHIE  Urban Heat Island Effect 

W/m2  Watt/square-meter 

WSi  ith number Weather Station (i=1,2,3) 

WSTi  Temperature measured/recorded by ith  

  number weather station 

WSTi_avg Hourly Average temperature  

  measured/recorded by ith number  

  weather station 

WSWDi  Wind Direction measured/recorded by 

ith  

  number weather station 

WSWSi  Wind Speed measured/recorded by ith  

  number weather station 

   

INTRODUCTION 

 

Large-scale use of rural land areas requires utility-scale 

solar energy systems referring to the immense power 

plants based on Solar Photovoltaic and Concentrated 

Solar technologies. While the recent R&D efforts 

improve the efficiency of cells, modules, and other solar 

energy devices, and solar electricity becomes more 

affordable, the construction of these plants is also 

expanded over cultivated/uncultivated or vacant lands. 

In this expansion process, the influence of 

microclimatic factors and determining the optimal 

installation sites should also be considered (e.g., for the 

"agrivoltaic systems" which meet the energy demand of 

agricultural production (Adeh et al., 2018; Adeh et al., 

2019; Chamara and Beneragama, 2020; Mokarram et 

al., 2020).  Nevertheless, the alteration of PVPP 

installations in land use brings an environmental 

problem into the agenda regarding the energy transfer 

between those land surfaces and the overlying 

atmosphere. Because of the changes in the balance 

between the incoming (shortwave) solar and outgoing 

(longwave) terrestrial radiation, a possible HIE can be 

observable in the regions enclosing a solar photovoltaic 

power plant site.  

HIE is usually defined with prefixes, which specify the 

type/source of the effect, and the most discussed one is 

Urban Heat Island Effect (UHIE). Including some 

researches for different world cities and 

analysis/modeling methods, UHIs have generally been 

studied according to the artificially-induced air 

temperature rises caused by the high-density buildings 

and low-density green spaces, lack of trees and ponds, 

vehicle traffic and roads, GHG emissions, etc. of 

metropolitan areas. Deilami et al. (2018) presented a 

comprehensive systematic review of UHIE methodology 

and Spatio-temporal factors. Spatial variability is found 

in Hardin et al. (2018)'s research: The daytime and 

nighttime temperatures were monitored for four U.S. 

cities by utilizing weather stations to understand the 

UHI intensity and regional air temperature variability 

under the local weather conditions. 

 

Some UHI-related modeling studies are introduced by 

Dorer et al. (2013); Mirzaei (2015); Xu. et al. (2017). 

Dorer et al. (2013) examined UHI according to heat 

exchange and building energy demand depending on 

urban microclimate and urban fabric design, including 

city building geometries and street canyons. Mirzaei 

(2015) categorized 33 UHI studies by considering their 

purpose, location, methodology, and significant 

finding. Xu. et al. (2017) simulated high-rise buildings 

with stack-effect of split-type air-conditioners and the 

solar radiation-induced thermal environment around 

these buildings. Dwivedi and Khire (2014) compile 

UHI measurement methods and techniques in their 

work. 

 

In the literature, there is also a variety of location-based 

UHI analyses made, such as for Ankara (Turkey) by 

Yuksel and Yilmaz (2008); for Istanbul (Turkey) by 

Kuscu and Sengezer (2012); for Cyprus by Hadjimitsis 

et al. (2013); for Chicago (U.S.) by Coseo and Larsen 

(2014); for Adana (Turkey) by Yilmaz (2015); for 

Nagpur (India) by Kotharkar and Surawar (2016); for 

Konya (Turkey) by Canan (2017); for Kendari City 

(Indonesia) by Aris et al. (2019). In these studies, 

different methodologies were utilized to understand the 

formation type, intensity, sources, and factors of 

daily/seasonal urban heat island effect, such as Landsat 

satellite images, land surface temperature analysis, 

meteorological weather stations traverse surveying, etc. 

The high absorptance and low reflectance of incoming 

solar radiation on the urban fabric during daytime are 

followed by the high thermal emittance (longwave 

InfraRed (IR) radiation) of extra heat during nighttime. 

Thus, daily UHIE (plus seasonally influenced) cycles 

can be detectable. Table 1 shows the basic features of 



115599  

  

the main UHI formations, Atmospheric and Surface. 

Here, it is essential to note that the atmospheric UHI 

observations are made for the canopy (CLUHI) and 

boundary (BLUHI) layers of the atmosphere. At the 

same time, Surface UHI (SUHI) is linked to the surface 

temperature changes along with the urban fabric. 
 

Table 1. Essential Features of UHI formations.  

(US EPA (2014); Dwivedi and Khire (2014); Voogt (2008)) 

 

Feature  Surface UHI Atmospheric UHI 

Time of day 

and season 

Presence: All times 

of the day and 

night 

Intensity: During the 

day and in the 

summer 

Presence: Small or 

absent during the 

day 

Intensity: At night, 

before dawn, and in 

the winter 

Temperature 

Variation 

Day: 10 – 15 °C 

  Night: 5 – 10 °C 

Day: -1 – 3 °C 

  Night: 7 – 12 °C 

Identification 

method / 

instrument 

Remote Sensing  

(3D, 2D, ground): 

 Satellites 

 Aircrafts 

 Some ground 

systems 

Fixed weather 

monitoring stations: 

 Ground-

mounted 

versions for 

CLUHI 

 Tower-mounted 

versions for 

BLUHI 

Mobile traverses: 

 Automobiles for 

CLUHI 

 Aircraft for 

BLUHI 

Vertical sensing: 

 SODAR (Sonic 

Detection and 

Ranging) for 

BLUHI 

Tethered balloons 

for BLUHI 

Depiction Thermal imaging 
 Isotherm mapping,  

 Temperature graphs 

 

As a similar and ensuing issue with fewer studies, 

PVHIE has been discussed in the literature for the last 

ten years. Nemet (2009) presents a substitution effect 

between fossil fuels and the two PV installation 

scenarios in terms of albedo change and radiative 

forcing. Turney and Fthenakis (2011) and Hernandez et 

al. (2014) give a place for this drawback of land use 

within their articles concerning the environmental 

impacts of utility-scale solar energy. Armstrong et al. 

(2014), Barron-Gafford et al. (2016), and Barron-

Gafford et al. (2019) demonstrated the ground-

vegetation-air energy fluxes before- and after the 

mounting of a PV module. A few studies associate their 

field data and simulation/modeling works with PVHIE 

positively and negatively (Millstein and Menon, 2011; 

Fthenakis and Yu, 2013; Masson et al., 2014). As 

shown in Figure 1, heat release from a PV module 

surface depends on three physical processes: Radiation, 

convection, and conduction. These processes are linked 

to several structural module properties such as solar 

cells' efficiency (commercially % 10-25 in general) and 

their packing density, electrical operating point, 

module heat capacity, and anti-reflective coatings 

(ARCs) as well. 

 

  
Figure 1. Heat Release Processes between PV Module 

Arrays and Surrounding Air (Demirezen et al., 2022) 

 

In addition to the PVHIE researches above, some 

studies on thermal modeling (Lobera and Valkealahti, 

2013; Siddiqui and Arif, 2013; Tuncel et al., 2018), 

degradation and reliability (Saadsaoud et al., 2017; 

Ozden and Akinoglu, 2018), and shading effect (Kiris 

et al., 2016) analyze PV module temperature and 

efficiency/performance according to weather/climatic 

and environmental conditions.  

 

To make the contributions listed below to the previous 

PVHIE-related studies, it has been conducting the 

research projects of this field study since October 2017 

for a photovoltaic power plant near the Sekbandemirli 

Village and Rural Region in the Kutahya city of 

Turkey: 

 The first field study of Turkey related to this 

issue 

 A comprehensive PVHIE analysis made by the 

combination of different methods/techniques 

(statistical, graphical, and correlational) 

 Daily and seasonal assessments made thanks to 

2-year field data-collection 

 A simulation-based analysis planned for the 

next stage of the study by using a microclimate 

and heat island simulation software, ENVI-

met 

 A beneficial resource for the academicians, 

researchers, policy-makers, and stakeholders 

working on PVPP projects 

 

FIELD STUDY AND METHODOLOGY 

 

Sekbandemirli Village (39.52°N; 29.34°E) is a rural 

settlement area 16 km away from Tavsanli, one of the 

Kutahya city's districts in Turkey. As a geographic 

transition location between Turkey's three regions, its 

seasonal weather conditions are under Central 

Anatolia, Aegean, and Marmara climates. 

Sekbandemirli has mostly mild average temperatures 

and wind speeds from the category "calm" to "moderate 
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breeze" (Beaufort scale) throughout the year. The 

village is surrounded by grasslands and shrublands 

partly met some steppe fields. 

 

In 2017, Sekbandemirli PVPP (2.5 MW) was 

constructed on an adjacent uncultivated area (44000 

m2) of the village with the installations of mono-

crystalline and poly-crystalline solar modules having 

the conversion efficiencies of 18.4 % and 16.6 %, 

respectively (Figure 3). The front edge of the PVPP's 

module arrays is 0.5 m above ground, whereas this 

height is 1.9 m for their rear edge. The solar module 

tilt angle is 20°. 

 

There are two web interfaces used to monitor the 

study's field data: The first one, PlantMet 

(http://web.plantmet.com.tr), is an agricultural and 

meteorological data monitoring system for the 

measurements of the weather stations WS1 and WS2 

(every 10-minute and hourly intervals). The second 

one, SunnyPortal (www.sunnyportal.com), is to track 

WS3 (hourly intervals), the PVPP's power output, and 

the module temperature. Both numerical values and 

graphical demonstrations can be viewed for the selected 

dates or date intervals on these interfaces. The 

methodology diagram of the study is given in Figure 2. 

 

 
 
Figure 2. Methodology Diagram of the Study 

 

In summary, the PVHI formations in the Canopy Layer 

were observed in the PVPP field and its close 

surroundings, and it was planned to use “fixed (ground-

mounted) weather monitoring stations” for those 

observations. The brand/model and features of these 

weather stations used are given in the following sub-

section. In addition, the interfaces where both the 

meteorological data collected via these weather stations 

and the PV module temperature and PVPP electrical 

power output data collected from the PVPP field are 

monitored on the web will be explained. 

 

 
(a) 

  

 
(b) 

Figure 3. Site Plan (a) and Google Earth View (b) of the 

Sekbandemirli rural region and PVPP  

(Red drawings (a) and yellow-colored coordinates (b) show 

the weather station (WS) locations) 

 

DATA COLLECTION AND MONITORING 

 

The analysis methods, correlation results, and graphical 

comparisons of 24-month data collected from 

November 2018 to October 2020 via the three weather 

stations (WS1,2,3) are explained in the following 



116611  

  

sections. This 24-month data includes the main 

parameters below for PVHIE observation:  

 hourly average  (hourly averages are calculated 

from the 10-minute averages between the 

hours XX:00 – XX:50) air temperature (°C; 

from outside to the center of the PVPP field as 

WST1,T2,T3 at 2 m above ground) 

 photovoltaic module surface temperature (°C; 

Tm_avg) 

 average wind speed (m/s; WSWS1,WS2 at 2.5 m 

above ground; WS3 doesn't have wind speed 

sensor) 

 wind direction (degrees; WSWD1,WD2 at 2.5 m 

above ground; WS3 doesn't have wind 

direction sensor) 

 

The weather measurements below are also collected as 

supportive data: 

 incoming solar radiation (W/m2;  WS1, WS2, 

WS3) 

 relative humidity (%; WSRH1, WSRH2; WS3 

doesn't have relative humidity sensor) 

 rainfall amount (mm; WSRA1, WSRA2; WS3 

doesn't have rainfall amount sensor) 

 rainfall speed (mm/h; WSRS1, WSRS2; WS3 

doesn't have rainfall speed sensor) 

 barometric pressure (mbar; WSBP1, WSBP2; WS3 

doesn't have barometric pressure sensor) 

 

Each weather data specified above is grouped as the 

monthly data sets. Microsoft Office Excel 2019 and its 

Data Analysis ToolPak were used for the data filtering, 

the calculations of the results given in the next section, 

and chart illustrations. 

 

Because WS3 doesn not have a solar radiation sensor, 

WS2’s incoming solar radiation measurements are 

required to separate the daytime and nighttime 

measurements from the daily data inside the PVPP 

field: 

 a daytime value when "not zero" 

 a nighttime value when "zero" 

 

The statistical and graphical comparisons, correlation 

results, and further work will be explained in the 

following sections. 

 

RESULTS 

 

Error Analysis and Data Reliability 

 

The sensor accuracy of weather station measurements 

(from their technical specification documents) and the 

confidence intervals calculated from the error analysis 

of each weather parameter's cumulative data are given 

in Table 2 (the Microsoft Excel 2019 functions used to 

calculate the numerical results on the table are specified 

for each category). 

If the confidence level is smaller than sensor accuracy 

or equals it, this contributes to the usability of the 

relevant parameter measurements as reliable data. It 

should also be considered that the weather stations had 

sometimes failed to send field data (null values) due to 

some technical problems. As shown in Table 2, the 

confidence intervals of all the weather parameters are 

smaller than the accuracy of the WS sensors taking 

measurements. So, the data reliability is ensured for all 

the parameters. 
 

Table 2. Confidence Intervals and Sensor Accuracy  
 WST1 WST2 WST3 Tm_avg WSWS1 WSWS2 WSWD1 WSWD2 

Standard 

Deviationa 8.4 8.5 9.5 14.1 1.1 1.1 98.2 90.8 

Standard 

Errorb 0.1 0.1 0.1 0.1 0.0 0.0 0.6 0.6 

Tcritical c 
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Confidence 

Interval  

(% 95)d 

± 0.1°C ± 0.1°C 
± 

0.2°C 
± 0.2°C 0.0 m/s 0.0 m/s ± 1.2° ± 1.1° 

Sensor 

Accuracye 
± 0.3°C ± 0.3°C 

± 

0.3°C 
± 0.3°C 

± 0.9 

m/s 

± 0.9 

m/s 
± 3° ± 3° 

a: SUBTOTAL (STDEV.P; Summation of the hourly averages of all the 24 month-

data) 

b: Standard Deviation / (SQRT (SUBTOTAL (COUNT; Summation of the hourly 

averages of all the 24 month-data))) 

c: TINV(0,05; (SUBTOTAL (COUNT; Summation of the hourly averages of all the 24 

month-data)) – 1)) 

d: Tcrit * Standard Error 

e: Technical specification documents of the weather stations: 

 WS1 and WS2: Davis / Vantage Pro2™ 

 WS3: PV-met / 150 

 PV module temperature sensor connected to WS3: PV-met / A2101 

 

Statistical Significance between Weather Stations 

 

In the first publication of the study (Demirezen et al., 

2018), two statistical methods were used to compare the 

first 8-month (10-minute intervals) data sets of WS1 

and WS2. The first one, One-Way Analysis of Variance 

(ANOVA), shows if there are statistically significant 

differences between the means of three or more 

independent groups (here, weather stations) or not. 

Following the results of One-Way ANOVA, the second 

method is a Post Hoc Test named Tukey's Honest 

Significant Difference (HSD) particularly shows which 

of these groups differ from each other. The nearby 

Tavsanli WS's data from the Turkish State 

Meteorological Service (https://www.mgm.gov.tr) was 

provided to meet the requirement of a third WS to 

perform these methods. Among four weather 

parameters (air temperature,  relative humidity, 

barometric pressure, and wind speed), the only 

insignificancy between WS1 and WS2 was found for air 

temperature. That is to say; any distinct PVHI 

formations had not been observed yet around the 

location of the Sekbandemirli PVPP field surrounding 

WS1 or WS2 (Figure 4). 

 

After the WS3's installation, both these methods were 

applied to make the comparisons again, and this time, 

the 24-month (hourly intervals) data sets of three WSs 

were used. Firstly, the ANOVA results are given in 
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Table 3. The measurements of three WSs differ 

significantly on air temperature concerning the two 

conditions of ANOVA: 

 

p-value = 0.00 < α = 0.05 (Significance level) (1)    

F-value = 47.20 > Fcritical = 3.00   (2)     

 

Table 3. One-Way ANOVA Results 

Groups  Data Count  Sum 
 Average  

 (avg) 
 Variance 

WS1 16524 221030.80 13.4 76.89 

WS2 16899 223615.85 13.2 78.08 

WS3 14210 201377.55 14.2 90.60 

 

Source of 

Variation 

 Sum of  

 Squares  

 (S.S.) 

 Degrees  

 of  

 Freedom  

 (df) 

 Mean  

 Square  

 (M.S.) 

 F-

value 
 Fcritical p-value 

Between 

Groups 
7683.87 2 3841.93 47.20 3.00 0.00 

Within 

Groups 
3877165.28 47630 81.40    

Total 3884849.14 47632     

The parameters below are used to find the HSD value 

(Equation (3)) and which of the weather stations differ 

from each other by Tukey's HSD test: 

 MSwithin (from Table 3); 

 n (data number for the station having fewer 

measurements than the other two from Table 

3); 

 q (from Table 4) values  

 
Table 4. Q Scores for Tukey's Method  

(k: number of independent groups; df (within): degrees of 

freedom; α: significance level (0,05)) 
k 

df 

2 3 4 5 6 7 8 9 10 

1 18.0 27.0 32.8 37.1 40.4 43.1 45.4 47.4 49.1 

2 6.08 8.33 9.80 10.88 11.73 12.43 13.03 13.54 13.99 

3 4.50 5.91 6.82 7.50 8.04 8.48 8.85 9.18 9.46 

4 3.93 5.04 5.76 6.29 6.71 7.05 7.35 7.60 7.83 

5 3.64 4.60 5.22 5.67 6.03 6.33 6.58 6.80 6.99 

6 3.46 4.34 4.90 5.30 5.63 5.90 6.12 6.32 6.49 

7 3.34 4.16 4.68 5.06 5.36 5.61 5.82 6.00 6.16 

8 3.26 4.04 4.53 4.89 5.17 5.40 5.60 5.77 5.92 

9 3.20 3.95 4.41 4.76 5.02 5.24 5.43 5.59 5.74 

10 3.15 3.88 4.33 4.65 4.91 5.12 5.30 5.46 5.60 

11 3.11 3.82 4.26 4.57 4.82 5.03 5.20 5.35 5.49 

12 3.08 3.77 4.20 4.51 4.75 4.95 5.12 5.27 5.39 

13 3.06 3.73 4.15 4.45 4.69 4.88 5.05 5.19 5.32 

14 3.03 3.70 4.11 4.41 4.64 4.83 4.99 5.13 5.25 

15 3.01 3.67 4.08 4.37 4.59 4.78 4.94 5.08 5.20 

16 3.00 3.65 4.05 4.33 4.56 4.74 4.90 5.03 5.15 

17 2.98 3.63 4.02 4.30 4.52 4.70 4.86 4.99 5.11 

18 2.97 3.61 4.00 4.28 4.49 4.67 4.82 4.96 5.07 

19 2.96 3.59 3.98 4.25 4.47 4.65 4.79 4.92 5.04 

20 2.95 3.58 3.96 4.23 4.45 4.62 4.77 4.90 5.01 

24 2.92 3.53 3.90 4.17 4.37 4.54 4.68 4.81 4.92 

30 2.89 3.49 3.85 4.10 4.30 4.46 4.60 4.72 4.82 

40 2.86 3.44 3.79 4.04 4.23 4.39 4.52 4.63 4.73 

60 2.83 3.40 3.74 3.98 4.16 4.31 4.44 4.55 4.65 

120 2.80 3.36 3.68 3.92 4.10 4.24 4.36 4.47 4.56 

∞ 2.77 3.31 3.63 3.86 4.03 4.17 4.29 4.39 4.47 

 

If the differences (absolute values) between the 

averages (Table 3) are bigger than the HSD value, the 

air temperature measurements of those two weather 

stations are significantly different from each other. As a 

result of the comparisons in the equations (4,5,6), the 

PVPP field's center might be a possible PVHIE source. 

HSD = q √(MSwithin/n) = 3.31 √(81,40/14210) = 0.3   (3) 

WST2_avg - WST1_avg = 0.2 < 0.3 (Not signif. diff.)     (4) 

WST1_avg  - WST3_avg = 0.8 > 0.3 (Signif. different)    (5) 

WST2_avg  - WST3_avg = 0.9 > 0.3 (Signif. different)    (6)

  

Graphical Comparisons 

 

In the previous section, the occurrence of some 

temporal PVHIs caused by the PVPP is inferred 

regarding the WS3's data and statistical analyses. This 

inference is supported by the graphical comparisons of 

daytime (Figure 4a) and nighttime (Figure 4b) air 

temperature differences with quantitative data 

presented below. Among all the 24-month collected 

data, ΔT percentages correspond to the distribution of 

ΔT values bigger than 1°C or smaller than -1°C. The 

Tm_avg (hourly average module temperature) and Tamb_avg 

(hourly average air (ambient) temperature) curves were 

added to the comparisons. 

 
(a) 

  

 
(b) 

Figure 4. Monthly ΔT Percentages for Daytimes (a) and 

Nighttimes (b) with Tm_avg and Tamb_avg curves 

 

In the daytimes of each of the 24 months, PVHIE can 

be more or less observable at the PVPP field center, 

where up to 6°C higher air temperatures were found in 

Figure 4a. The Tm_avg and Tamb_avg curves also have a 

strong relationship with the PVHI formations. Because 

the Tm_avg curve always shows a trendline in the upper 

position of the Tamb_avg curve along the 24 months, the 

heat exchange (Figure 1) from the solar modules to the 

overlying atmosphere causes these daytime seasonal 

positive formations, and they can be observable. 

Besides, a negative but less effective PVHIE with up to 

3°C air temperature differences (WST1 > WST3) is more 

prominent in autumn and winter nights and less 

detectable in spring and summer nights (Figure 4b) due 

to the cooling process of the PV modules. Although the 

Tm_avg curve is above the Tamb_avg curve along all the 

seasons except winter, a distinct relation can't be 
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defined for the nighttime exchanges between each other 

and this negative PVHIE. The trend curves of monthly 

maximum daytime (Figure 5a) and minimum nighttime 

(Figure 5b) air temperatures measured by the WSs 

support the daily and seasonal PVHIE findings above. 

 

 
(a) 

  

 
(b) 

Figure 5. Monthly Daytime Maximum (a) and Nighttime 

Minimum (b) Air Temperature Changes 

 

A graphical illustration of the Sekbandemirli rural 

region and the measured air temperatures on weather 

station locations for a day hour of November 2019 and 

a night hour of August 2019 are given in Figure 6. a 

PVHI occurrence can be understood towards the field 

center on November 24 at noon (Figure 6a). An inverse 

effect resulting in a colder PVPP field center on August 

13 at 02:00 is illustrated, too (Figure 6b). 

 

(a) 

(b) 
Figure 6. PVHI occurrences on a 2019 November day (a) and 

a 2019 August night (b) in Sekbandemirli Region 

Correlation Results 

 
Table 5. Pearson (a) and Spearman (b) Correlation Results  

for ΔT-Tm_avg  and ΔT-P 

(closer to +1, the stronger positive linear relationship; 

closer to -1, the stronger negative linear relationship) 

(The correlation coefficients couldn't be given for Jan. 2020 

due to a technical problem for the  Tm_avg data records) 

 

ΔT-Tm_avg ΔT-P 

 

ΔT-Tm_avg ΔT-P 

Day Night Day Day Night Day 

Nov. 2018 0.82 0.11 0.88 Nov. 2019 0.81 -0.11 0.88 

Dec. 2018 0.79 -0.04 0.86 Dec. 2019 0.64 -0.04 0.67 

Jan. 2019 0.67 0.21 0.62 Jan. 2020 n/a n/a 0.76 

Feb. 2019 0.67 -0.17 0.70 Feb. 2020 0.56 0.21 0.50 

March 2019 0.72 0.03 0.69 March 2020 0.75 -0.28 0.79 

April 2019 0.48 0.37 0.31 April 2020 0.58 0.59 0.38 

May 2019 0.52 0.44 0.34 May 2020 0.49 0.40 0.31 

June 2019 0.61 0.54 0.40 June 2020 0.55 0.69 0.33 

July 2019 0.55 0.71 0.35 July 2020 0.51 0.70 0.25 

Aug. 2019 0.55 0.65 0.32 Aug. 2020 0.51 0.83 0.24 

Sept. 2019 0.58 0.68 0.31 Sept. 2020 0.54 0.71 0.32 

Oct. 2019 0.57 0.63 0.33 Oct. 2020 0.53 0.57 0.32 

(a) 
 

 

ΔT-Tm_avg ΔT-P 

 

ΔT-Tm_avg ΔT-P 

Day Night Day Day Night Day 

Nov. 2018 0.78 0.10 0.91 Nov. 2019 0.82 -0.06 0.91 

Dec. 2018 0.73 -0.05 0.86 Dec. 2019 0.70 0.07 0.81 

Jan. 2019 0.49 0.13 0.65 Jan. 2020 n/a n/a 0.78 

Feb. 2019 0.69 -0.24 0.76 Feb. 2020 0.52 0.14 0.50 

March 2019 0.74 
0.07 

0.72 March 2020 0.76 -0.29 
0.85 

April 2019 0.60 0.13 0.46 April 2020 0.66 0.52 0.47 

May 2019 0.61 0.36 0.44 May 2020 0.59 0.25 0.47 

June 2019 0.65 0.41 0.49 June 2020 0.64 0.56 0.47 

July 2019 0.54 0.60 0.38 July 2020 0.52 0.63 0.27 

Aug. 2019 0.51 0.58 0.31 Aug. 2020 0.48 0.73 0.24 

Sept. 2019 0.57 0.62 0.34 Sept. 2020 0.54 0.62 0.37 

Oct. 2019 0.58 0.61 0.38 Oct. 2020 0.58 0.41 0.47 

(b) 

In terms of linear (Table 5a) and monotonic (Table 5b) 

relation strength between the air temperature difference 

ΔT (WST3-WST1), hourly average PVPP power output 

(P), and hourly average module temperature (Tm_avg); 

Pearson and Spearman correlation coefficients were 

calculated for daytimes and nighttimes between 

November 2018 and October 2020. Here, ΔT is 

introduced as the primary indicator of a PVHI. 
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Local Winds and PVHIE 

 

Utilizing the 10-minute average wind speed and 

direction data of WS2's measurements from October 

2017 to August 2020, the wind roses for the 

Sekbandemirli PVPP field were depicted in Figure 7a, 

considering the maximum speed (up to 8 m/s) and 

prevailing speed intervals (0-2 and 2-8 m/s) of the 

region's local winds. They show that the prevailing 

winds over the PVPP field blow from the North-East 

(NE) between the speed intervals as follows (according 

to the Beaufort scale): 0-2 m/s: from "calm air" to 

"light breeze", 2-8 m/s: from "light breeze" to 

"moderate breeze". 

 

To understand if these prevailing winds interact with 

the PVPP's South-facing modules (Figure 7b) and alter 

the daytime positive PVHIE trend, Figure 8 shows the 

daytime ΔT results associated with the daytime wind 

direction data (24-month), and the correlation 

coefficients between the hourly average wind speed 

measurements and ΔT are given in Table 6. 

 

(a) 

 
(b) 

      
Figure 7. Sekbandemirli Region's Wind Rose (a) and 
Sekbandemirli PVPP's South-Facing Solar Modules (b) 

(Yellow arrows show the prevailing wind direction as NE)  

 

 

 
Figure 8. ΔT associated with Wind Direction data (24-

month) 

 
Table 6. Pearson (a) and Spearman (b) Correlation Results  

for ΔT - Hourly Average Wind Speed 

(closer to +1, the stronger positive linear relationship; 

closer to -1, the stronger negative linear relationship) 

(The correlation coefficients couldn't be given for Jan. 2020 

due to a technical problem for the  Tm_avg data records) 

 
 ΔT-WS2-HAWS  ΔT-WS2-HAWS 

Day Day 

Nov. 2018 0.03 Nov. 2019 0.02 

Dec. 2018 0.06 Dec. 2019 -0.18 

Jan. 2019 0.12 Jan. 2020 0.13 

Feb. 2019 -0.06 Feb. 2020 -0.09 

Mar. 2019 -0.04 Mar. 2020 -0.10 

April 2019 0.29 April 2020 0.03 

May 2019 0.12 May 2020 0.00 

June 2019 0.37 June 2020 0.21 

July 2019 0.34 July 2020 0.22 

Aug. 2019 0.27 Aug. 2020 0.25 

Sept. 2019 0.12 Sept. 2020 0.25 

Oct. 2019 -0.18 Oct. 2020 -0.09 

(a) 

 ΔT-WS2-HAWS  ΔT-WS2-HAWS 

Day Day 

Nov. 2018 0.09 Nov. 2019 0.03 

Dec. 2018 0.07 Dec. 2019 -0.21 

Jan. 2019 0.17 Jan. 2020 0.15 

Feb. 2019 0.00 Feb. 2020 -0.01 

Mar. 2019 -0.06 Mar. 2020 -0.08 

April 2019 0.35 April 2020 0.05 

May 2019 0.15 May 2020 0.02 

June 2019 0.41 June 2020 0.25 

July 2019 0.34 July 2020 0.18 

Aug. 2019 0.27 Aug. 2020 0.24 

Sept. 2019 0.09 Sept. 2020 0.27 

Oct. 2019 -0.16 Oct. 2020 -0.07 

(b) 

 

DISCUSSION 

 

As seen from the Sekbandemirli Site Plan (Figure 3), 

by comparing the northern sub-field (WS2’s location) 

and the North-East part outside the PVPP field (WS1’s 

location), the PV module arrays are denser at the center 

of the PVPP field center where WS3 is installed. As a 

result, stronger heat dissipation and interaction between 

the PV modules and their close/surrounding 

environment might occur at the field center. Thus, 

significant air temperature differences between WST3 

and the other weather stations are detectable (see the 

“Statistical Significance between Weather Stations” 

section). Thus, the center of the PVPP field and the PV 

module arrays here might be a possible heat island 

source. 

 

As given in the graphical comparisons of the study, the 

inferences from Figures 4a and 4b are made as follows: 
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- Figure 4a shows that the overall percentage of positive 

PVHI formation numbers at the field center gets higher 

during daytime in the summer months by varying 

between 0-3°C for 24 months (up to 6°C for some 

formation intensities). The term “positive” indicates 

that the PVPP field center is warmer than outside the 

field. The Tamb_avg and Tm_avg curves are directly 

proportional to the heights of the columns over 24 

months. The PV module arrays warm faster than the air 

surrounding them, so the Tm_avg  curve is at an upper 

position. When the distance between these curves 

increases in the summer months, the daytime positive 

PVHI formations are stronger. Figure 5a, the monthly 

daytime maximum air temperature changes measured 

by the weather stations, supports these findings when 

the WS curves are compared. 

 

- As shown in Figure 4b, the overall percentage of 

negative PVHI formation numbers at the field center 

gets higher towards the autumn and winter months by 

varying between 0-3°C for 24 months. The term 

“negative” indicates that the PVPP field center is colder 

than outside the field. The Tamb_avg and Tm_avg curves are 

inversely proportional to the heights of the columns. 

The PV module arrays cool faster than the air 

surrounding them on spring and summer nights 

inferred from the figure; the Tm_avg curve is at a lower 

position. In the winter months, the air in the 

Sekbandemirli region cools faster than the PV module 

arrays. Therefore, Tm_avg is at an upper position during 

these months. In Figure 4b, there is not a significant 

relationship between the curves and PVHI formation 

intensity (percentage columns). As a supportive graph 

for Figure 4b, the monthly nighttime minimum air 

temperature changes measured by the weather stations 

are given in Figure 5b. WS3 recorded mostly lower 

temperatures than WS1 and WS2. 

 

The study’s correlation results (Pearson and Spearman) 

are shown in Table 5a and 5b. During daytimes, the 

relation strength between ΔT (PVHI formation 

intensity) and Tm_avg tends to be getting weaker from 

autumn-winter to summer months, getting stronger 

from summer to winter months. ΔT and P also have 

similar correlations. Conversely, between these seasons, 

the ΔT-Tm_avg relation strength follows an inverse trend 

for nighttimes. Because of no electricity production 

during nighttimes, Table 5a and 5b do not include a 

nighttime ΔT-P correlation column. 

 

In Figure 8, the PVHI formations are apparent with 

more data points when the wind blows from the 

directions between 0-90 and 180-270 degrees. Because 

the prevailing wind direction as NE (45 degrees) has 

many data points to indicate a PVHI occurrence in 

Figure 8, it can be concluded that their blowing angle is 

not convenient to reduce the positive PVHIE at the 

PVPP's field center. These local, prevailing winds 

mostly blow towards the upper right corner of the PV 

modules, not their surface, where a natural cooling 

effect can be provided). Although a slight increase in 

the correlation strength is observed during the summer 

months, the inconvenience explained above can also be 

mentioned by presenting the low or small correlation 

coefficients between the hourly average wind speed 

measurements and ΔT for most of the year (Table 6). 

 

As for the third stage, it is planned to support the study 

with a microclimate and heat island simulation 

software, ENVI-met (https://www.envi-met.com) 

(Huttner, 2012; Ambrosini et al., 2014; Sodoudi et al., 

2014), which provides a detailed simulation 

work/analysis by considering measured weather 

parameters and land cover change on a geographical 

location. Thus, this extra analysis will develop the 

current methodology and findings and contribute to the 

related studies on PVHIE. 

 

CONCLUSIONS 

 

The ground-based PVPP installations alter land surface 

albedo (reflectivity) due to their dark-colored solar PV 

modules (and their heat radiation while operating), and 

thus, Photovoltaic Heat Island (PVHI) formations 

might be observable as an atmospheric environmental 

impact. Although Urban Heat Island Effect is 

commonly and comprehensively studied in the 

literature, fewer studies investigate this effect caused by 

PVPPs. This paper presents our project's two 

consecutive stages showing the progressive structure of 

its findings. 

 

Following the error analysis for data reliability and the 

statistical analysis for measurement significance, 25-

month data of the second stage show daily (day-night) 

PVHIs occurring at the PVPP's center with up to 6°C 

higher air temperatures than the ones measured outside 

the PVPP field for daytimes. Some inverse (negative) 

but less-effective PV heat islands are also formed with 

up to 3°C higher air temperatures outside the field 

during nighttimes. Monthly maximum air temperatures 

for daytimes and monthly minimum air temperatures 

for nighttimes support these results. A graphical 

illustration of the Sekbandemirli rural region and the 

measured air temperatures on the weather station 

locations for a day hour of November 2019 and a night 

hour of August 2019 is also given in the Results 

section. 

 

These PVHI formations have specific formation 

frequencies on a monthly (seasonal) basis. Although 

solar PV module temperature and power output can be 

mentioned as the essential determinants or indicators 

for PVHIE, their correlation weakens from winter to 

summer and strengthens from summer to winter for 

daytimes; and vice versa for nighttimes. Simultaneous 

monitoring of solar module and air (ambient) 

temperatures should be considered to understand the 
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PVHI formation mechanism by radiative and 

convective heat transfer (Figure 1). It should also be 

noted that the PV module types, which are 

commercially preferable for land/ground-based PVPP 

installations, have low heat capacity/high emissivity 

values taking a significant role in these formations. 

 

As for geographical location choice and sunshine 

duration analysis, it is also important to investigate a 

PVPP field's local wind speed and direction before PV 

module placement and orientation. Wind has capable of 

reducing HIE by natural convective cooling. On the 

other hand, having the prevailing wind direction 

(North-East), the Sekbandemirli PVPP field can't 

benefit from the region's local winds: They blow onto 

the solar modules from an inconvenient angle, and 

thus, they can't cool them during daytimes. Another 

supportive finding for this inference is that there is a 

low or no correlation between wind speed and PVHI 

formation almost all year round. 
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Abstract: Energy consumption in buildings accounts for a notable part of the primary energy consumption all over 

the world. The building industry also has a great potential to decrease the environmental impact by reducing 

greenhouse gas emissions. The national strategies of many developing countries are shaped by energy conservation 

issues. Improving energy efficiency and productivity is stated as one of the main elements of the Turkish national 

energy strategy. An efficient way to decrease energy consumption in buildings is to implement insulation on the 

building envelope. Identifying the optimum insulation thickness to be applied on the exterior walls is of prime 

importance. This study adapts a stochastic approach to determine optimum insulation thickness for 81 cities in 

Turkey. The stochastic approach, unlike the commonly used deterministic approach, incorporates the probabilistic 

nature of the process and presents the optimum insulation thickness as a probability distribution graph rather than a 

single value. For this purpose, a number of insulation thicknesses (1-20 cm) were regarded as the alternatives and 

the optimum alternative was determined based on life cycle costing analysis involving the cost of insulation 

application and annual energy savings. The average monthly temperature of each city and financial parameters such 

as the inflation and discount rates were considered as the stochastic elements. The results of the life cycle costing 

analysis were used to (i) identify the optimum thicknesses in each city as a probability distribution graph and (ii) 

generate an optimum insulation thickness map for Turkey.  

Keywords: Stochastic analysis, Optimum insulation thickness, Wall insulation, Energy saving 

 

OPTİMUM DUVAR YALITIMI KALINLIKLARININ ÜLKE ÇAPINDA 

HARİTALANMASI: STOKASTİK YAKLAŞIM 
 

Özet: Binalarda enerji tüketimi tüm dünyadaki birincil enerji tüketiminin önemli bir kısmına karşılık gelmektedir. 

Bina sektörü ayrıca sera gazı salınımını düşürerek çevresel etkinin azaltılmasına yönelik büyük bir potansiyel teşkil 

etmektedir. Gelişmekte olan birçok ülkenin ulusal stratejileri enerjinin korunmasına ilişkin konularla 

şekillenmektedir. Enerji verimliliğinin ve üretkenliğin arttırılması Türkiye ulusal enerji stratejisinin ana 

unsurlarından birisi olarak belirtilmiştir. Bina kılıfına yalıtım uygulamak binalarda enerji tüketimini azaltmak için 

etkili bir yoldur. Dış duvarlara uygulanacak olan optimum yalıtım kalınlığının belirlenmesi önem arz etmektedir. 

Bu çalışmada Türkiye’deki 81 ilin optimum yalıtım kalınlığını belirlemek amacıyla stokastik bir yaklaşım 

benimsenmiştir. Yaygın olarak kullanılan deterministik yaklaşımın aksine, stokastik yaklaşım sürecin olasılıksal 

doğasını bünyesinde barındırır ve optimum yalıtım kalınlığını tek bir değer yerine bir olasılık dağılım grafiği olarak 

sunar. Bu amaçla, birtakım yalıtım kalınlıkları (1-20 cm) alternatif olarak kabul edilmiş ve optimum alternatif 

yalıtım uygulamasının maliyeti ile yıllık enerji tasarruflarını dikkate alan bir yaşam dönemi maliyet analizi 

yapılarak belirlenmiştir. Şehirlerin aylık ortalama sıcaklıkları ve enflasyon ile iskonto oranları gibi finansal 

parametreler stokastik elemanlar olarak kabul edilmiştir. Yaşam dönemi maliyet analizinin sonuçları (i) her bir 

şehir için optimum yalıtım kalınlığını bir olasılık dağılım grafiği olarak elde etmek ve (ii) Türkiye için bir optimum 

yalıtım kalınlığı haritası oluşturmak amacıyla kullanılmıştır. 

Anahtar Kelimeler: Stokastik analiz, Optimum yalıtım kalınlığı, Duvar yalıtımı, Enerji tasarrufu 
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INTRODUCTION 

 

The energy crisis in 1973 caused conservation of 

energy to be considered as a national strategy especially 

in developing countries that import the majority of their 

energy needs from abroad. Global energy consumption 

is mainly formed by the building and construction 

industry, where energy consumption has been on the 

rise since the 1960s (Malecite et al., 2013). Energy 

consumed by the buildings corresponds to more than 

40% of the primary energy consumption in the United 

States and European Union (Cao et al., 2016). The 

industry also has the greatest potential for decreasing 

the environmental impact as it is responsible for 10% 

of the global greenhouse gas emissions (IEO, 2013). 

 

The economic and population growth in Turkey has 

accelerated the energy demand. The energy demand in 

Turkey has had the highest rate of growth among 

OECD (Organization for Economic Co-operation and 

Development) countries over the last 15 years. Turkey 

is also one of the biggest natural gas and electricity 

markets in its region. The national energy strategy of 

Turkey is mainly shaped by the increasing energy 

demand and dependency on imports. The main 

elements of the national energy strategy include (i) 

prioritization of energy supply security, (ii) having 

environmental concerns all along the energy chain, (iii) 

conducting R&D on energy technologies, and (iv) 

improving the energy efficiency and productivity 

(MFA, 2021). 

 

A crucial component of Turkey’s 2023 national strategy 

objectives is to promote energy efficiency. The objective 

is to reduce the energy consumed per national income, 

namely energy density, by 20% from 2011 to 2023 by 

conducting energy efficiency studies (MENR, 2021). 

Reducing heating energy consumption is known to be 

an effective way of increasing energy efficiency in 

residential buildings that can operate for 70 years 

(Zhan et al., 2018). Heating energy consumption can be 

reduced to a great extent by applying optimum 

insulation thickness to exterior walls. Applying such 

insulation to the exterior walls of existing buildings can 

provide a great amount of energy savings in Turkey, 

where the majority of the buildings are uninsulated 

(Kurekci, 2016). 

 

Implementation of insulation material to the exterior 

walls of existing buildings requires an initial 

investment, but it helps the building to consume 

significantly less energy throughout its lifetime 

(Caglayan et al., 2020). While increasing the insulation 

thickness pushes up the investment cost, it leads to 

greater savings in energy. In this regard, it becomes 

crucial to identify the insulation thickness that is 

economically most feasible. The optimum insulation 

thickness can be expressed as the insulation thickness 

that provides the greatest net benefit which is obtained 

by subtracting the cost from the savings. 

 

The amounts of the investment cost and energy savings 

are the major determinants of the optimum insulation 

thickness. The investment cost is the cost of insulation 

application to the exterior walls. Expanded polystyrene, 

extruded polystyrene, and stone wool have frequently 

been selected as the insulation material in the literature. 

The savings are achieved by reducing the energy 

consumption in buildings. Electricity and natural gas 

have been mainly considered as the energy sources for 

cooling and heating, respectively. The optimization 

analyses have focused on certain cities representing 

different climate regions of Turkey. 

 

The optimum insulation thickness has mostly been 

determined with the deterministic approach. Exact 

values have been assigned to key input parameters and 

the output (optimum insulation thickness) has been 

determined as a single value. The deterministic 

approach is useful if these parameters are subject to no 

random deviations and can be obtained without any 

ambiguity. Otherwise, it would be more appropriate to 

consider the stochastic approach where the output is 

presented as a probability distribution graph that 

describes the probability of obtaining various values. 

 

This study adapted a stochastic approach to determine 

the optimum insulation thickness of a building 

prototype for 81 cities in Turkey. Within this context, a 

number of insulation thicknesses (1-20 cm) were 

regarded as the alternatives and the optimum 

alternative was determined for each city based on a life 

cycle costing analysis involving the insulation cost and 

annual energy savings. The results of the life cycle 

costing analysis were used to (i) identify the optimum 

thicknesses in each city as a probability distribution 

graph and (ii) generate an optimum insulation 

thickness map for Turkey. The average monthly 

temperature of each city and financial parameters such 

as the inflation and discount rates were considered as 

the stochastic elements for which historical data or 

future projections were obtained. The characteristics of 

the data (mean values, standard deviations) were 

identified and used for randomly generating the 

stochastic elements in the analysis. 

 

The proposed study contributes to the body of 

knowledge in two ways: (i) achievement of reliable 

outputs by reflecting the uncertainty on the estimates 

and (ii) generation of an optimum insulation thickness 

map by repeating the analysis for each city in Turkey. 

The stochastic approach allows for random variation in 

stochastic elements and reflects it on the estimates. 

Presentation of an output as a probability distribution 

graph displays the most probable outcome, and more 

importantly, how much it can deviate. The latter 

implies the comprehensiveness of the study as the 
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analysis covers all the cities. Studies in the literature 

have made analysis for certain cities from different 

climate regions. Marking all the cities of the country 

provides the opportunity to draw an optimum insulation 

thickness map. 

 

RESEARCH BACKGROUND 

 

Determining the optimum insulation thickness has been 

an attractive academic topic both in the national and 

international areas. Several studies have been 

conducted in various countries to specify the optimum 

insulation thickness. Daouas et al. (2010) determined 

the optimum insulation thickness of building walls in 

Tunisia. The optimum insulation thickness was 

determined as 5.7 cm. Liu et al. (2015) identified the 

optimum insulation thicknesses for three cities in the 

hot summer and cold winter zones of China, which 

were Changsha, Chengdu, and Shaoguan. While the 

optimum insulation thicknesses for expanded 

polystyrene were found to change between 8.1 cm and 

10.5 cm, the optimum thicknesses for extruded 

polystyrene varied between 5.3 cm and 6.9 cm. 

Baniassadi et al. (2016) determined the optimum 

insulation thickness for different climatic regions of 

Iran. The optimum thickness was found to be greater 

than 6.0 cm in cold regions. Nematchoua et al. (2017) 

calculated the optimum insulation thickness for two 

cities located in two different climate regions of 

Cameroon, namely Yaounde and Garoua. The optimum 

thicknesses were calculated as 8.0 cm and 11.0 cm for 

Yaounde and Garoua, respectively. Jraida et al. (2017) 

conducted a study to identify the optimum insulation 

thickness in six cities in six different climate zones of 

Morocco. Optimum insulation thicknesses for extruded 

polystyrene were determined as 2.3 cm, 3.7 cm, 5.2 cm, 

7.7 cm, 4.1 cm, and 5.7 cm for Agadir, Tangier, Fez, 

Ifran, Marrakech, and Errachidia, respectively. 

 

Numerous studies have also been conducted to identify 

the optimum insulation thickness for cities representing 

different climate regions of Turkey. A total of four 

different climate regions have been defined in the 2008 

version of Turkish Standard 825 (TSI, 2008). Region 1 

represents the hottest regions, while Region 4 

comprises the coldest ones. Even though the number of 

climate regions was increased to five in the 2013 

version, it was not published in the official gazette. The 

researchers have, therefore, considered and the 

discussion has focused on the climate regions defined 

in the 2008 version. Comakli and Yuksel (2003) 

identified the optimum insulation thickness for the 

coldest cities of Turkey. The optimum insulation 

thicknesses were observed as 8.5 cm, 10.4 cm, and 10.7 

cm for Erzincan (Region 4), Erzurum (Region 4), and 

Kars (Region 4), respectively. Kaynakli (2008) 

determined the optimum insulation thickness for a 

prototype building in Bursa (Region 2) for different 

types of fuel. The optimum thicknesses were found to 

be 5.3 cm, 10.5 cm, 11.2 cm, and 12.4 cm for natural 

gas, fuel oil, electricity, and LPG, respectively. 

Dombayci et al. (2017) calculated the optimum 

insulation thickness for a total of four cities 

representing the four climate regions of Turkey, namely 

Izmir (Region 1), Trabzon (Region 2), Ankara (Region 

3), and Kars (Region 4). The optimum thicknesses for 

expanded polystyrene insulation were determined as 4.6 

cm, 6.0 cm, 7.7 cm, and 10.7 cm for Izmir, Trabzon, 

Ankara, and Kars, respectively. Canbolat et al. (2018) 

determined the economic insulation thickness as 4.7 cm 

for Istanbul (Region 2). Akyuz et al. (2018) determined 

the optimum insulation thickness of the International 

Hasan Polatkan Airport terminal in Eskisehir (Region 

3) for a number of insulation materials. The optimum 

thicknesses were found as 5.0 cm, 3.3 cm, 7.8 cm, and 

9.7 cm for expanded polystyrene, extruded polystyrene, 

glass wool, and stone wool, respectively. 

 

In previous studies, optimum insulation thicknesses 

have been determined for certain cities with a 

deterministic approach. The parameter values have 

been assumed deterministically and the results have 

revealed certain optimum insulation thickness values 

for the mentioned cities. The stochastic approach 

adapted in this study possessed a number of advantages 

over the deterministic approach. Generation of the 

stochastic elements based on historical data or future 

projections can provide more reliable outputs as the 

uncertainties are reflected on the estimates. The result 

is obtained as a probability distribution graph rather 

than a single value. In addition, repetition of the 

analysis for each city in Turkey offers the opportunity 

to generate an optimum insulation thickness map. 

 

RESEARCH METHODOLOGY 

 

This study adapts a stochastic model to determine 

optimum insulation thicknesses. A deterministic model 

represents a system where the relationships are fixed, 

implying that the probabilistic nature is ignored. For a 

set of given initial conditions, a deterministic model 

always performs the same way. On the other hand, a 

stochastic model is a mathematical representation of a 

system where a number of possible outputs can be 

generated by a given input. The randomness of the 

process makes the results obtained by the combination 

of independent factors slightly different (Leuenberger et 

al., 2018). The behaviours of the deterministic and 

stochastic models are illustrated in Figure 1 (adapted 

from Revelle et al., 2005). 

 

A stochastic model possesses random variation in the 

inputs and forecasts the probability of various outputs. 

The uncertainty is built into the model through the 

inputs, where historical data is used to observe 

fluctuations. The probability distribution of the outputs 

reflects the random variation in the inputs and thus, the 

uncertainty is made explicit. 
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Figure 1. Deterministic vs. stochastic models 

 

The methodology part of the research is composed of 

four main sections: (i) obtaining historical data and 

future projections for the stochastic elements, (ii) 

creating the building prototype, (iii) calculating annual 

energy requirements, and (iv) conducting life cycle 

costing analysis. 

 

Obtaining Historical Data and Future Projections 

for the Stochastic Elements 

 

In this study, the average monthly temperature of each 

city and financial parameters such as the inflation and 

discount rates were assumed as the stochastic elements. 

Inflation and discount rates are two financial 

parameters that influence the results of life cycle 

costing analysis to a great extent. These parameters 

have been subject to alteration in previous studies based 

on the time the study was conducted. Table 1 presents 

the inflation and discount rates used in 20 studies 

conducted in the last 15 years. According to the table, 

the inflation rate has varied between 0.00% and 

11.75%, while the discount rate has ranged from 4.00% 

to 19.38%. Such a situation demonstrates the 

uncertainty within these parameters. Considering these 

parameters as stochastic elements and generating them 

based on the analysis of historical data can provide 

more reliable results.  

 

Historical data was obtained for inflation and discount 

rates. The rate of increase in natural gas prices was 

considered as the inflation rate and data was acquired 

for the period from 01.05.2006 to 01.05.2020 from the 

official site of Istanbul Gaz Dagitim Sanayi ve Ticaret 

AS (IGDAS, 2021). The mean and standard deviation 

for the inflation rate were observed as 10.66% and 

11.38%, respectively. The reason for such a great 

standard deviation might be the fact that energy prices 

are highly susceptible to economic and political issues. 

Historical data for discount rate was obtained from 

Interest Rate Statistics of the Central Bank of the 

Turkish Republic for the period from 01.01.2005 to 

01.12.2019 (TCMB, 2021). The mean and standard 

deviation for the discount rate up to 1-year deposits 

were observed as 13.45% and 4.28%, respectively. 

 

Table 1.  Inflation and discount rates used in previous 

studies    

No Study 
Inflation 

Rate 

Discount 

Rate 

1 Bolatturk (2006) 
9.20% 17.89% 

2 
Dombayci et al. (2006) 0.00% 8.00% 

3 
Sisman et al. (2007) 9.32% 17.79% 

4 
Bolatturk (2008) 4.00% 5.00% 

5 
Ucar and Balo (2009) 5.00% 4.00% 

6 
Ozkan and Onan (2011) 9.67% 19.38% 

7 
Ekici et al. (2012) 5.00% 4.00% 

8 
Kaynakli (2013) 6.00% 9.00% 

9 
Kayfeci (2014) 5.00% 4.00% 

10 
Ozel et al. (2015) 8.39% 9.65% 

11 
Kurekci (2016) 7.91% 8.25% 

12 
Erturk (2016) 6.50% 13.00% 

13 
Kaya et al. (2016) 6.16% 13.75% 

14 
Kon and Yuksel (2016) 6.40% 9.00% 

15 
Aktemur and Atikol (2017) 8.53% 9.00% 

16 
Evin and Ucar (2019) 8.81% 9.00% 

17 
Aydin and Biyikoglu (2020) 10.35% 12.75% 

18 
Gulten (2020) 8.50% 10.00% 

19 
Aydin and Biyikoglu (2021) 10.35% 12.75% 

20 
Akan (2021) 11.75% 12.50% 
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Average monthly temperatures of each city were 

projected for the future period of 2021-2050 by using 

the supercomputers in the Center for Climate Change 

and Policy Studies (iklimBU) laboratory. Global 

Climate Models (GCMs), which project future climate 

conditions needed in studies examining the sectoral 

impacts of climate change, have low spatial resolution 

despite their high temporal resolution, which makes the 

outputs of these models inadequate in regional or local 

impact studies. This requirement leads researchers to 

downscaling approaches (i.e., dynamical, statistical, or 

hybrid) so that the outputs of these sophisticated tools 

can provide more reliable climate data at regional and 

local scales. Therefore, dynamical downscaling 

approach was applied to obtain high spatial resolution 

mean temperature data for Turkey, which has a high 

and complex topography. The dynamical downscaling 

approach is based on the principle of running a 

Regional Climate Model (RCM) that takes the lateral 

boundary conditions from a GCM. 

 

MPI-ESM-MR and RegCM4.4 model pair, which have 

been tested in various studies (Akbas et al., 2020; An et 

al., 2018, 2020; Demircan et al., 2017; Demiroglu et 

al., 2016, 2021; Turp et al., 2014) were preferred. The 

outputs of MPI-ESM-MR (Giorgetta et al., 2013), one 

of the GCMs developed by the Max Planck Institute for 

Meteorology in Germany, were given as input to the 

Regional Climate Model Version 4.4 (RegCM4.4, 

Giorgi et al., 2012) developed by the Abdus Salam 

International Centre for Theoretical Physics (ICTP) in 

Italy. In other words, low spatial resolution 

(approximately 210 km x 210 km grid size) data of 

MPI-ESM-MR, one of the most widely used models in 

climate change studies (Demircan et al., 2017) and has 

a medium level of equilibrium climate sensitivity 

(Sherwood et al., 2014), was dynamically downscaled 

to higher spatial resolution (10 km x 10 km grid size) 

by using RegCM4.4. RegCM (Pal et al., 2007), which 

has been in use for more than three decades, is one of 

the most widely used RCMs because it is free, easy to 

access, user-friendly, practical, reliable, and has a 

globally wide user and developer network. 

 

Future projection (2021-2050) was realized under the 

Representative Concentration Pathway (RCP) 8.5 

emission scenario which is referred to the business-as-

usual case. RCP8.5 (Riahi et al., 2007, 2011), the most 

pessimistic trajectory among the RCP scenarios, 

predicts that the atmospheric CO2 concentration, which 

reached 420 ppm at the beginning of the 2020s, will 

reach approximately 541 ppm in the middle of the 

century and 936 ppm at the end of the century. Mean 

and standard deviation of the climate projections are 

presented in Appendix A, where the numbers in 

parenthesis represent the standard deviations. 

 

 

 

Creating the Building Prototype 

 

The building prototype represented a typical nine-story 

residential building with a length of 25 m, width of 20 

m, and total height of 27 m. The window areas for the 

south, north, east, and west directions were determined 

as 150 m2, 60 m2, 120 m2, and 60 m2, respectively. 

Natural ventilation was assumed for air conditioning. 

Figure 2 and 3 present the cross-sectional details of the 

uninsulated and insulated building envelope, 

respectively. Ceiling and basement cross sections 

remained the same both in the insulated and 

uninsulated case. The only difference existed in the 

exterior walls (both infilled and reinforced concrete). 

An expanded polystyrene insulation material was added 

in the insulated case at varying thicknesses. which was 

the main subject of the study. 

 

Calculating Annual Energy Requirements 

 

A matlab code combining both the annual energy 

requirements and life cycle costing analysis was 

generated. The annual energy requirement of the 

building was calculated according to the method 

described by Turkish Standard (TS) 825 “thermal 

insulation requirements for buildings” published by the 

Turkish Standards Institute (TSI, 2008). The standard 

considers the building geometry and the climate region 

of the city. The cities are labelled by four climate 

regions, where the first region represents the warmest 

and the fourth region represents the coolest cities. The 

annual energy requirements are calculated not for each 

city, but for each climate region. In this study, however, 

the annual energy requirement was calculated for every 

single city based on the values generated in line with 

the climate simulations prepared according to the 

RCP8.5 scenario. With the exception of the climate 

conditions of the cities, the methodology shown in 

TS825 was strictly followed. 

 

According to the methodology shown in TS825, the 

annual heating energy consumption (Qyear) is obtained 

by adding up the monthly heating energy requirements 

(Qm). 

year mQ Q  (1) 

 

 

 

*
*

*

in out

m
in s

H
Q t



 

 

 
 
  
 

 (2) 

 

The specific loss (H) of the building is equal to the sum 

of the heat losses resulting from conduction and 

convection (Htr) and ventilation (Hven). 

 

tr venH H H   (3) 
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Htr is equal to the sum of the products of area (A) and 

heat transfer coefficient (U) for the exterior wall (ew), 

glazing (gl), exterior door (ed), ceiling (ce), and floor 

(fl). 

 

 

 

* * *

* 0.8 * *

0.5 * *

A U U UH A Atr ew glew gl

U UA Aed ceed ce

U A flfl

  

 



 (4) 

 

 0.264 * *n VH ven a gross  (5) 

 

Vgross is the gross building volume. Air changing ratio 

(na) was considered as 0.8 for natural ventilation. The 

monthly average interior heat gain (φin) is obtained as 

in the following equation: 

 

5* Anin   (6) 

 

 

Figure 2. Cross sections of the uninsulated building envelope 

Figure 3. Cross sections of the insulated building envelope 

 

An represents the building usage area and is determined 

by using the following equation: 

 0.32 *VAn gross  (7) 

 

The monthly average solar energy gain (φs) is obtained 

as follows: 

* * *, ,, Gr I Aj j k gl kjks j   (8) 

 

r represents the monthly average shading factor of the 

transparent surfaces; Agl,k stands for the total glazing 

area in direction k; and G is the solar energy 

permeation factor of the transparent elements. r was 

assumed as 0.8 for the detached building. 

 

Monthly average solar radiation intensities (Ij,k) are 

presented in Table 2 (TSI, 2008). TS825 assumes 

similar solar radiation intensities for all the cities. 

However, solar radiation is affected from the 

geographic information of cities such as altitude, 

latitude, and longitude (Sahin et al., 2013). The 

assumption of similar solar radiation might result in 

higher heating energy requirement (due to 

insufficiently calculated solar heat gain) and thicker 

optimum insulation thickness in cities where solar 
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radiation is greater than the values indicated in the 

table. 

 

Table 2.  Monthly average solar radiation intensities (W/m2)    

 
Months 

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

Isouth 72 84 87 90 92 95 93 93 89 82 67 64 

Inorth 26 37 52 66 79 83 81 73 57 40 27 22 

Ieast/ 

west 
43 57 77 90 114 122 118 106 81 59 41 37 

  

The solar energy permeation factor (G) is obtained as 

follows: 

 

* gG Fwj    (9) 

 

The correction factor for windows (Fw) was assumed as 

0.8 and the solar energy permeation factor (gꞱ) was 

considered as 0.75 for colourless glass. The monthly 

average usage factor of heat gain (η) is calculated as in 

the following equation: 

 

 11 GLRe    
(10) 

 

 

The gain/loss ratio (GLR) is determined by the 

following equation: 

 

 
 *

in s
GLR
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 (11) 

 

If gain/loss ratio becomes equal to or greater than 2.5, 

no heat loss occurs in the corresponding month. 

Inserting the gain/loss ratio formula in equation 11 into 

equation 10; 
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 (12) 

 

As suggested by the standard, the monthly average 

indoor temperature (θin) was considered as 19ºC. The 

monthly average outdoor temperatures (θout) were 

considered as the stochastic elements and future 

projection for the period of 2021-205 is presented in 

Appendix A. 

 

Calculating Life Cycle Costing Analysis 

 

The life cycle costing analysis considered the insulation 

cost (IC) and operational saving (OS) achieved through 

insulation implementation. The operational saving was 

obtained by taking the difference between the annual 

energy requirement of the uninsulated and insulated 

case for each insulation thickness. The cost of energy 

was considered as 0.02 $/kWh. The insulation cost was 

determined by taking offers from insulation companies 

(material supply + installation) and taking their 

average. The cost of insulation implementation is 

summarized in Table 3. It could be noticed that even 

the thinnest insulation implementation had a certain 

total unit cost amount mainly due to the fixed amount 

of installation cost for each insulation thickness. 

Increasing the insulation thickness generated only 

incremental movements in the total unit cost. 

 

Life cycle costing analysis was conducted for insulation 

alternatives (1 cm to 20 cm) in each city to determine 

the alternative resulting in the most desired economic 

outcome. The insulation alternative having the highest 

net saving (NS) value was regarded as the optimum 

insulation thickness. As the stochastic elements 

(average monthly temperature of each city, inflation 

rate, discount rate) were generated 1,000 times with the 

mentioned means and standard deviations, optimum 

insulation thicknesses were also determined 1,000 

times. Net saving was calculated for each alternative as 

follows: 

 

*NS OS PWF IC   
(13) 

 

The present worth of the operational savings was 

determined by multiplying the operational saving with 

the present worth factor (PWF), which was calculated 

as follows: 

* 1(1 )

**(1 )

N
i

PWF
N

r i






 (14) 

 

The lifespan (N) was considered as 20 years and the 

interest rate adapted for inflation (i*) was determined 

by using the following equation: 

1
*

1

i g
i g

g
i

g i
i g

i


 

 
 

 

 (15) 

 

Inflation rate (g) and discount rate (i) were the 

stochastic elements generated based on historical data. 

 

FINDINGS AND DISCUSSION 

 

The histogram of the optimum insulation thicknesses 

represents the probability distribution graph and is 

shown in Appendix B. It could be noticed that the 

optimum insulation thicknesses showed great variation 

under different scenarios. In extreme cases, the 

optimum thickness moved up to 20 cm insulation in the 

coolest cities and became even 0 cm insulation 

(implying the uninsulated case) in the warmest cities. It 

was also noticed that insulation thicknesses from 1 to 3 

cm were not selected as the optimum insulation 

thicknesses for any city under any scenario. Within this 
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range of thicknesses, the cost of insulation 

implementation was dominated by the relatively fixed 

amounts of installation and auxiliary items costs that 

overweighed the energy savings. 

 

Figure 4 illustrates the histogram of optimum 

insulation thickness graphs for certain cities from four 

different climate regions, namely İzmir, Gaziantep, 

Ankara, and Kayseri. The most likely thicknesses were 

concentrated on 5-8 cm for İzmir, 6-10 cm for 

Gaziantep, 8-11 cm for Ankara, and 9-13 cm for 

Kayseri. For İzmir, the most frequently selected 

insulation thickness was 6 cm followed by 7 cm. The 6 

cm insulation was selected in 218 of the 1,000 cases, 

corresponding to 21.8%. 

The probabilities of optimum insulation thicknesses for 

each city are shown in percentages in Appendix C. 

Generation of the stochastic elements 1,000 times 

resulted in the determination of the optimum insulation 

thickness for 1,000 times in each city. A number in 

Table C1 and C2 represented the number of times (in 

percentages) the corresponding insulation thickness 

was selected as the optimum insulation thickness. To 

illustrate, it could be observed from the case of 

Afyonkarahisar that 9 cm insulation was selected as the  

optimum thickness 159 times in 1,000 trials, 

corresponding to 15.9% of the cases. 

  

  

  
Table 3. Cost of insulation implementation 

Insulation 

Thickness 

Material Cost 

($/m2) 

Auxiliary Items Cost 

($/m2) 

Installation Cost 

($/m2) 

Total Unit Cost 

($/m2) 
Total Cost ($) 

1 cm 0.40 2.70 4.00 7.10 18.247 

2 cm 0.80 2.84 4.00 7.64 19.635 

3 cm 1.20 2.98 4.00 8.18 21.023 

4 cm 1.60 3.12 4.00 8.72 22.410 

5 cm 2.00 3.26 4.00 9.26 23.798 

6 cm 2.40 3.40 4.00 9.80 25.186 

7 cm 2.80 3.54 4.00 10.34 26.574 

8 cm 3.20 3.68 4.00 10.88 27.962 

9 cm 3.60 3.82 4.00 11.42 29.349 

10 cm 4.00 3.96 4.00 11.96 30.737 

11 cm 4.40 4.10 4.00 12.50 32.125 

12 cm 4.80 4.24 4.00 13.04 33.513 

13 cm 5.20 4.38 4.00 13.58 34.901 

14 cm 5.60 4.52 4.00 14.12 36.288 

15 cm 6.00 4.66 4.00 14.66 37.676 

16 cm 6.40 4.80 4.00 15.20 39.064 

17 cm 6.80 4.94 4.00 15.74 40.452 

18 cm 7.20 5.08 4.00 16.28 41.840 

19 cm 7.60 5.22 4.00 16.82 43.227 

20 cm 8.00 5.36 4.00 17.36 44.615 
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Figure 4. Optimum insulation thickness graphs for cities from four different climate regions 

  

The expected value can be described as the weighted 

average of all possible values a discrete variable can 

take. In this case, the discrete variable was the 

insulation thickness and the weights were represented 

by the probabilities of being selected as the optimum. 

The expected value of optimum insulation thickness 

was calculated as: 

 

20( ) *
0

* * * ... *0 1 2 200 1 2 20

E X pxi ii

p p p px x x x

  

    
 (16) 

 

where x0, x1, x2, ….., x20 represented the insulation 

thicknesses (from 0 to 20 cm) and p0, p1, p2, ….., p20 

were the corresponding probabilities (or the weights). 

 

To illustrate, the expected value of the optimum 

insulation thickness for Van can be calculated as; 

 

E(X) = 0*0 + 1*0 + 2*0 + 3*0 + 4*0 + 5*0 + 6*0 + 

7*0.006 + 8*0.012 + 9*0.042 + 10*0.075 + 11*0.113 

+ 12*0.134 + 13*0.123 + 14*0.106 + 15*0.084 + 

16*0.089 + 17*0.057 + 18*0.031 + 19*0.037 + 

20*0.091 = 13.93 cm 

Table 4 summarizes the expected values of optimum 

insulation thicknesses calculated for 81 cities of 

Turkey. A great variation was observed among the 

expected values of different cities. The expected value 

varied between 6.73 cm (for Hatay) and 14.25 cm (for 

Ardahan) throughout Turkey. The expected value also 

showed great variation among the cities in the same 

climate region. The expected value in Region 1, Region 

2, Region 3, and Region 4 ranged between 6.73-8.97 

cm, 7.16-12.26 cm, 8.65-12.73 cm, and 10.95-14.25 

cm, respectively. Such a finding also pointed out the 

discrepancies in the categorization. For example, even 

though Rize was located in Region 2, the expected 

value of Rize (12.26 cm) was greater than that of 

Kastamonu (10.95 cm) in Region 4. The reason behind 

such an inconsistency could be the changing climate 

conditions. The calculations in this study were based on 

the climate projections for the period 2021-2050 rather 

than historical records. 

 

An optimum insulation thickness map was generated 

for Turkey (Figure 5). The cities were painted based on 

their expected values of optimum insulation thickness. 

A total of 9 different categories were painted in 9 
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different colours changing from white to black, where 

the darker colours represented greater thicknesses. The 

numbers in parentheses represented the number of 

cities falling into that category. Hatay was the only city 

with the lightest colour (6 cm ≤ thickness < 7 cm), 

while Ardahan and Erzurum were painted with the 

darkest black (14 cm ≤ thickness < 15 cm). The darker 

colours were observed mostly in the northeast of 

Turkey. 

 

CONCLUSION 

 

In this study, a stochastic approach was adapted to 

determine the optimum insulation thickness of a 

building prototype for 81 cities in Turkey. Stochastic 

elements were randomly generated based on the 

characteristics of historical data or future projections. 

The optimum insulation thickness of each city was 

obtained as a probability distribution graph indicating 

the most likely thicknesses. The expected value of each 

probability distribution graph was calculated and an 

optimum insulation thickness map was generated by 

categorizing the cities based on their expected values. 

The scientific contribution of the proposed study to the 

body of knowledge can be summarized as reliability 

and comprehensiveness. 

 

The scientific value of the study stems mainly from the 

reliability of the adapted stochastic approach. Previous 

studies have adopted the deterministic approach to 

calculate the optimum thicknesses, which takes into 

consideration various assumptions for certain 

parameters. Since this approach incorporates 

uncertainties of these parameters, there might be a 

problem of consistency of the obtained results. As 

observed in the literature, varying values have been 

reported for the optimum insulation thicknesses in the 

studies done for the same cities. The stochastic 

approach, on the other hand, reflects these uncertainties 

on the estimates and is expected to provide more 

accurate results. 

 

Another notable scientific value of the study is its 

comprehensiveness. The optimum insulation thickness 

graphs were drawn and the optimum insulation 

thickness map was generated for 81 cities in Turkey. In 

previous studies, optimum insulation thicknesses have 

frequently been determined for a couple of cities from 

certain climate regions. The results have been assumed 

to be valid and generalized for all the cities in the same 

climate region. Having identified the optimum 

insulation thickness for all the cities in this study 

provided the opportunity to check whether the optimum 

insulation thickness varied across the cities within the 

same climate region. 

 

The identified optimum insulation thicknesses showed 

great variation across different parts of Turkey. The 

results revealed that the expected values varied from 

6.73 cm (Hatay) to 14.25 cm (Ardahan) depending on 

the climate properties of the city. Accordingly, the 

optimum insulation thickness map listed the cities 

under 9 different categories. The results also 

emphasized the changing climate conditions as the 

expected value of a city in Region 2 (Rize: 12.26 cm) 

was observed to be greater than the expected value of a 

city in Region 4 (Kastamonu: 10.95 cm). The study had 

a number of limitations. Firstly, the climate feature 

obtained for the city center was assumed to be valid for 

the whole city. The climate features might show 

variation across different parts of certain cities. 

Another limitation is that the method presented in 

TS825 focuses solely on heating and ignores cooling 

energies. Incorporation of cooling energies into annual 

energy requirements might result in slightly greater 

optimum insulation thicknesses in cities that belong to 

the climate Region 1. It should also be noted that 

historical data for the inflation rate was obtained from 

one of the distributers of natural gas (due to the 

availability of data) and the rate of increase in natural 

gas prices was determined accordingly. Collecting 

product-based data rather than energy cost-based data 

might lead to variation in results. Moreover, the 

assumption for the cost of natural gas reflects the 

situation when the analysis was conducted. The price 

might be subjected to variation as the energy prices are 

highly vulnerable to the changes in both local and 

global conditions. 

 

The optimum insulation thickness map obtained as a 

result of this study is expected to benefit several 

organizations to improve the energy efficiency of 

buildings in Turkey. Relevant bodies may adopt the 

map to revise the current regulation and the 

recommended thickness; sector professionals may 

consider the thickness values proposed in this study in 

their practices; and investors may evaluate their 

insulation decisions from a financial point of view. A 

further study should incorporate the cooling 

calculations in the energy efficiency analysis. 

Moreover, similar studies can be conducted in other 

countries based on their own national standards to 

promote energy efficiency countrywide. Achieving the 

national strategic objectives requires collaborative 

studies on energy efficiency. Academic studies should 

be encouraged and supported by public bodies, non-

governmental organizations, and private sector 

associations. The outcomes of the studies should be 

interpreted to create social awareness. 
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Table 4.  Expected value of optimum insulation thickness for 81 cities     

Province 
Climate 

Region 

Expected 

Value (cm) 
Province 

Climate 

Region 

Expected 

Value 

(cm) 

Province 
Climate 

Region 

Expected 

Value (cm) 

Adana 1 8.86 Edirne 2 8.07 Malatya 3 11.22 

Adıyaman 2 9.59 Elazığ 3 10.87 Manisa 2 8.27 

Afyonkarahisar 3 10.59 Erzincan 4 12.95 Mardin 2 8.66 

Ağrı 4 13.61 Erzurum 4 14.01 Mersin 1 8.97 

Aksaray 3 10.29 Eskişehir 3 10.15 Muğla 2 7.18 

Amasya 2 10.51 Gaziantep 2 8.71 Muş 4 12.70 

Ankara 3 10.47 Giresun 2 11.77 Nevşehir 3 10.68 

Antalya 1 8.59 Gümüşhane 4 13.61 Niğde 3 11.69 

Ardahan 4 14.25 Hakkari 4 12.97 Ordu 2 10.28 

Artvin 3 12.57 Hatay 1 6.73 Osmaniye 1 7.65 

Aydın 1 7.61 Iğdır 3 11.99 Rize 2 12.26 

Balıkesir 2 8.23 Isparta 3 10.84 Sakarya 2 8.47 

Bartın 2 8.92 İstanbul 2 7.16 Samsun 2 9.28 

Batman 2 9.49 İzmir 1 7.06 Şanlıurfa 2 8.18 

Bayburt 4 13.75 Kahramanmaraş 2 10.95 Siirt 2 10.63 

Bilecik 3 9.65 Karabük 3 10.54 Sinop 2 9.72 

Bingöl 3 12.73 Karaman 3 10.97 Sivas 4 12.63 

Bitlis 4 12.54 Kars 4 13.77 Şırnak 2 10.42 

Bolu 3 11.38 Kastamonu 4 10.95 Tekirdağ 2 7.79 

Burdur 3 10.17 Kayseri 4 12.07 Tokat 3 11.16 

Bursa 2 8.76 Kilis 2 8.30 Trabzon 2 11.14 

Çanakkale 2 7.48 Kırıkkale 3 10.42 Tunceli 3 12.11 

Çankırı 3 11.29 Kırklareli 3 8.65 Uşak 3 9.59 

Çorum 3 10.81 Kırşehir 3 10.44 Van 4 13.93 

Denizli 2 9.63 Kocaeli 2 7.77 Yalova 2 7.37 

Diyarbakır 2 9.58 Konya 3 10.40 Yozgat 4 11.10 

Düzce 2 9.47 Kütahya 3 10.76 Zonguldak 2 8.75 

  

Figure 5. Map of optimum insulation thicknesses 
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APPENDIX A: MEAN AND STANDARD DEVIATION OF THE CLIMATE PROJECTION 

 

Table A1.  Mean and standard deviation of the climate projection for Adana-Düzce (ºC)  

Province Jan. Febr. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

Adana 
3.32 

(2.62) 

4.64 

(3.11) 

8.05 

(3.31) 

12.88 

(3.72) 

18.08 

(4.18) 

22.67 

(3.31) 

25.35 

(2.24) 

25.97 

(2.90) 

22.20 

(3.34) 

16.30 

(3.72) 

9.89 

(2.94) 

4.64 

(2.95) 

Adıyaman 
1.43 

(2.61) 

2.98 

(3.20) 

6.79 

(3.59) 

12.53 

(4.19) 

18.91 

(4.28) 

24.33 

(3.42) 

27.46 

(2.59) 

27.44 

(3.04) 

23.06 

(3.62) 

16.10 

(4.11) 

8.56 

(3.17) 

2.85 

(3.03) 

Afyonkarahisar 
0.89 

(2.97) 

1.92 

(3.37) 

4.83 

(3.54) 

9.41 

(3.90) 

14.98 

(4.22) 

19.70 

(3.62) 

22.54 

(2.71) 

22.79 

(3.09) 

18.16 

(3.71) 

11.87 

(4.02) 

6.46 

(3.04) 

2.03 

(3.26) 

Ağrı 
-5.58 

(3.42) 

-4.48 

(4.06) 

-0.93 

(3.93) 

4.36 

(3.56) 

10.19 

(3.55) 

15.33 

(3.32) 

19.09 

(3.21) 

18.92 

(3.15) 

14.24 

(3.43) 

7.69 

(3.73) 

1.49 

(3.04) 

-3.85 

(3.62) 

Aksaray 
1.11 

(2.99) 

2.40 

(3.48) 

5.82 

(3.84) 

10.94 

(4.18) 

16.42 

(4.28) 

21.10 

(3.64) 

23.90 

(2.85) 

24.21 

(3.25) 

19.66 

(3.90) 

13.27 

(4.29) 

7.21 

(3.28) 

2.24 

(3.31) 

Amasya 
1.56 

(2.99) 

2.65 

(3.58) 

5.80 

(3.91) 

10.43 

(4.10) 

15.26 

(4.17) 

19.12 

(3.75) 

21.05 

(3.25) 

21.77 

(3.74) 

17.82 

(4.28) 

12.52 

(4.19) 

7.39 

(3.17) 

2.79 

(3.21) 

Ankara 
0.86 

(2.93) 

1.96 

(3.40) 

5.08 

(3.62) 

9.76 

(3.89) 

15.12 

(4.19) 

19.84 

(3.70) 

22.57 

(2.87) 

23.00 

(3.29) 

18.34 

(3.94) 

12.05 

(4.21) 

6.49 

(3.04) 

2.00 

(3.16) 

Antalya 
4.75 

(2.46) 

5.57 

(2.69) 

8.01 

(2.99) 

12.30 

(3.62) 

17.61 

(4.14) 

22.06 

(3.53) 

25.06 

(2.43) 

25.19 

(2.73) 

21.14 

(3.19) 

15.47 

(3.41) 

10.22 

(2.66) 

6.05 

(2.68) 

Ardahan 
-6.49 

(3.42) 

-5.58 

(4.12) 

-2.38 

(4.13) 

2.57 

(3.81) 

7.98 

(3.75) 

12.41 

(3.58) 

15.51 

(3.64) 

15.95 

(3.63) 

11.63 

(3.89) 

5.99 

(3.96) 

0.49 

(3.19) 

-4.78 

(3.69) 

Artvin 
-2.71 

(3.24) 

-1.78 

(3.95) 

1.26 

(4.10) 

6.06 

(4.01) 

11.21 

(3.90) 

14.89 

(3.78) 

17.19 

(3.70) 

17.94 

(4.10) 

14.27 

(4.32) 

9.20 

(4.22) 

3.97 

(3.26) 

-1.15 

(3.51) 

Aydın 
6.57 

(2.87) 

7.36 

(2.96) 

9.68 

(3.05) 

13.84 

(3.59) 

19.44 

(4.20) 

24.76 

(3.77) 

27.93 

(2.81) 

27.84 

(2.95) 

23.26 

(3.53) 

17.15 

(3.52) 

11.93 

(2.96) 

7.71 

(3.22) 

Balıkesir 
5.37 

(3.02) 

6.19 

(3.20) 

8.54 

(3.19) 

12.59 

(3.47) 

18.01 

(3.97) 

22.63 

(3.46) 

25.09 

(2.81) 

25.29 

(3.01) 

20.89 

(3.70) 

15.31 

(3.53) 

10.72 

(2.93) 

6.67 

(3.25) 

Bartın 
4.43 

(3.03) 

5.25 

(3.53) 

7.87 

(3.94) 

12.04 

(4.06) 

16.79 

(4.25) 

20.70 

(3.78) 

22.56 

(3.49) 

23.13 

(3.81) 

19.05 

(4.11) 

14.35 

(3.88) 

10.17 

(3.12) 

5.78 

(3.20) 

Batman 
1.22 

(2.61) 

2.88 

(3.27) 

6.83 

(3.65) 

12.68 

(4.08) 

19.29 

(3.90) 

25.20 

(3.05) 

28.54 

(2.20) 

28.25 

(2.48) 

23.67 

(3.10) 

16.46 

(3.85) 

8.66 

(3.15) 

2.66 

(3.05) 

Bayburt 
-5.75 

(3.27) 

-4.61 

(3.93) 

-1.30 

(4.00) 

3.69 

(3.71) 

9.22 

(3.89) 

13.95 

(3.76) 

16.90 

(3.61) 

17.16 

(3.81) 

12.92 

(4.03) 

7.08 

(3.99) 

1.38 

(3.17) 

-4.18 

(3.66) 

Bilecik 
2.94 

(3.19) 

3.92 

(3.65) 

6.78 

(3.88) 

11.13 

(4.05) 

16.38 

(4.35) 

20.55 

(3.77) 

22.80 

(3.13) 

23.16 

(3.57) 

18.78 

(4.10) 

13.27 

(4.10) 

8.62 

(3.19) 

4.22 

(3.35) 

Bingöl 
-4.30 

(3.10) 

-3.01 

(3.72) 

0.59 

(3.80) 

5.98 

(3.66) 

12.03 

(3.82) 

17.97 

(3.42) 

21.76 

(2.63) 

21.61 

(2.87) 

16.78 

(3.39) 

9.89 

(3.81) 

3.14 

(3.17) 

-2.70 

(3.53) 

Bitlis 
-3.36 

(2.83) 

-2.25 

(3.39) 

0.96 

(3.44) 

5.84 

(3.44) 

11.52 

(3.46) 

16.93 

(2.98) 

20.42 

(2.39) 

20.17 

(2.52) 

15.83 

(3.00) 

9.43 

(3.45) 

3.21 

(2.83) 

-1.85 

(3.14) 

Bolu 
-0.12 

(3.15) 

0.84 

(3.60) 

3.79 

(3.89) 

8.22 

(4.01) 

13.38 

(4.27) 

17.82 

(3.87) 

20.12 

(3.34) 

20.73 

(3.82) 

16.36 

(4.32) 

10.80 

(4.24) 

5.81 

(3.20) 

1.20 

(3.33) 

Burdur 
1.64 

(2.79) 

2.66 

(3.02) 

5.40 

(3.32) 

10.08 

(3.84) 

15.77 

(4.21) 

20.56 

(3.60) 

23.70 

(2.50) 

23.70 

(2.89) 

19.01 

(3.43) 

12.71 

(3.75) 

7.20 

(2.93) 

2.81 

(3.08) 

Bursa 
4.68 

(3.00) 

5.53 

(3.38) 

8.12 

(3.61) 

12.28 

(3.85) 

17.56 

(4.19) 

21.82 

(3.62) 

24.05 

(3.02) 

24.37 

(3.33) 

19.99 

(3.91) 

14.66 

(3.76) 

10.18 

(2.98) 

5.99 

(3.17) 

Çanakkale 
7.01 

(3.27) 

7.72 

(3.21) 

9.69 

(2.89) 

13.38 

(2.92) 

18.39 

(3.41) 

22.92 

(3.08) 

25.47 

(2.54) 

25.63 

(2.61) 

21.54 

(3.22) 

16.43 

(3.05) 

12.22 

(2.98) 

8.52 

(3.40) 

Çankırı 
-0.32 

(3.04) 

0.68 

(3.52) 

3.83 

(3.82) 

8.44 

(3.96) 

13.55 

(4.14) 

17.99 

(3.76) 

20.42 

(3.16) 

21.02 

(3.57) 

16.53 

(4.18) 

10.78 

(4.18) 

5.47 

(3.10) 

0.94 

(3.19) 

Çorum 
0.89 

(2.92) 

2.02 

(3.47) 

5.25 

(3.81) 

9.94 

(4.03) 

15.02 

(4.20) 

19.29 

(3.79) 

21.56 

(3.17) 

22.19 

(3.61) 

17.89 

(4.19) 

12.08 

(4.25) 

6.65 

(3.13) 

2.10 

(3.14) 

Denizli 
2.80 

(2.94) 

3.83 

(3.17) 

6.60 

(3.49) 

11.22 

(3.98) 

17.01 

(4.35) 

22.07 

(3.67) 

25.16 

(2.66) 

25.21 

(3.01) 

20.49 

(3.58) 

14.08 

(3.89) 

8.46 

(3.09) 

3.97 

(3.20) 

Diyarbakır 
1.13 

(2.62) 

2.75 

(3.22) 

6.65 

(3.56) 

12.61 

(3.99) 

19.26 

(4.03) 

25.29 

(3.20) 

28.71 

(2.27) 

28.40 

(2.61) 

23.67 

(3.22) 

16.31 

(3.90) 

8.51 

(3.10) 

2.57 

(3.03) 

Düzce 
3.68 

(3.12) 

4.59 

(3.61) 

7.30 

(4.02) 

11.47 

(4.13) 

16.22 

(4.33) 

19.99 

(3.78) 

21.87 

(3.37) 

22.37 

(3.77) 

18.38 

(4.09) 

13.65 

(3.97) 

9.48 

(3.24) 

5.00 

(3.29) 
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Table A2.  Mean and standard deviation of the climate projection for Edirne-Kütahya (ºC)  

Province Jan. Febr. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

Edirne 
5.25 

(4.31) 

6.73 

(3.85) 

9.34 

(3.17) 

13.48 

(2.89) 

18.74 

(3.46) 

23.67 

(3.31) 

26.24 

(2.79) 

26.24 

(2.86) 

21.75 

(3.62) 

15.87 

(3.62) 

10.97 

(3.82) 

6.76 

(4.27) 

Elazığ 
-1.04 

(2.84) 

0.35 

(3.39) 

4.06 

(3.60) 

9.67 

(3.81) 

15.86 

(4.01) 

21.69 

(3.51) 

25.27 

(2.62) 

25.05 

(2.93) 

20.29 

(3.53) 

13.20 

(3.98) 

6.12 

(2.99) 

0.47 

(3.23) 

Erzincan 
-4.77 

(3.18) 

-3.57 

(3.82) 

-0.11 

(3.87) 

5.10 

(3.73) 

10.83 

(3.93) 

15.88 

(3.69) 

19.17 

(3.33) 

19.31 

(3.53) 

14.83 

(3.94) 

8.52 

(3.99) 

2.43 

(3.12) 

-3.20 

(3.58) 

Erzurum 
-6.17 

(3.32) 

-5.07 

(4.02) 

-1.65 

(3.99) 

3.44 

(3.64) 

9.05 

(3.66) 

13.98 

(3.44) 

17.30 

(3.22) 

17.41 

(3.33) 

12.95 

(3.61) 

6.86 

(3.80) 

0.97 

(3.14) 

-4.51 

(3.65) 

Eskişehir 
1.61 

(3.09) 

2.68 

(3.56) 

5.72 

(3.76) 

10.32 

(4.01) 

15.79 

(4.30) 

20.43 

(3.69) 

23.01 

(2.88) 

23.39 

(3.30) 

18.77 

(3.93) 

12.61 

(4.18) 

7.27 

(3.18) 

2.76 

(3.33) 

Gaziantep 
3.23 

(2.60) 

4.80 

(3.05) 

8.48 

(3.43) 

14.06 

(4.10) 

20.16 

(4.32) 

25.30 

(3.28) 

28.01 

(2.47) 

28.35 

(2.94) 

24.23 

(3.39) 

17.45 

(3.92) 

9.96 

(3.04) 

4.46 

(3.01) 

Giresun 
-1.09 

(3.06) 

-0.10 

(3.70) 

2.91 

(3.95) 

7.62 

(4.00) 

12.43 

(4.04) 

16.02 

(3.73) 

17.91 

(3.44) 

18.61 

(4.00) 

15.19 

(4.31) 

10.46 

(4.09) 

5.49 

(3.25) 

0.35 

(3.41) 

Gümüşhane 
-4.88 

(3.24) 

-3.80 

(3.89) 

-0.58 

(3.97) 

4.35 

(3.81) 

9.76 

(3.97) 

13.95 

(3.79) 

16.47 

(3.65) 

16.93 

(3.98) 

13.02 

(4.25) 

7.54 

(4.06) 

2.05 

(3.21) 

-3.34 

(3.60) 

Hakkari 
-5.05 

(3.37) 

-3.67 

(3.89) 

0.09 

(3.92) 

5.53 

(3.78) 

11.29 

(3.49) 

16.84 

(3.04) 

20.62 

(2.71) 

20.40 

(2.62) 

15.96 

(3.18) 

9.10 

(3.59) 

2.42 

(3.24) 

-3.29 

(3.68) 

Hatay 
7.08 

(2.53) 

8.30 

(2.83) 

11.32 

(2.97) 

15.62 

(3.58) 

20.04 

(4.11) 

23.98 

(3.15) 

25.92 

(2.31) 

27.08 

(3.06) 

24.21 

(3.16) 

19.29 

(3.49) 

13.17 

(2.78) 

8.15 

(2.87) 

Iğdır 
-2.39 

(3.17) 

-1.19 

(3.82) 

2.52 

(3.79) 

8.20 

(3.81) 

14.01 

(3.65) 

18.47 

(3.52) 

21.98 

(3.90) 

22.03 

(3.52) 

17.53 

(3.84) 

10.82 

(4.05) 

4.22 

(3.04) 

-0.86 

(3.30) 

Isparta 
0.81 

(2.77) 

1.74 

(3.06) 

4.43 

(3.26) 

8.87 

(3.75) 

14.32 

(4.13) 

18.87 

(3.55) 

21.82 

(2.56) 

21.98 

(2.95) 

17.53 

(3.49) 

11.45 

(3.82) 

6.21 

(2.86) 

1.95 

(3.02) 

İstanbul 
7.36 

(3.09) 

7.97 

(3.01) 

10.02 

(2.87) 

13.57 

(2.93) 

18.22 

(3.29) 

22.24 

(2.83) 

24.38 

(2.38) 

24.81 

(2.54) 

21.22 

(2.87) 

16.70 

(2.92) 

12.73 

(2.93) 

8.66 

(3.35) 

İzmir 
7.63 

(2.87) 

8.28 

(2.90) 

10.26 

(2.75) 

13.96 

(3.08) 

19.23 

(3.84) 

24.46 

(3.58) 

27.44 

(2.71) 

27.51 

(2.86) 

23.11 

(3.43) 

17.41 

(3.28) 

12.77 

(2.81) 

8.88 

(3.16) 

Kahramanmaraş 
-0.88 

(2.97) 

0.46 

(3.51) 

4.09 

(3.63) 

9.33 

(3.91) 

15.03 

(4.17) 

20.03 

(3.42) 

23.13 

(2.49) 

23.35 

(3.01) 

19.07 

(3.58) 

12.59 

(3.91) 

6.02 

(3.04) 

0.59 

(3.30) 

Karabük 
1.31 

(3.17) 

2.26 

(3.69) 

5.18 

(4.08) 

9.59 

(4.18) 

14.53 

(4.33) 

18.79 

(3.92) 

20.83 

(3.53) 

21.51 

(3.98) 

17.17 

(4.44) 

12.01 

(4.25) 

7.26 

(3.32) 

2.64 

(3.37) 

Karaman 
0.13 

(3.17) 

1.33 

(3.59) 

4.62 

(3.86) 

9.76 

(4.15) 

15.21 

(4.21) 

19.77 

(3.50) 

22.89 

(2.55) 

22.99 

(2.90) 

18.48 

(3.56) 

12.14 

(3.97) 

6.29 

(3.21) 

1.45 

(3.43) 

Kars 
-5.72 

(3.40) 

-4.69 

(4.05) 

-1.28 

(3.90) 

3.98 

(3.56) 

9.70 

(3.55) 

14.28 

(3.32) 

17.61 

(3.43) 

17.72 

(3.29) 

13.21 

(3.62) 

7.00 

(3.73) 

1.13 

(2.99) 

-3.98 

(3.56) 

Kastamonu 
0.89 

(3.07) 

1.79 

(3.61) 

4.70 

(4.03) 

9.05 

(4.08) 

13.85 

(4.16) 

17.83 

(3.75) 

19.74 

(3.35) 

20.49 

(3.81) 

16.38 

(4.29) 

11.49 

(4.11) 

6.81 

(3.21) 

2.24 

(3.25) 

Kayseri 
-2.07 

(3.25) 

-0.89 

(3.80) 

2.63 

(3.90) 

7.76 

(4.07) 

13.18 

(4.22) 

17.83 

(3.73) 

20.80 

(3.14) 

21.22 

(3.47) 

16.86 

(4.07) 

10.58 

(4.20) 

4.59 

(3.26) 

-0.70 

(3.58) 

Kilis 
4.03 

(2.54) 

5.59 

(3.01) 

9.22 

(3.47) 

14.68 

(4.23) 

20.56 

(4.51) 

25.55 

(3.42) 

28.04 

(2.66) 

28.61 

(3.13) 

24.71 

(3.50) 

18.17 

(3.96) 

10.77 

(3.10) 

5.23 

(2.97) 

Kırıkkale 
1.43 

(2.91) 

2.60 

(3.44) 

5.82 

(3.73) 

10.67 

(4.02) 

15.97 

(4.24) 

20.55 

(3.76) 

23.18 

(2.96) 

23.63 

(3.35) 

19.00 

(3.97) 

12.70 

(4.23) 

7.02 

(3.13) 

2.49 

(3.17) 

Kırklareli 
4.07 

(4.04) 

5.55 

(3.74) 

8.25 

(3.27) 

12.46 

(3.11) 

17.63 

(3.60) 

22.19 

(3.36) 

24.45 

(2.90) 

24.54 

(3.04) 

20.29 

(3.58) 

14.72 

(3.59) 

9.89 

(3.71) 

5.49 

(4.07) 

Kırşehir 
0.65 

(2.98) 

1.85 

(3.52) 

5.22 

(3.81) 

10.16 

(4.12) 

15.58 

(4.35) 

20.18 

(3.81) 

22.84 

(3.08) 

23.30 

(3.49) 

18.74 

(4.11) 

12.42 

(4.39) 

6.52 

(3.22) 

1.76 

(3.27) 

Kocaeli 
6.69 

(2.81) 

7.28 

(3.11) 

9.48 

(3.32) 

13.25 

(3.46) 

17.96 

(3.72) 

21.84 

(3.21) 

23.83 

(2.73) 

24.27 

(2.96) 

20.44 

(3.31) 

15.87 

(3.20) 

11.99 

(2.77) 

8.04 

(2.94) 

Konya 
0.98 

(3.03) 

2.16 

(3.43) 

5.31 

(3.71) 

10.28 

(4.02) 

15.71 

(4.14) 

20.24 

(3.54) 

23.12 

(2.67) 

23.35 

(3.02) 

18.76 

(3.69) 

12.44 

(4.05) 

6.77 

(3.14) 

2.12 

(3.31) 

Kütahya 
1.00 

(3.10) 

2.04 

(3.48) 

4.86 

(3.61) 

9.20 

(3.92) 

14.75 

(4.37) 

19.58 

(3.76) 

22.22 

(2.97) 

22.56 

(3.43) 

17.97 

(4.01) 

11.86 

(4.11) 

6.71 

(3.12) 

2.25 

(3.37) 
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Table A3.  Mean and standard deviation of the climate projection for Malatya-Zonguldak (ºC)  

Province Jan. Febr. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

Malatya 
-1.61 

(2.99) 

-0.28 

(3.51) 

3.40 

(3.66) 

8.93 

(3.89) 

14.82 

(4.06) 

20.12 

(3.60) 

23.52 

(2.90) 

23.49 

(3.18) 

18.91 

(3.79) 

12.08 

(4.05) 

5.31 

(3.03) 

-0.15 

(3.33) 

Manisa 
5.03 

(2.97) 

5.99 

(3.13) 

8.54 

(3.24) 

12.88 

(3.72) 

18.76 

(4.35) 

24.09 

(3.79) 

26.97 

(2.86) 

27.09 

(3.22) 

22.24 

(3.86) 

15.87 

(3.87) 

10.50 

(3.04) 

6.18 

(3.29) 

Mardin 
2.58 

(2.50) 

4.43 

(3.11) 

8.56 

(3.70) 

14.71 

(4.36) 

21.53 

(4.05) 

27.36 

(3.00) 

30.43 

(2.16) 

30.24 

(2.48) 

25.74 

(3.11) 

18.37 

(3.86) 

10.09 

(3.25) 

3.94 

(2.92) 

Mersin 
3.44 

(2.57) 

4.58 

(2.99) 

7.68 

(3.36) 

12.55 

(3.88) 

17.79 

(4.25) 

22.24 

(3.43) 

25.07 

(2.37) 

25.47 

(2.89) 

21.48 

(3.30) 

15.66 

(3.61) 

9.54 

(2.88) 

4.76 

(2.83) 

Muğla 
7.35 

(2.39) 

7.95 

(2.50) 

9.94 

(2.69) 

13.69 

(3.32) 

18.82 

(4.06) 

23.69 

(3.67) 

26.90 

(2.69) 

26.81 

(2.71) 

22.87 

(3.18) 

17.35 

(3.09) 

12.54 

(2.61) 

8.62 

(2.65) 

Muş 
-4.21 

(3.26) 

-2.93 

(3.84) 

0.66 

(3.70) 

6.03 

(3.47) 

12.28 

(3.67) 

18.08 

(3.24) 

21.77 

(2.56) 

21.44 

(2.73) 

16.57 

(3.21) 

9.67 

(3.63) 

3.08 

(2.95) 

-2.51 

(3.52) 

Nevşehir 
0.27 

(3.12) 

1.49 

(3.70) 

4.99 

(3.97) 

10.09 

(4.28) 

15.54 

(4.40) 

20.18 

(3.83) 

22.91 

(3.15) 

23.34 

(3.52) 

18.87 

(4.18) 

12.56 

(4.41) 

6.49 

(3.35) 

1.45 

(3.45) 

Niğde 
-1.83 

(3.30) 

-0.60 

(3.80) 

2.87 

(3.95) 

8.03 

(4.20) 

13.49 

(4.28) 

18.19 

(3.66) 

21.32 

(2.89) 

21.60 

(3.20) 

17.21 

(3.84) 

10.91 

(4.14) 

4.80 

(3.33) 

-0.44 

(3.60) 

Ordu 
1.89 

(3.04) 

2.82 

(3.72) 

5.69 

(4.05) 

10.12 

(4.14) 

14.50 

(4.11) 

17.72 

(3.63) 

19.27 

(3.24) 

20.12 

(3.89) 

16.93 

(4.26) 

12.67 

(4.06) 

8.16 

(3.33) 

3.26 

(3.34) 

Osmaniye 
5.33 

(2.50) 

6.87 

(3.05) 

10.29 

(3.36) 

15.03 

(3.91) 

19.99 

(4.38) 

24.18 

(3.39) 

26.25 

(2.61) 

27.26 

(3.25) 

24.00 

(3.47) 

18.58 

(3.84) 

12.06 

(3.06) 

6.57 

(2.89) 

Rize 
-1.36 

(3.23) 

-0.39 

(3.96) 

2.55 

(4.29) 

7.21 

(4.22) 

11.93 

(4.07) 

15.15 

(3.90) 

16.80 

(3.70) 

17.69 

(4.28) 

14.60 

(4.55) 

10.18 

(4.38) 

5.31 

(3.50) 

0.14 

(3.59) 

Sakarya 
5.08 

(3.05) 

5.94 

(3.48) 

8.55 

(3.75) 

12.64 

(3.87) 

17.46 

(4.11) 

21.17 

(3.54) 

23.06 

(3.05) 

23.46 

(3.40) 

19.52 

(3.73) 

14.72 

(3.66) 

10.63 

(3.04) 

6.35 

(3.19) 

Samsun 
4.12 

(2.96) 

5.00 

(3.56) 

7.72 

(3.84) 

11.91 

(3.90) 

16.31 

(3.92) 

19.80 

(3.39) 

21.54 

(2.96) 

22.35 

(3.45) 

18.74 

(3.87) 

14.27 

(3.78) 

9.83 

(3.09) 

5.38 

(3.09) 

Şanlıurfa 
3.59 

(2.44) 

5.35 

(2.99) 

9.31 

(3.57) 

15.31 

(4.26) 

21.91 

(4.16) 

27.45 

(3.17) 

30.33 

(2.34) 

30.36 

(2.76) 

25.98 

(3.32) 

18.79 

(3.88) 

10.79 

(3.16) 

4.87 

(2.84) 

Siirt 
-0.68 

(2.82) 

0.86 

(3.45) 

4.69 

(3.74) 

10.29 

(4.04) 

16.65 

(3.86) 

22.53 

(3.04) 

25.96 

(2.19) 

25.72 

(2.45) 

21.15 

(3.04) 

14.16 

(3.73) 

6.73 

(3.21) 

0.86 

(3.30) 

Sinop 
3.02 

(2.95) 

3.90 

(3.53) 

6.61 

(3.88) 

10.86 

(3.97) 

15.37 

(3.99) 

19.04 

(3.51) 

20.81 

(3.13) 

21.62 

(3.59) 

17.77 

(4.00) 

13.21 

(3.87) 

8.74 

(3.09) 

4.30 

(3.07) 

Sivas 
-2.96 

(3.22) 

-1.83 

(3.78) 

1.58 

(3.87) 

6.73 

(3.95) 

12.07 

(4.06) 

16.43 

(3.77) 

19.15 

(3.45) 

19.61 

(3.79) 

15.44 

(4.28) 

9.46 

(4.13) 

3.74 

(3.17) 

-1.51 

(3.50) 

Şırnak 
-0.93 

(2.91) 

0.71 

(3.51) 

4.69 

(3.82) 

10.43 

(4.16) 

16.91 

(3.85) 

22.78 

(2.98) 

26.24 

(2.17) 

26.02 

(2.36) 

21.46 

(3.01) 

14.31 

(3.69) 

6.68 

(3.29) 

0.68 

(3.36) 

Tekirdağ 
5.73 

(3.95) 

6.95 

(3.63) 

9.38 

(3.10) 

13.38 

(2.99) 

18.50 

(3.44) 

23.02 

(3.11) 

25.45 

(2.59) 

25.58 

(2.72) 

21.42 

(3.37) 

16.04 

(3.42) 

11.41 

(3.61) 

7.13 

(4.11) 

Tokat 
0.12 

(3.15) 

1.20 

(3.77) 

4.49 

(4.11) 

9.31 

(4.26) 

14.21 

(4.29) 

17.90 

(3.97) 

19.76 

(3.59) 

20.52 

(4.13) 

16.85 

(4.62) 

11.62 

(4.37) 

6.41 

(3.33) 

1.46 

(3.43) 

Trabzon 
0.66 

(3.10) 

1.62 

(3.83) 

4.45 

(4.19) 

9.04 

(4.27) 

13.60 

(4.25) 

16.79 

(3.94) 

18.28 

(3.55) 

19.20 

(4.23) 

16.12 

(4.56) 

11.84 

(4.32) 

7.19 

(3.43) 

2.13 

(3.45) 

Tunceli 
-3.28 

(2.93) 

-2.03 

(3.53) 

1.48 

(3.69) 

6.79 

(3.68) 

12.64 

(3.86) 

18.18 

(3.55) 

21.78 

(2.93) 

21.77 

(3.18) 

17.19 

(3.64) 

10.53 

(3.93) 

3.90 

(3.07) 

-1.74 

(3.39) 

Uşak 
2.65 

(2.91) 

3.73 

(3.19) 

6.53 

(3.42) 

11.04 

(3.94) 

16.96 

(4.47) 

22.25 

(3.79) 

25.24 

(2.85) 

25.41 

(3.27) 

20.55 

(3.83) 

13.95 

(4.09) 

8.32 

(3.06) 

3.80 

(3.20) 

Van 
-6.13 

(3.31) 

-5.03 

(3.86) 

-1.67 

(3.80) 

3.42 

(3.45) 

8.94 

(3.30) 

14.32 

(2.94) 

18.02 

(2.59) 

17.65 

(2.56) 

13.17 

(2.95) 

6.82 

(3.35) 

0.82 

(2.97) 

-4.41 

(3.55) 

Yalova 
6.93 

(2.72) 

7.55 

(3.10) 

9.85 

(3.41) 

13.80 

(3.60) 

18.83 

(3.91) 

22.96 

(3.41) 

25.07 

(2.89) 

25.38 

(3.08) 

21.14 

(3.53) 

16.24 

(3.28) 

12.17 

(2.71) 

8.34 

(2.82) 

Yozgat 
-0.32 

(3.08) 

0.83 

(3.64) 

4.28 

(3.92) 

9.20 

(4.14) 

14.50 

(4.33) 

18.87 

(3.91) 

21.31 

(3.38) 

21.90 

(3.80) 

17.64 

(4.37) 

11.58 

(4.40) 

5.85 

(3.23) 

0.93 

(3.38) 

Zonguldak 
4.79 

(3.07) 

5.61 

(3.56) 

8.23 

(3.97) 

12.39 

(4.08) 

17.11 

(4.27) 

20.87 

(3.71) 

22.67 

(3.34) 

23.17 

(3.69) 

19.18 

(3.99) 

14.54 

(3.84) 

10.45 

(3.13) 

6.11 

(3.22) 
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APPENDIX B: HISTOGRAM OF THE OPTIMUM INSULATION THICKNESSES 

 

Figure B1. Optimum insulation thickness in Adana-Amasya 
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Figure B2. Optimum insulation thickness in Ankara-Balıkesir 
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Figure B3. Optimum insulation thickness in Bartın-Bitlis 
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Figure B4. Optimum insulation thickness in Bolu-Çorum 
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Figure B5. Optimum insulation thickness in Denizli-Erzincan 
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Figure B6. Optimum insulation thickness in Erzurum-Hakkari 
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Figure B7. Optimum insulation thickness in Hatay-Kahramanmaraş 
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Figure B8. Optimum insulation thickness in Karabük-Kilis 
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Figure B9. Optimum insulation thickness in Kırıkkale-Kütahya 
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Figure B10. Optimum insulation thickness in Malatya-Muş 
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Figure B11. Optimum insulation thickness in Nevşehir-Sakarya 
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Figure B12. Optimum insulation thickness in Samsun-Şırnak 
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Figure B13. Optimum insulation thickness in Tekirdağ-Van 
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Figure B14. Optimum insulation thickness in Yalova-Zonguldak 
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APPENDIX C: PROBABILITIES OF OPTIMUM INSULATION THICKNESSES 

 

Table C1.  Probabilities of optimum insulation thicknesses in Adana-İstanbul  

Province 
Probability of Optimum Insulation Thickness (%) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Adana 0.1 0.0  0.0  0.0  0.2 3.4 10.3 19.9 18.7 13.7 13.2 7.1 4.9 2.8 2.3 1.2 0.8 0.4 0.2 0.5 0.3 

Adıyaman 0.1 0.0  0.0  0.0  0.0 1.9 6.0 12.9 18.3 16.5 13.0 12.1 7.0 3.8 2.8 1.9 1.5 0.7 0.7 0.2 0.6 

Afyonkarahisar 0.0 0.0  0.0  0.0  0.0 0.6 1.9 7.5 14.0 15.9 16.5 13.6 9.5 6.8 3.7 3.4 1.8 1.6 1.0 0.8 1.4 

Ağrı 0.0 0.0  0.0  0.0  0.0 0.0 0.1 0.5 2.4 4.7 9.1 11.4 13.1 12.1 10.9 9.6 7.4 4.2 4.3 3.2 7.0 

Aksaray 0.0 0.0  0.0  0.0  0.0 0.9 4.2 9.2 14.3 17.8 13.2 12.1 9.2 7.1 3.8 2.5 1.9 1.0 0.6 0.8 1.4 

Amasya 0.0 0.0  0.0  0.0  0.0 0.5 2.8 9.1 13.8 15.9 13.9 12.8 9.1 8.3 5.2 2.9 2.0 0.8 1.0 0.7 1.2 

Ankara 0.0 0.0  0.0  0.0  0.0 0.4 2.9 8.5 13.4 15.9 16.8 12.7 8.8 7.2 5.0 2.8 1.7 1.7 0.5 0.6 1.1 

Antalya 0.0 0.0  0.0  0.0  0.7 4.7 13.6 16.8 19.1 13.8 12.1 8.3 4.2 3.5 1.5 0.9 0.2 0.2 0.2 0.1 0.1 

Ardahan 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.0 1.6 2.7 7.7 10.4 12.2 13.0 9.4 8.9 7.9 6.7 5.1 4.3 10.1 

Artvin 0.0 0.0  0.0  0.0  0.0 0.0 0.1 1.8 4.3 9.8 12.1 15.6 12.9 9.9 9.2 7.3 4.3 2.8 3.3 1.5 5.1 

Aydın 0.9 0.0  0.0  0.0  2.8 11.5 18.4 22.3 14.8 11.8 6.6 4.4 2.7 1.9 0.6 0.5 0.4 0.1 0.1 0.1 0.1 

Balıkesir 0.3 0.0  0.0  0.0  0.6 8.1 14.3 18.8 20.5 11.8 9.7 6.7 5.3 1.7 0.3 0.7 0.4 0.3 0.1 0.0 0.4 

Bartın 0.0 0.0  0.0  0.0  0.4 3.4 11.5 15.5 18.6 16.7 11.7 7.8 5.8 3.4 1.6 1.4 1.2 0.4 0.4 0.2 0.0 

Batman 0.0 0.0  0.0  0.0  0.0 1.6 7.5 15.3 17.0 16.2 13.4 9.0 6.9 4.8 3.7 1.3 1.3 0.5 0.6 0.3 0.6 

Bayburt 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.3 1.8 5.7 7.9 12.4 13.3 10.9 11.4 7.8 7.4 5.3 3.8 3.4 8.6 

Bilecik 0.0 0.0  0.0  0.0  0.3 1.9 6.4 11.7 15.9 19.7 14.4 9.4 6.7 3.9 3.5 2.7 1.1 0.7 0.7 0.4 0.6 

Bingöl 0.0 0.0  0.0  0.0  0.0 0.0 0.0 1.0 5.4 7.4 13.2 14.0 13.6 10.6 8.6 6.5 5.3 4.5 2.9 2.5 4.5 

Bitlis 0.0 0.0  0.0  0.0  0.0 0.0 0.1 1.9 4.7 9.2 11.8 16.2 14.1 8.1 9.9 7.1 4.0 3.9 2.1 2.3 4.6 

Bolu 0.0 0.0  0.0  0.0  0.0 0.2 1.4 5.2 8.3 13.0 15.4 13.3 13.3 9.0 7.2 4.3 3.6 1.7 0.7 0.9 2.5 

Burdur 0.0 0.0  0.0  0.0  0.0 1.0 4.5 10.9 14.0 16.1 14.6 12.3 8.6 5.2 4.9 2.6 1.6 1.6 1.0 0.4 0.7 

Bursa 0.1 0.0  0.0  0.0  0.2 4.3 10.5 21.3 17.9 12.9 13.1 6.9 4.7 2.7 2.3 1.1 0.6 0.6 0.1 0.4 0.3 

Çanakkale 1.3 0.0  0.0  0.0  2.6 12.6 19.9 20.5 14.7 12.5 7.2 2.8 2.2 1.9 0.6 0.5 0.2 0.3 0.1 0.0 0.1 

Çankırı 0.0 0.0  0.0  0.0  0.0 0.3 1.4 3.7 9.9 14.0 15.5 15.0 11.9 8.5 6.7 4.0 2.5 2.4 1.2 1.1 1.9 

Çorum 0.0 0.0  0.0  0.0  0.0 0.4 2.7 6.2 12.7 15.4 15.0 14.2 8.8 8.1 5.1 3.7 2.4 1.9 1.3 0.5 1.6 

Denizli 0.0 0.0  0.0  0.0  0.5 2.1 6.2 10.6 17.5 18.0 14.7 10.8 7.1 3.4 3.3 2.7 1.1 0.3 0.7 0.4 0.6 

Diyarbakır 0.0 0.0  0.0  0.0  0.0 1.7 6.8 14.2 17.2 16.1 14.6 9.9 6.5 4.2 2.8 2.4 1.4 0.4 0.5 0.5 0.8 

Düzce 0.1 0.0  0.0  0.0  0.4 2.3 7.0 14.1 16.6 16.1 14.3 10.0 5.9 5.7 3.0 1.7 0.9 0.6 0.3 0.2 0.8 

Edirne 0.7 0.0  0.0  0.0  2.4 7.6 16.7 19.2 16.4 13.7 9.4 5.4 3.3 1.6 1.0 0.9 0.7 0.7 0.2 0.0 0.1 

Elazığ 0.0 0.0  0.0  0.0  0.0 0.1 2.0 6.6 12.4 14.7 15.1 13.1 11.6 8.6 4.8 3.5 2.9 1.2 1.8 0.6 1.0 

Erzincan 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.8 3.6 7.1 11.4 13.2 13.7 13.2 10.2 5.8 6.4 4.7 3.4 1.6 4.9 

Erzurum 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.1 1.8 4.0 6.7 9.5 13.0 12.6 13.7 10.3 5.8 6.3 4.5 2.7 9.0 

Eskişehir 0.0 0.0  0.0  0.0  0.0 0.8 4.6 10.9 14.8 17.8 13.7 11.1 8.1 6.0 3.8 2.3 2.2 1.4 0.9 0.5 1.1 

Gaziantep 0.0 0.0  0.0  0.0  0.6 4.8 11.8 17.8 19.8 13.6 12.0 7.3 4.4 2.8 2.1 1.1 0.7 0.4 0.4 0.1 0.3 

Giresun 0.0 0.0  0.0  0.0  0.0 0.2 0.6 3.4 6.9 11.9 16.1 14.1 10.8 10.1 7.9 6.4 4.1 3.1 1.3 0.8 2.3 

Gümüşhane 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.2 1.9 5.6 10.5 11.9 12.3 12.0 10.3 7.8 7.1 5.5 4.3 3.1 7.5 

Hakkari 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.8 2.2 8.1 11.5 13.5 13.7 12.6 11.3 6.7 5.1 4.1 3.1 2.5 4.8 

Hatay 3.6 0.0  0.0  0.0  5.7 17.2 23.2 19.0 12.4 8.4 4.8 2.8 1.1 0.6 0.7 0.3 0.2 0.0 0.0 0.0 0.0 

Iğdır 0.0 0.0  0.0  0.0  0.0 0.1 0.5 3.1 6.4 12.5 13.1 15.3 11.5 9.1 8.5 6.6 3.9 2.6 2.5 1.5 2.8 

Isparta 0.0 0.0  0.0  0.0  0.0 0.1 1.9 7.0 12.8 15.4 14.6 12.0 11.9 7.5 4.8 4.9 2.9 1.5 0.9 0.8 1.0 

İstanbul 2.1 0.0  0.0  0.0  4.0 14.3 19.7 21.5 14.5 10.6 6.4 2.8 1.8 1.2 0.6 0.4 0.1 0.0 0.0 0.0 0.0 
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Table C2.  Probabilities of optimum insulation thicknesses in İzmir-Zonguldak  

Province 
Probability of Optimum Insulation Thickness (%) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

İzmir 2.5 0.0  0.0  0.0  4.5 14.3 21.8 21.0 13.5 7.5 7.8 4.3 1.1 0.4 0.4 0.6 0.1 0.1 0.0 0.1 0.0 

Kahramanmaraş 0.0 0.0  0.0  0.0  0.0 0.4 1.7 7.1 11.8 13.6 15.8 13.2 11.2 7.4 5.7 4.3 3.0 1.3 0.9 0.5 2.1 

Karabük 0.0 0.0  0.0  0.0  0.0 0.0 2.7 8.4 13.6 17.1 15.4 13.8 7.5 7.5 4.1 3.5 2.2 1.2 1.0 0.9 1.1 

Karaman 0.0 0.0  0.0  0.0  0.2 0.5 2.7 6.5 11.6 13.2 16.5 13.6 9.3 7.6 4.9 4.7 2.0 2.0 1.5 1.2 2.0 

Kars 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.5 2.3 4.4 7.1 11.5 13.0 13.9 10.1 8.8 7.2 6.6 4.0 3.1 7.5 

Kastamonu 0.0 0.0  0.0  0.0  0.0 0.3 2.1 6.9 9.3 15.0 15.3 14.1 12.4 8.0 5.7 3.9 2.4 1.1 0.9 0.9 1.7 

Kayseri 0.0 0.0  0.0  0.0  0.0 0.1 0.4 2.7 6.0 12.4 13.7 14.0 13.0 10.3 6.7 6.1 4.9 2.3 2.4 1.8 3.2 

Kilis 0.4 0.0  0.0  0.0  1.5 6.6 15.5 19.2 16.2 14.4 9.9 7.2 3.4 1.7 1.2 0.8 0.9 0.5 0.4 0.1 0.1 

Kırıkkale 0.0 0.0  0.0  0.0  0.0 0.6 3.0 9.8 13.6 16.5 14.0 12.2 9.0 7.6 5.2 3.0 1.9 1.0 1.1 0.5 1.0 

Kırklareli 0.0 0.0  0.0  0.0  0.9 5.5 12.4 16.7 19.6 14.7 10.4 7.0 5.1 3.0 2.1 0.8 0.6 0.4 0.5 0.3 0.0 

Kırşehir 0.0 0.0  0.0  0.0  0.0 0.3 2.4 8.8 13.8 16.3 17.0 11.1 8.8 8.0 5.4 3.1 2.3 1.0 0.7 0.4 0.6 

Kocaeli 0.9 0.0  0.0  0.0  2.1 10.6 17.5 19.3 17.9 11.4 9.0 4.6 2.7 1.4 1.5 0.4 0.4 0.2 0.1 0.0 0.0 

Konya 0.0 0.0  0.0  0.0  0.0 0.6 3.6 9.3 12.0 15.9 15.6 12.9 9.7 7.9 4.1 3.5 2.1 1.6 0.5 0.0 0.7 

Kütahya 0.0 0.0  0.0  0.0  0.0 0.3 3.0 6.0 11.4 16.0 17.2 14.8 8.7 6.9 5.1 2.9 2.4 2.1 1.1 0.9 1.2 

Malatya 0.0 0.0  0.0  0.0  0.0 0.1 1.4 4.9 11.2 14.7 16.1 12.8 10.7 7.9 6.8 3.1 3.4 1.9 1.9 0.9 2.2 

Manisa 0.3 0.0  0.0  0.0  0.5 7.8 13.6 19.5 20.5 11.6 9.9 7.0 5.2 1.6 0.5 0.8 0.3 0.4 0.1 0.0 0.4 

Mardin 0.2 0.0  0.0  0.0  0.4 4.3 13.1 16.2 20.5 14.2 12.0 7.3 5.0 2.5 1.3 1.7 0.5 0.4 0.2 0.2 0.0 

Mersin 0.1 0.0  0.0  0.0  0.3 3.2 10.6 16.2 17.6 16.6 12.7 9.2 5.0 3.0 2.3 1.3 0.6 0.3 0.4 0.3 0.3 

Muğla 2.1 0.0  0.0  0.0  4.2 13.2 20.8 22.7 14.3 8.7 5.7 4.0 1.5 1.2 0.8 0.4 0.3 0.1 0.0 0.0 0.0 

Muş 0.0 0.0  0.0  0.0  0.0 0.0 0.1 0.9 5.5 7.3 13.1 14.4 13.6 10.4 8.8 6.5 5.4 4.3 2.9 2.4 4.4 

Nevşehir 0.0 0.0  0.0  0.0  0.0 0.3 3.2 6.5 13.4 16.4 17.3 10.4 10.1 6.7 4.9 3.2 2.7 1.1 1.0 0.9 1.9 

Niğde 0.0 0.0  0.0  0.0  0.0 0.0 1.0 4.0 7.5 11.6 14.6 13.6 13.0 11.1 7.7 5.2 3.9 2.2 1.1 0.6 2.9 

Ordu 0.0 0.0  0.0  0.0  0.0 1.0 4.3 10.5 13.8 15.6 14.3 12.6 8.5 5.8 4.5 3.1 1.9 1.7 1.0 0.7 0.7 

Osmaniye 0.9 0.0  0.0  0.0  2.0 9.8 22.1 20.8 15.0 11.4 7.7 4.1 2.1 1.3 1.3 0.6 0.2 0.4 0.2 0.0 0.1 

Rize 0.0 0.0  0.0  0.0  0.0 0.1 0.3 2.3 5.2 10.4 14.3 13.7 11.9 11.1 10.5 5.1 5.3 2.4 1.6 2.1 3.7 

Sakarya 0.3 0.0  0.0  0.0  0.7 5.4 13.3 18.5 19.5 15.3 10.0 5.7 4.8 2.8 1.4 0.6 1.0 0.2 0.3 0.1 0.1 

Samsun 0.0 0.0  0.0  0.0  0.4 2.9 8.3 15.0 17.7 16.8 13.1 8.2 5.9 4.3 2.6 1.8 1.1 0.4 0.5 0.7 0.3 

Şanlıurfa 0.3 0.0  0.0  0.0  1.0 6.3 17.4 18.7 19.2 14.6 8.5 5.3 3.2 2.1 1.3 0.7 0.5 0.5 0.1 0.0 0.3 

Siirt 0.0 0.0  0.0  0.0  0.0 0.7 3.0 7.5 13.3 16.6 14.1 11.5 10.8 7.6 5.3 2.9 2.3 1.1 0.6 0.9 1.8 

Sinop 0.0 0.0  0.0  0.0  0.0 1.1 5.6 13.9 17.0 16.3 12.7 12.2 7.0 4.8 4.1 1.9 1.1 0.8 0.7 0.2 0.6 

Sivas 0.0 0.0  0.0  0.0  0.0 0.0 0.2 1.4 4.2 10.1 12.0 14.1 11.8 11.4 8.3 8.3 5.6 4.2 2.4 2.0 4.0 

Şırnak 0.0 0.0  0.0  0.0  0.0 0.5 2.8 8.9 13.3 16.6 16.3 13.0 8.5 6.7 5.3 3.0 1.3 1.5 0.7 0.5 1.1 

Tekirdağ 0.5 0.0  0.0  0.0  1.2 10.9 18.7 19.5 17.9 10.6 9.0 5.4 3.0 1.6 0.7 0.5 0.1 0.0 0.2 0.0 0.2 

Tokat 0.0 0.0  0.0  0.0  0.0 0.2 1.3 5.7 10.5 14.0 14.9 14.4 11.4 7.9 6.8 4.3 3.6 1.4 0.8 1.0 1.8 

Trabzon 0.0 0.0  0.0  0.0  0.0 0.2 1.8 5.3 9.7 13.9 16.7 15.2 11.6 6.5 6.5 3.4 2.9 2.0 1.8 0.8 1.7 

Tunceli 0.0 0.0  0.0  0.0  0.0 0.0 0.4 2.9 6.3 12.2 13.9 13.6 11.6 9.8 8.0 6.3 5.1 2.9 1.7 1.6 3.7 

Uşak 0.0 0.0  0.0  0.0  0.1 1.9 7.4 13.8 17.9 16.3 12.3 9.4 7.3 3.8 3.2 2.3 1.6 0.9 0.7 0.3 0.8 

Van 0.0 0.0  0.0  0.0  0.0 0.0 0.0 0.6 1.2 4.2 7.5 11.3 13.4 12.3 10.6 8.4 8.9 5.7 3.1 3.7 9.1 

Yalova 1.0 0.0  0.0  0.0  3.7 13.8 19.3 21.8 14.3 10.5 6.7 5.3 1.2 0.7 0.6 0.4 0.3 0.0 0.2 0.0 0.2 

Yozgat 0.0 0.0  0.0  0.0  0.0 0.2 1.8 6.1 10.4 13.4 15.2 15.7 10.2 8.4 6.2 3.6 3.1 1.7 1.4 0.8 1.8 

Zonguldak 0.3 0.0  0.0  0.0  0.2 4.5 12.6 15.9 18.2 16.0 12.2 8.1 4.4 2.4 2.5 1.0 0.5 0.4 0.4 0.1 0.3 
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Abstract: This work is an effort to investigate the thermal performance of a V-Corrugated Solar Air Heater (SAH), 

which is intended for supplying heating to an office space having a floor area of 84 m2. Thermal performance 

investigation has been carried out both theoretically and experimentally. V-Corrugated SAHs have not been 

investigated for space heating in offices, hence this study aims to contribute by proposing and promoting them for this 

purpose. The load of the office space has been evaluated by the Energy Plus building simulation program as 4546 W. 

Thermal performance of the SAH is investigated by solving the governing equations with developed MATLAB code 

and concurrently by carrying out real-time monitoring of the operating parameters (e.g. component temperatures, air 

speed, etc.) of the SAH. It is aimed to obtain the temperature of each component of the SAH, useful heat output, thermal 

efficiency, number of SAHs and the corresponding area that is necessary to meet the heating load. It is found that 9 

SAHs with 16 m2 are required to supply the target load for the experimental case and 6 SAHs with 10 m2 for the 

theoretical case. 

Keywords: V-Corrugated solar air heater, Thermal performance, Heating load simulation, Energy Plus 

 

V-KAT LEVHALI GÜNEŞ ENERJİLİ HAVA ISITICISININ ORTAM ISITMASI İÇİN 

TEORİK VE DENEYSEL İNCELEMESİ 
 

Özet: Bu çalışma, 84 m2 alana sahip bir ofise ısıtma sağlamak için tasarlanan V-Kat levhalı güneş enerjili hava 

ısıtıcısının ısıl performansını incelemektedir. Hava ısıtıcısının ısıl performansı hem teorik hem de deneysel olarak 

incelenmiştir. V-Kat levhalı güneş enerjili hava ısıtıcıları daha önce ofislere ısıtma sağlamak için çalışılmamıştır. 

Dolayısıyla bu çalışma bu sistemleri bu amaç için inceleyerek literatüre katkı sunmayı hedeflemektedir. Ofisin ısıtma 

yükü, Energy Plus bina simülasyon yazılımı ile 4546 W olarak hesaplanmıştır. Hava ısıtıcısının ısıl performansı, hava 

ısıtıcısı enerji denklemlerinin geliştirilen MATLAB kodu kullanılarak çözülmesi ile ve aynı zamanda hava ısıtıcısı 

işletme değişkenlerinin (örn. bileşen sıcaklıkları, hava hızı vb.) ölçülmesi ile incelenmiştir. Hava ısıtıcısının her bir 

bileşeninin sıcaklığı, faydalı ısı üretimi, ısıl verim, ısıtma yükünü karşılamak için gerekli olan hava ısıtıcısı sayısı ve 

karşılık gelen alanın elde edilmesi amaçlanmaktadır. Deneysel incelemenin sonucunda ısıtma yükünü karşılamak için 

16 m2 lik 9 adet hava ısıtıcısı gerekirken, teorik incelemede yükü karşılamak için10 m2 lik 6 adet hava ısıtıcısının gerekli 

olduğu sonucu ortaya çıkmıştır. 

Anahtar Kelimler: V-Kat levhalı güneş enerjili hava ısıtıcısı, Isıl performans, Isıtma yükü simülasyonu, Energy Plus 

 

NOMENCLATURE 

 

Aa  Absorber surface area [m2] 

Ah  SAH Area [m2] 

A1   Cross-sectional area-upper channel [m2] 

A2  Cross-sectional area-lower channel [m2] 

Cp  Specific heat of air [J/kg.K] 

Dh  Hydraulic diameter [m] 

G  Solar irradiance [W/m2] 

H  Thickness [m] 
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h  Heat transfer coefficient [W/m2 .K]   

k  Thermal conductivity [W/m .K]  

L  Length of SAH [m] 

ṁ  mass flow rate [kg/s] 

N  Number of SAH 

Nu  Nusselt number [=hL/k] 

Pr  Prandtl number 

Qu  Total useful heat [W] 

Qhtg  Heating load of the office space [W] 

qu1  Useful heat from upper channel [W] 

qu2  Useful heat from lower channel [W] 

R  Back elements resistance [m.K/W] 

Ra   Rayleigh number [=gβPr(T1-T2)L3/ν2] 

Re  Reynolds number [=VD/] 

T  Temperature [K] 

V  Velocity/Wind speed [m/s] 

 

Greek letters 

 

α   Absorptance 

τ   Transmittance 

σ   Stefan Boltzmann constant [W/m2. K4] 

β   Thermal expansion coefficient [1/K] 

ε   Emissivity 

ν   Dynamic viscosity [m2/s] 

θ   Tilt angle [°] 

η   Thermal efficiency 

   Dynamic viscosity [kg/m·s] 

ρ   Density [kg/m3] 

 

Subscripts: 

 

1   Upper channel 

2   Lower channel 

a   Ambient air 

ap   Absorber plate 

bp/b  Back plate 

c   Convection 

Exp  Experimental  

f1   Air flow in upper channel 

f2   Air flow in lower channel 

g1   Upper glass cover 

g2   Lower glass cover 

i & o  Inlet & Outlet    

ins   Insulation  

pc   Protective cover 

r   Radiation 

s   Sky 

Sim  Simulation 

w   wind 

 

 

INTRODUCTION 

 

Solar energy collectors are devices that convert solar 

radiation to useful thermal energy by absorbing the 

incident radiation, transforming it to heat, and 

transferring the heat to the working fluid (water, oil, air, 

etc.).  Solar air heaters (SAHs) are solar energy collectors 

employing air as the working fluid. Unlike solar water 

heaters (working fluid is water) where the conduits are 

pipes, SAHs utilize ducts for transporting the working 

fluid i.e., air (Duffie John A. et al., 2020; Kalogirou, 

2004). 

 

A generic SAH consists of a transparent cover system, an 

absorber plate, and insulated air ducts/channels. The 

cover system is at the top, whereas the absorber plate 

commonly is above the air ducts/channels. A portion of 

the incident radiation on the cover system is transmitted 

and falls on the absorber plate where it is absorbed. The 

remaining on the other hand is reflected. The air which 

flows either naturally by buoyancy force (passive SAH) 

or by an external force (active SAH with a fan) exchanges 

heat with the absorber plate by convection and can be 

used for different purposes such as space heating or 

drying of crops. Thermal performance of SAHs depends 

on many variables such as dimensions of SAH, absorber 

plate type and material, amount of solar radiation, the 

geometry of the air ducts and the amount of air flow, etc. 

 

Motivation 

 

Although SAHs are simple and cheap, their real-life 

applications for space heating are not very common. 

Indeed, they possess a vast potential for space heating in 

locations with moderate climates having abundant solar 

radiation. For instance, the Mediterranean region could 

be ideal for employing SAHs for space heating. 

 

Buildings are responsible for one-third of the world’s end 

use energy consumption. This makes them the second 

largest energy-consuming sector after industrial sector. 

They also account for 30% of global CO2 emissions. 

Within the buildings, space heating end-use has the 

largest contribution to CO2 emissions accounting for 

60% (International Energy Agency, 2021). 

 

It is apparent, that renewable technologies if employed 

for space heating can have an appreciable effect on end-

use energy reduction and CO2 mitigation. SAHs which 

currently have no widespread real-life applications can 

be considered one of those renewable technologies which 

are simple and inexpensive that can have a considerable 
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effect on reducing energy consumption and CO2 

emissions, particularly in locations where the climate is 

mild. 

 

North Cyprus is an ideal place to be considered for space 

heating with SAHs, since the island has mild weather 

(Mediterranean Climate) with a yearly average 

temperature of 19 oC and average daily solar radiation of 

17.5 MJ/m2 (4.86 kWh/m2) through the year. During 

winter the coldest month is January with daytime 

temperatures in the range of 9-12 oC and daily mean solar 

radiation of 9.0 MJ/m2 (2.50 kWh/m2) (North Cyprus 

Meteorological Office, 2022). 

 

Commercial buildings in North Cyprus accounted for 

36% of the total electricity consumption in 2021 (kıb-tek, 

2021). These buildings are mainly offices, and they 

heavily rely on electricity-powered heat pumps for space 

heating during winter. Considering that electricity 

production in North Cyprus relies on fuel oil-driven 

power plants, facilitating the real-life applications of 

SAHs for space heating would have a significant impact 

on reducing energy and greenhouse gas emissions. 

 

Hence, the principal motivation of the current work is to 

propose and promote the SAHs, particularly the V-

Corrugated absorber plate type, through investigating its 

thermal performance for office heating applications 

under North Cyprus weather conditions. 

 

Literature Review  

 

There has been extensive research on the SAHs. 

Numerous models have been developed for examining 

their performance and many configurations have been 

tested for different applications some of which are 

presented below.  

 

Yıldırım and Solmuş (2014) numerically investigated a 

double glass double pass SAH. The authors aimed to find 

the duct depth and air flow rate that would give the 

maximum thermohydraulic efficiency. They revealed 

that the maximum thermohydraulic efficiency occurred 

as 67% with a duct depth of 4 cm and an air flow rate of 

0.11 kg/s. The authors also found that the daily mean 

thermal efficiency of the SAH decreases with increasing 

air duct depth. 

 

Al-Kayiem and Yassen (2015) compared the 

theoretically evaluated Nusselt numbers (Nu) with those 

obtained experimentally for a flat plate glass covered 

SAH for different tilt angles under natural convection 

conditions. The authors found that some theoretical 

models overestimate, whereas some others underestimate 

the Nu. They also revealed that the optimum tilt angle is 

about 50o for obtaining the highest Nusselt number. 

 

Bayrak and Oztop (2015) experimentally tested flat plate 

SAHs which are incorporated with Aluminum foam 

obstacles with different arrangements. The authors 

revealed that the SAH with 6 mm thick Aluminum foam 

obstacles having staggered arrangement has the highest 

efficiency as 77%. 

 

Gawande et al. (2016) investigated the effect of L-shaped 

roughness elements which are introduced reversely on 

the absorber plate of a SAH. The authors performed CFD 

simulations (with ANSYS Fluent) and compared their 

results with experimental measurements. They found that 

introducing the roughness elements substantially affects 

the heat transfer characteristics. They also revealed that 

optimum heat transfer enhancement is with a thermo-

hydraulic performance parameter of 1.90 and the CFD 

simulations are agreeing with experimental results. 

 

Gilani et al. (2017) experimentally examined the Nu 

number enhancement of natural convection SAHs by 

installing conical-shaped turbulators. The authors 

observed that the staggered arranged turbulators with a 

height of 4 mm and a pitch of 16 mm increased the Nu 

number the most. 

 

Gao et al. (2000) solved the governing equations 

(continuity, momentum and energy) in order to 

investigate the parameters effecting natural convection in 

a sine wave absorber plate cross corrugated SAH. They 

found that the channel height to the amplitude of the sine 

wave shaped absorber plate ratio and one-fourth of the 

sine wave shaped absorber plate wavelength to the 

amplitude of the sine wave shaped absorber plate should 

be greater than 2 and 1 respectively, whereas the tilt angle 

should be less than 40o to suppress the natural convection 

heat loss. 

 

El-Sebaii et al. (2011) theoretically and experimentally 

investigated the double-pass finned-absorber plate and 

double-pass V-Corrugated absorber plate SAHs. The 

authors observed that the double-pass V-Corrugated 

absorber plate SAH exit air temperature and efficiency 

are 2.1-9.7% and 9.3-11.9% greater than the double-pass 

finned-absorber plate SAH’s exit air temperature and 

efficiency. The authors also found that both solar air 

heater’s efficiencies are increasing up to a mass flow rate 
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of 0.04 kg/s which beyond this value efficiency 

enhancement is insignificant. 

 

Kumar A. et al. (2022) proposed a novel counter flow 

curved double-pass solar air heater (DPSAH). The 

authors performed CFD analysis and experimentally 

validate their results with those available in the literature. 

They also compared the results of smooth curved single 

pass, smooth curved parallel double-pass, smooth curved 

counter double-pass, roughened curved parallel double-

pass, and roughened curved counter double-pass. The 

authors found that roughened curved counter double-pass 

has the best performance with a maximum of 23% 

increase in the thermal performance. 

 

In another study, Jain and Jain (2004) investigated the 

performance of a multi-pass flat absorber plate SAH 

having a granite storage material attached to the back of 

the absorber plate which is intended for drying paddy 

crops. The authors solved the energy equations and 

calculated the temperatures of the air at different 

locations in the SAH as well as the paddy grain 

temperature. They have found that increasing the SAH 

length and breadth increases paddy grain temperature. 

 

Another experimental drying application (for roselle) of 

a SAH is examined by Kareem et al. (2017) The authors 

investigated the drying performance of a multi-pass flat 

plate SAH integrated with granite for heat storage. Their 

design achieved a drying rate of 33.57 g (kg m2 h)-1 with 

an efficiency of 64%. The systems’ techno-economic 

appraisal resulted in a payback period of 2.14 years. 

 

A more recent work regarding the use of the SAHs as a 

dryer is done by Çiftçi et al. (2021) The authors 

developed a vertical photovoltaic thermal (PVT) solar 

dryer and performed numerical and experimental 

investigation (for drying mint). They considered the 

system with and without fins. The authors revealed that 

the thermal efficiency of the system without fins and with 

fins could be as high as 54.86% and 58.16% respectively. 

They also found that waste exergy ratios of the system 

without fins and with fins are in the ranges of 0.47-0.58 

and 0.43-0.56 respectively. 

 

Fan et al. (2017) developed a dynamic model for a hybrid 

photovoltaic thermal collector solar air heater (PVT-

SAH) which is equipped with longitudinal fins for 

evaluating system performance. The authors validated 

their model with an experimental study under real-life 

conditions. They measured the temperatures of the 

system components at various points and compared them 

with those evaluated with the model and found that the 

root-mean-square deviation ranges from 0.3 to 1.3 oC. 

 

In another study, Fan et al. (2019a) designed a model for 

a PV thermal solar air heater (PVT-SAH) system 

integrated with heat pipes whose SAH portion is a double 

pass type with longitudinal fins. The system is intended 

to generate high-temperature air. The authors evaluated 

the thermal efficiency of the proposed system as 69.2% 

and payback time in the range of 5.7 and 16.8 years (Fan 

et al., 2019a). 

 

In a study subsequent to aforementioned one, Fan et al 

(2019b) employed the PVT-SAH for the regeneration 

process of a desiccant cooling system. The authors 

applied the developed system to a commercial building 

having offices for cooling which is in a hot and humid 

climate. The authors found that the COP of the system 

can be as high as 19.8 and a minimum area of 0.35 m2 

PVT-SAH is necessary per m2 of the conditioned floor 

area to go above the typical COPs (2.6-3.0). 

 

Agathokleous et al. (2019) developed a dynamic 

simulation model which was implemented through 

MATLAB for simulating the energy performance of 

building integrated, vertically installed multi-pass 

serpentine type flat plate SAH. The authors also 

investigated the thermal comfort of the occupants and 

performed an economic analysis of the system. The 

authors tested the prototype of the SAH and performed 

simulations of the proposed system for an office building 

with a 200 m2 floor area for three different locations. The 

authors found that space heating savings could be as 

much as 3.4 MWh/y. 

 

Prakash et al. (2022) investigated the energy and exergy 

performance of double pass hybrid SAH with sensible 

heat storage material (Metco and aluminum scrap 

mixture) which was placed underneath the backplate of 

the system. The authors tested the system for three 

different operation modes: natural convection mode, 

forced convection mode, and forced convection mode 

with a reflector. The forced convection mode with a 

reflector performed best with energy and exergy 

efficiencies of 86.19% and 17.617% respectively. The 

authors concluded that the system is suitable for space 

heating, desalination, drying, and other industrial and 

domestic applications. 
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Research Gap and Contribution of the Current Work 

 

Although there has been broad research on SAHs, 

notable real-life applications of these systems to offices 

for space heating and performance testing are very few. 

It has been presented in the literature review that Fan et 

al. (2019b) and Agathokleous et al. (2019) developed, 

tested, and considered SAHs for offices. However, the 

system developed by Fan et al. is for producing heated air 

which is intended to be used in the regeneration process 

of a desiccant cooling system that supplies cooling to a 

commercial building. The work done by Agathokleous et 

al. on the other hand is intended for office heating, though 

the SAHs are building integrated, vertically installed and 

are multi-pass serpentine type. 

 

To the best knowledge of the authors, real-life 

performance testing and application of a V-Corrugated 

SAH for space heating of offices do not exist. Hence, the 

current study will contribute to the literature by filling 

this gap. The objectives of the work can be summarized 

as (1) to evaluate the heating load of the selected office, 

(2) to model the V-Corrugated SAH for evaluating 

component temperatures, useful heat, efficiency, and 

area required to cover the load, (3) to experimentally test 

the SAH and compare the theoretical results with the test 

results. 

 

Structure of the Paper  

 

This work comprises five sections: Introduction, 

Methodology, Results & Discussion, Uncertainty 

Analysis and Conclusion. The Introduction section 

involves the motivation for the study, a review of the 

state of art of SAHs, and the contribution of the current 

work to the literature. The Methodology section 

elaborates on the materials and methods that are followed 

to realize the objectives of the study. First, the office 

space in consideration is described and subsequently its 

load evaluation is explained. Then the mathematical 

model of the V-Corrugated SAH is presented. Lastly 

Experimental procedure is elaborated. Results of the 

theoretical and experimental approach are presented and 

discussed in the Results & Discussion section. A brief 

uncertainty analysis is performed under the Uncertainty 

Analysis section. The Conclusion section at the end 

presents the principal findings of the study and 

concluding remarks. 

 

 

 

 

METHODOLOGY 

 

In this study, previously manufactured V-Corrugated 

SAH (Sahebari et al., 2013) is retrofitted and installed to 

supply heat to an office space (Alteer, 2017). It is 

intended to evaluate the required number and area of 

SAHs that will cover the heating demand for a typical 

winter day. The performance of the system is 

investigated theoretically (through the solution of the 

mathematical model of the SAH by developed MATLAB 

code) and experimentally and the results are compared.  

Energy Plus software is utilized to estimate the heating 

load of the office space which is necessary for evaluating 

the required number and area of SAH. 

 

The SAH employed in this study is a type with two glass 

covers and an absorber plate that is in V-Corrugated 

shape. The air flows through the series of channels 

having equilateral cross-section areas that are formed by 

the V-Corrugated absorber plate and the lover glass 

cover/back plate. Figure 1 illustrates the cross-section 

and the main components of the V-Corrugated SAH that 

is considered in this study. The principal advantages of 

the V corrugations are the increase in the absorber plate 

area and the enhancement of the convection heat transfer 

coefficient due to the corrugated shape which also 

positively affects the radiative characteristics of the 

absorber plate (Sparrow and Lin, 1962). 

 

 
Figure 1. Cross section and the main components of the V-

Corrugated SAH. 

 

This work involves three principal segments: 1- load 

evaluation of the office space, 2- mathematical modelling 

and theoretical investigation of the SAH and 3- 

experimental investigation of the SAH. 

 

The load of the office space is evaluated by Energy Plus 

program whereas the mathematical model of the SAH 

(energy balance equations of each component of SAH) is 

solved by the MATLAB program for associated 

glass cover 1 

glass cover 2 

V-Corrugated 

absorber plate 
upper channel 

lower channel 

insulation 

wooden box 

back plate 
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temperatures and useful heat output. Theoretically 

evaluated useful heat output (from MATLAB) is used 

together with the load of the office space to find the 

number of SAHs and area that are necessary to meet the 

heating demand of the space during a typical winter day. 

The SAH is also investigated experimentally. 

Temperature measurements of the SAH components 

together with the environmental variables (ambient 

temperature, solar radiation, and wind speed) have been 

taken and used to evaluate the actual useful heat output 

from the SAH. 

 

The outputs of the MATLAB program have been 

compared with the experimental results to reveal the 

difference between the actual and model performance of 

the SAH. The methodology which has been followed in 

this work is schematically illustrated in Figure 2. 

 

 
Figure 2. Methodology (*: SAH components’ temperatures, 

**: Useful energy output from SAH). 

 

Load Evaluation 

 

The Energy Plus program is the tool employed for 

evaluating the heating load of the office space. The 

program is a dynamic energy and load simulation engine 

which is for energy appraisal and heating/cooling load 

calculations of buildings. It has been developed by the 

US Department of Energy and comes with components 

for constructing input files (IDF editor) and running 

processes (EP-launch). Energy Plus is made up from 

various modules which are designed for modeling and 

simulating applications such as pumping power 

calculations, conduction heat transfer evaluations 

through building fabric, heating/cooling coil 

computations, etc. In addition to the 

modelling/simulation modules, there are other files and 

auxiliary programs that can be fed to and embedded into 

Energy Plus such as weather data files, example files 

generator and 3D ground heat transfer tool that enable a 

proper building energy simulation (U.S. Department of 

Energy, 2016a; 2016b; 2016c). 

 

The office space that is intended to be served by the SAH 

is the Mechanical Engineering Department chairperson’s 

office located at the top floor of the Mechanical 

Engineering Department building at the Eastern 

Mediterranean University campus in North Cyprus, 

Famagusta. The office space has a floor area of 84 m2 and 

is made up from the construction materials that are 

widely used in North Cyprus.  Figure 3 presents the plan 

of the office space, whereas Figure 4 shows the 3D model 

of the office space generated and to be exported to the 

Energy Plus program. The construction materials’ 

properties that are entered into the program are given in 

Table 1 (ASHRAE, 2017; CIBSE, 2015; Turkish 

Standards Institute, 2008).  

 

Indoor air temperature of 20oC is assumed for the space, 

whereas the outdoor conditions of the city of Larnaca 

(Lat. 34.9o, Lon. 33.6o) are employed for the load 

calculations since Famagusta’s weather data does not 

exist in the Energy Plus.  The meteorological conditions 

of Famagusta and Larnaca are very similar as two 

locations lie on the cost only about 50 km away from each 

other and have almost identical geographical features. 

The outdoor design temperature is 3.8oC. 

 

 
Figure 3. Office space to be served by SAH. 
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Table 1. Properties of the construction materials (ASHRAE, 

2017; CIBSE, 2015; Turkish Standards Institute, 2008). 

 

Struct. Material & 

thickness 

k 

(W/m.K) 

ρ 

(kg/m3) 

cp 

(J/kg.K) 

Walls Cement 

2.5 cm 

1.4 2100 650 

 Brick 

25 cm 

0.4 700 840 

 Cement 

2.5 cm 

1.4 2100 650 

Floor Marble 

2 cm 

2.9 2750 840 

 Screed 1.5 

cm 

1.4 2100 650 

 RC 

20 cm 

2.1 2400 840 

 Cement 

2.5 cm 

1.4 2100 650 

Roof Screed 

5 cm 

1.4 2100 650 

 RC 

20 cm 

2.1 2400 840 

 Cement 

2.5 cm 

1.4 2100 650 

Doors Hardwood 0.17 700 1880 

Windows’ U values are 3.2 W/m2.K 

RC: reinforced concrete 

 

 

 
Figure 4. 3D model of the office space that is exported to 

Energy Plus for load evaluation. 

 

Mathematical Model 

 

As emphasized in the preceding sections it is intended to 

estimate the number and area of SAHs that is necessary 

to supply the amount of heat required to cover the load of 

the office space during a typical winter design day. To do 

that useful heat (Qu) output from the SAH is to be 

evaluated theoretically. Qu can be evaluated by 

multiplying the capacity rate of the air (mass flow rate 

times the specific heat of the air) with the inlet-outlet air 

temperature difference through the SAH. Specific heat of 

air is known, and a mass flow rate can be set. However, 

the outlet air temperature of the SAH should be 

evaluated. This requires the calculation of temperatures 

of each constituent (e.g., glass, absorber plate, air layer, 

etc.) of the SAH. Associated temperatures of the SAH are 

obtained by deriving the energy balance equations 

(algebraic equations) for each component separately and 

forming a matrix to be solved for each component’s as 

well as air layers’ temperature simultaneously. 

 

The components of the SAH are two flat transparent 

glasses i.e., glass 1 and glass 2, a V-Corrugated absorber 

plate, a flat back plate, and back elements (insulation, 

back wood, and galvanized steel protective cover). The 

list of these components from top to down and their 

dimensions are given in Table 2. The cross-section of the 

SAH is as shown in Figure 1 and the side and top views 

are as in Figure 5. 

 

Table 2. SAH components and dimensions (from top to 

down). 

Component Material  Dimensions 

Transparent 

cover 1 & 2 

Glass  94 cm x 194 cm 

0.4 cm thick 

V- Corrug. 

absorber plate 

Galvanized steel 

dyed in black  

Corrug. angle 

60° 0.2 cm thick 

Back plate  Galvanized steel  

 

97 cm x 197 cm 

0.2 cm thick 

Back 

insulation 

Polystyrene 97 cm x 197 cm 

2 cm thick 

Back wood  Balsa wood 100 cm x 200 cm 

4 cm thick 

Protective 

cover 

Galvanized steel 100 cm x 200 cm 

0.2 cm thick 

 

 
Figure 5. Side and top view of the SAH. 

 

The equations of energy balance are constructed based on 

the thermal resistance network of the SAH which is 
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shown in Figure 6. Heat loss from the first cover occurs 

via forced convection (due to wind) and radiation to the 

ambient air and sky respectively. Thus, between the first 

cover and ambient air, there is forced convection 

resistance and there exists radiation resistance between 

the first cover and the sky. These two resistances are 

parallel to each other. Natural convection and radiation 

heat exchange take place across the second and first 

cover resulting in natural convection and radiation 

resistances in parallel. The absorbed radiation by the V-

Corrugated absorber plate is distributed to the second 

glass cover and bottom plate by radiation and to the air 

flows in the upper and lower channels via forced 

convection. In addition, the flowing air in the upper and 

lower channels loses heat to the second glass cover and 

back plate respectively by forced convection. This results 

in a series of forced convection resistances connected to 

radiation resistance in parallel in the upper and lower 

channels. There exists heat loss across the back of the 

SAH which is via conduction through the back elements 

and convection from the outer surface. These are 

represented by a single resistance. The mathematical 

model of the SAH is based on the following assumptions 

(Lin et al., 2006; Liu et al., 2007):  

 

 Steady-state conditions prevail 

 Heat flow through the back elements is 1D 

 The thermal inertia of SAH components is 

neglected 

 Both air channels are free of leakage 

 During operation, temperatures of each 

component are uniform 

 The sky is considered as a blackbody for long 

wavelength radiation at an equivalent sky 

temperature 

 Heat loss through the front and back side of the 

collector is to the same ambient temperature 

 The shading generated by the V-Corrugated 

absorber plate, dirt, and dust on the glass covers 

are negligible 

 Air temperature varies in the heat flux direction 

 

 
Figure 6. Thermal resistance network of the SAH. 

 

The reasonings for the principal assumptions given above 

are elaborated as follows: 

 

The mathematical model will be solved for each 

unknown parameter once at a time (once per hour) hence, 

assuming steady state is sufficient for the current study. 

In addition, the results would be presented hourly and 

within an hour in solar air heater applications, conditions 

can be presumed to be time-invariant. Since the 

considered SAH’s back elements width (about 1 m) and 

length (about 2 m) are very large relative to the other 

dimension (thickness is about 0.062 m) and because the 

side wall areas of the SAH are very small it is reasonable 

to consider 1D heat transfer through the back elements.  

The thicknesses of the SAH components are very small 

(the thickest is the back wood with 0.04 m) hence the 

thermal storage of the components is neglected. Since the 

SAH’s top and the bottom side is exposed to the same 

environment it is sufficient to assume that heat loss will 

be to the same temperature. 

 

Equations (1) to  (6) present energy balance equations for 

upper glass cover, lower glass cover, air in the upper 

channel, V-Corrugated absorber plate, air in the lower 

channel and back plate respectively (for description of 

abbreviations see the Symbols section)  (Hedayatizadeh 

et al., 2016; Lin et al., 2006; Liu et al., 2007): 

 

𝛼𝘨1𝐺𝐴ℎ + (ℎ𝑟,𝘨2−𝘨1 + ℎ𝑐,𝘨2−𝘨1)(𝑇𝘨2 − 𝑇𝘨1)𝐴ℎ

= ℎ𝑤(𝑇𝘨1 − 𝑇𝑎)𝐴ℎ

+ ℎ𝑟,𝘨1−𝑠(𝑇𝘨1 − 𝑇𝑠)𝐴ℎ 

 

(1) 
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𝜏𝘨1𝛼𝘨2𝐺𝐴ℎ + ℎ𝑟,𝑎𝑝−𝘨2  𝑇𝑎𝑝 − 𝑇𝘨2 𝐴𝑎

+ ℎ𝑐,𝚏1−𝘨2  𝑇𝚏1 − 𝑇𝘨2 𝐴ℎ

=  ℎ𝑟,𝘨2−𝘨1 + ℎ𝑐,𝘨2−𝘨1  (𝑇𝘨2

− 𝑇𝘨1)𝐴ℎ 

 

(2) 

ℎ𝑐,𝑎𝑝−𝚏1 𝑇𝑎𝑝 − 𝑇𝚏1 𝐴𝑎

= 𝑞 𝑢1 + ℎ𝑐,𝚏1−𝘨2(𝑇𝚏1
− 𝑇𝘨2)𝐴ℎ 

 

(3) 

𝜏𝘨1𝜏𝘨2𝛼𝑎𝑝𝐺𝐴𝑎 = ℎ𝑟,𝑎𝑝−𝘨2  𝑇𝑎𝑝 − 𝑇𝘨2 𝐴𝑎

+ ℎ𝑐,𝑎𝑝−𝚏1 𝑇𝑎𝑝 − 𝑇𝚏1 𝐴𝑎

+ ℎ𝑐,𝑎𝑝−𝚏2 𝑇𝑎𝑝 − 𝑇𝚏2 𝐴𝑎

+ ℎ𝑟,𝑝𝑎−𝑏𝑝(𝑇𝑎𝑝 − 𝑇𝑏𝑝)𝐴𝑎 

 

(4) 

ℎ𝑐,𝑎𝑝−𝚏2 𝑇𝑎𝑝 − 𝑇𝚏2 𝐴𝑎

= 𝑞 𝑢2

+ ℎ𝑐,𝚏2−𝑏𝑝 𝑇𝚏2 − 𝑇𝑏𝑝 𝐴ℎ 

 

(5) 

ℎ𝑟,𝑎𝑝−𝑏𝑝 𝑇𝑎𝑝 − 𝑇𝑏𝑝 + ℎ𝑐,𝚏2−𝑏𝑝 𝑇𝚏2 − 𝑇𝑏𝑝 

= ℎ𝑏(𝑇𝑏𝑝 − 𝑇𝑎) 
(6) 

 

Each of the above equations is arranged in the general 

form of the equation (7) where A, B, C, D, E, and F are 

factors in terms of convection and radiation coefficients, 

SAH and absorber plate area as well as air’s capacity rate. 

Those equations can be written in the matrix 

multiplication form as [A]x[T]=[B]. [A] is a matrix that 

is made up from the coefficients of the temperatures of 

the elements (glass 1, glass 2, air, etc.) of the SAH.  [T] 

is the column matrix which is made up from the 

temperature values of the elements of the SAH. [B] is 

also a column matrix that is formulated by using the heat 

transfer coefficients, environmental parameters, and 

thermophysical properties of the elements. The resulting 

matrix multiplication form is shown in Figure 7.  

 

𝑇𝑔1𝐴 + 𝑇𝑔2𝐵 + 𝑇𝑓1𝐶 + 𝑇𝑎𝑝𝐷 + 𝑇𝑓2𝐸

+ 𝑇𝑏𝑝𝐹 = 𝐺 

(7) 

 

 
Figure 7. Matrix multiplication form of the energy balance equations. 

 

Heat transfer coefficients associated with the SAH are 

elaborated below (Duffie et al., 2020; Hedayatizadeh et 

al., 2016; Lin et al., 2006; Liu et al., 2007). 

 

Convection heat transfer coefficient between the glass 

cover 1 (upper glass cover) and the wind as well as 

radiation heat transfer coefficient between the glass 

cover 1 and sky is as follows (Duffie et al., 2020): 

 

ℎ𝑤 = 2.8 + 3𝑉𝑤 (8) 

  

ℎ𝑟,𝘨1−𝑠 =  𝜎𝜀𝘨1(𝑇𝘨1 + 𝑇𝑠)(𝑇𝘨1
2 + 𝑇𝑠

2) (9) 

 

The sky temperature (Ts) can be calculated by the 

expression given below (Hedayatizadeh et al., 2016): 

 

𝑇𝑠 = 𝑇𝑎 − 6 (10) 

 

Natural convection and radiation heat transfer 

coefficients across glass cover 1 and glass cover 2 are 

expressed as (Duffie et al., 2020): 
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ℎ𝑐,𝘨2−𝘨1 = 𝑁𝑢𝘨1−𝘨2
𝑘

𝐿
 

(11) 

 

 

ℎ𝑟,𝘨2−𝘨1 =
𝜎(𝑇𝘨1

2
+ 𝑇𝘨2

2
)(𝑇𝘨1 + 𝑇𝘨2)

1
ℰ𝘨1

 + 1
ℰ𝘨2

 − 1
 (12) 

 

 

where Nug1-g2 is the Nusselt number across the covers. 

Since the tilt angle of the SAH in the current work is 45o,  

the following equation applies to the Nusselt number. 

Note that the * indicates that only positive values in the 

brackets will be used (Duffie et al., 2020). 

 

𝑁𝑢𝘨1−𝘨2 = 1 + 1.44  1 −
1708

𝑅𝑎.𝑐𝑜𝑠𝜃
 
*
 1 −

1708(𝑠𝑖𝑛 1.8.𝜃)1.6

𝑅𝑎.𝑐𝑜𝑠 𝜃
 +  (

𝑅𝑎.𝑐𝑜𝑠 𝜃

5830
)
1

3 − 1 
*
 

(13) 

Forced convection heat transfer coefficient between the 

air in the upper channel and the V-Corrugated absorber 

plate as well as the radiation heat transfer coefficient 

across the V-Corrugated absorber plate and the glass 

cover 2 (lower glass cover) is given below 

(Hedayatizadeh et al., 2016): 

 

ℎ𝑐,𝑎𝑝−𝚏1 = 𝑁𝑢𝑎𝑝−𝚏1
𝑘1
𝐷ℎ

 

 

(14) 

 

ℎ𝑟,𝑎𝑝−𝘨2 =
𝜎𝜀𝘨2𝜀𝑎𝑝  𝑇𝑎𝑝

2 + 𝑇𝘨2
2   𝑇𝑎𝑝 + 𝑇𝘨2 

𝜀𝘨2 + 𝜀𝑎𝑝 − 𝜀𝑎𝑝𝜀𝘨2
 (15) 

 

Nuap-f1 is the Nusselt number in the upper channel and is 

given in the following equation. In the present work the 

Reynolds number (Re) of the flow in the upper channel 

is 8200 (2800 <Re=8208< 10000) hence the flow is 

transitional flow. Thus, the expression given below is 

for a transitional flow regime (Liu et al., 2007). 

 

𝑁𝑢𝑎𝑝−𝚏1 = 1.9 × 10−6𝑅𝑒1
1.79 + 225

𝐻1

𝐿
  

(16) 

 

 

The forced convection heat transfer coefficient between 

the air in the lower channel and the back plate as well as 

the radiation heat transfer coefficient across the V-

Corrugated absorber plate and the back plate are 

analogous to equation 14 and 15. 

 

In the preceding equations where properties of air i.e., 

density, thermal conductivity, and dynamic viscosity, 

are necessary and following expressions can be used 

respectively (Lin et al., 2006): 

 

𝜌 = 3.9147 − 0.016082𝑇𝚏 + 2.9013

× 10−5𝑇𝚏
2 − 1.9407 × 10−8

× 𝑇𝚏
3
 

 

(17) 

𝑘 = (0.0015215 + 0.097459𝑇𝚏 − 3.3322

× 10−5𝑇𝚏
2) × 10−3 

 

(18) 

𝜇 = (1.6157 + 0.06523𝑇𝚏 − 3.0297

× 10−5𝑇𝚏
2
)10−6 

(19) 

 

 

The overall heat transfer coefficient of the back 

elements is calculated by the following equation: 

 

ℎ𝑏 =  
𝐻𝑏𝑝

𝑘𝑏𝑝
+
𝐻𝑖𝑛𝑠

𝑘𝑖𝑛𝑠
+
𝐻𝑤𝑜𝑜𝑑

𝑘𝑤𝑜𝑜𝑑
+
𝐻𝑝𝑐

𝑘𝑝𝑐
+

1

ℎ𝑤
 

−1

 
(20) 

 

 

A MATLAB code is constructed to calculate the 

required number and area of SAH to cover the heating 

load of the office space. The code solves the linear heat 

balance equations that are expressed in the form of 

[A]x[T]=[B] by using the matrix inversion method. It 

evaluates the SAH components’ temperatures 

simultaneously. Then the code calculates the exit 

temperature of the air from the upper and lower channels 

(Tf1o and Tf2o) of the SAH by inserting the evaluated 

upper and lower channel fluid temperature values (Tf1 

and Tf2) into the following equations. Note that it has 

been assumed that the air temperatures in the channels 

are the average of the inlet (ambient air temperature) and 

the outlet air temperatures: 

 

𝑇𝚏1𝑜 = 2𝑇𝑓1 − 𝑇𝑎 (21) 

 

𝑇𝚏2𝑜 = 2𝑇𝑓2 − 𝑇𝑎 (22) 

 

Subsequently, the code evaluates the useful heat from 

the upper and lower air channels, total useful heat from 

the SAH and thermal efficiency respectively by the 

following equations:  

 

𝑞𝑢1 = 𝑚 𝑐𝑝(𝑇𝚏1𝑜 − 𝑇𝑎)/2 (23) 

 

𝑞𝑢2 = 𝑚 𝑐𝑝(𝑇𝚏2𝑜 − 𝑇𝑎)/2 (24) 

 

𝑄𝑢 = 𝑞𝑢1 + 𝑞𝑢2 (25) 

 

𝜂 =
𝑄𝑢

𝐺𝐴ℎ

× 100 
(26) 
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Lastly, the number of collectors and total area required 

to cover the heating load of the office space are 

evaluated by the subsequent expressions: 

𝑁 =
𝑄ℎ𝑡𝑔

𝑄𝑢

 
(27) 

 

 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝐴ℎ 𝑁 (28) 

 

Note that Qhtg is the heating load of the office space that 

is calculated by Energy Plus and required to be inputted 

into the MATLAB code. Also, it should be stated that 

the thermophysical properties of the SAH and measured 

parameters/operating parameters (wind speed, ambient 

temperature, global solar radiation, air mass flow rate 

through SAH), with assumed initial temperatures of 

each component (Tg1, Tg2, Tf1, Tf2, Tap, Tbp) are 

introduced into the code to determine all the initial 

values of heat transfer coefficients. Accordingly, the 

code obtains new temperature values for the new 

iteration, and this continues until the preset condition is 

satisfied. The flowchart illustrating the workflow of the 

MATLAB code is shown in Figure 8.  

 

Table 3 on the other hand presents the thermophysical 

properties of the SAH that are entered into the 

MATLAB code.  

 
 

Figure 8. Workflow of the MATLAB code.   

 

Table 3: Measured and thermophysical parameters required 

for the MATLAB code. 

Item: SAH width SAH length g1 to g2 

distance 

Value: 0.9 m 1.94 m 0.01 m 

Item: Height of the 

air channels 

Back plate 

thickness 

Insulation 

thickness 

Value: 0.1 m 0.002 m 0.02 m 

Item: Back wood 

thickness   

Protective 

cover 

thickness 

Back plate 

k 

Value: 0.04 m 0.002 m 80 W/m.K 

Item: Back wood k Insulation k Protective 

cover k 

Value: 0.1 W/m.K 0.045 

W/m.K 

80 W/m.K 

Item: αap αg1 & αg2 τg1 & τg2 

Value: 0.9 0.06 0.9 

Item: εg1 & εg2 εap & εbp Tilt angle 

Value: 0.9 0.9 45o 

Item: Cp air   

Value: 1000 J/kg.K   
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Experimental Procedure 

 

Comparing the outputs of the MATLAB code for the 

various parameters (Tg1, Tg2, Tf1, Tf2, Tap, Tbp) and the 

monitored values of the same parameters is one of the 

aims of this work. In this section, the experimental 

procedure is explained for monitoring the parameters 

that are used for comparison. 

 

Various stages during the manufacturing of the V-

Corrugated SAH (Sahebari et al., 2013) are presented in 

Figure 9. As explained in the preceding section main 

components of the SAH are: two transparent glass 

covers, a V-Corrugated sheet metal absorber plate that 

is formed with groove angles of 60°, back absorber 

plate, polystyrene insulation, back wood, and protective 

cover. Air through the channels of the SAH is mobilized 

by an electric fan (type: OBR 200 M-2K) which is 

illustrated in Figure 10. The mass flow rate of the air is 

set by an electric resistor tool, which controls the input 

voltage in the range of 60 – 220 V. 

 

 
Figure 9. Various stages of SAH manufacturing (Sahebari et 

al., 2013). 

 

 
Figure 10. Motor and fan of the SAH. 

 

For recording the temperatures of each component of the 

SAH, ambient temperature, wind speed and air velocity 

from the SAH channels, the handheld data loggers Pasco 

Xplore GLX are used. These data loggers can be used 

with various sensors e.g., anemometer, temperature 

sensors, etc. Anemometer sensor (range: 0.5-29 m/s, 

accuracy: ± (3% of reading+ 0.2 m/s)) is employed for 

wind speed and air velocity measurements, whereas 

temperature sensors (range: from -30 °C to 105 °C, 

accuracy: ±0.5 °C) are used to measure ambient air 

temperature and temperatures of the SAH components. 

A pyranometer mounted on the SAH (linearity: ±0.5% 

from 0 to 2800 W/m2) together with a data acquisition 

system, Omega OMB-DAQ-3000 is utilized to measure 

and log the global solar radiation incident on the SAH. 

The data acquisition system is connected to a desktop 

computer by a USB wire. The software package of the 

Data acquisition system is installed on this computer. 

Figure 11 shows the measuring/monitoring equipment  

 

 
Figure 11. Measuring/monitoring equipment (a: handheld 

data logger and temperature sensor, b: anemometer, c: 

pyranometer and d: data acquisition system) 

 

The SAH is tested at Famagusta, N. Cyprus (35.1°N and 

33.9 °E). The surface azimuth of the collector is set as 

0° thus; the collector is towards the south. The tilt angle 

of the collector is 45°. Figure 12 and Figure 13 

illustrates the schematic and real view of the 

experimental setup. The measured wind speed is a 

required parameter in the MATLAB code for evaluating 

the convection heat transfer coefficient (see equation 

(8)) from the top and back of the SAH. Also, global solar 

radiation and air mass flow rate measurements are 

required parameters in the code for evaluating useful 

heat output.  Equations (23), (24), (25), and (26) that are 

given in the preceding section are used to determine the 

useful heat from the upper air channel, the useful heat 

from the lower air channel, the total useful heat, and the 

thermal efficiency of the SAH experimentally. 

 

a b 

c d 
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Figure 12. Schematic layout of the experimental setup. 

 

 
Figure 13. View of the experimental setup. 

 

RESULTS AND DISCUSSION 

 

The office space that is intended to be served by the 

SAH has been modeled and simulated by Energy Plus 

software to calculate the heating load. The simulation 

results revealed the space heating load as 4564 W.  

 

To run the MATLAB code for evaluating the useful 

heat, thermal efficiency, etc. various 

environmental/operational parameters such as 

ambient/inlet air temperature (Ta), global solar radiation 

(G), wind speed (Vw), and air mass flow rate through the 

air duct are required to be inputted. These parameters 

have been monitored and recorded on 15th December 

throughout the times when the solar radiation is at its 

utmost level, from 11:00 until 14:30 for every 5 minutes 

(i.e. time step= 5 minutes). The mean of six values is 

evaluated for representing every half hour. Figure 14 

presents the measured wind speed and global solar 

radiation incident on the SAH, whereas Figure 15 shows 

the measured ambient/inlet air temperature. The flow 

rate of the air is set according to the motor rpm. The 

motor rpm is adjusted to result in an air velocity of 1.8 

m/s which gives a flow rate of 0.2 kg/s. With this flow 

rate, Reynolds numbers in the upper and lower channels 

are 8208 and 7579 respectively corresponding to the 

transitional flow regime in both channels. 

 

 
Figure 14. Measured wind speed and global solar radiation 

incident on SAH. 

 

 
Figure 15. Measured ambient/inlet air temperature. 

 

The temperature of the SAH elements; upper and lower 

glass cover, V-Corrugated absorber plate, and back plate 

are shown in Figure 16, Figure 17, Figure 18 and Figure 

19 respectively.  

 

When those figures are investigated, it is seen that the 

simulation results are having similar trends as the 

experimental ones. There is some discrepancy between 

the measured and simulated values. In some hours these 

discrepancies are very low whereas in some they are in 

significant order. The average of the differences of the 

simulated and monitored temperatures for upper glass 

cover, lower glass cover, V-Corrugated plate, and back 

plate are 1.4, 1.6, 2.8 and 2.0 K respectively. 
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Figure 16. Upper glass cover temperatures. 

 

 
Figure 17. Lower glass cover temperatures. 

 

 
Figure 18. V-Corrugated absorber plate temperatures. 

 

 
Figure 19. Back plate temperatures. 

 

Air temperatures in the SAH; air temperature in the 

middle of the upper and lower channels as well as the air 

temperatures at the exit of the upper and lower channels 

are given in Figure 20, Figure 21, Figure 22, and Figure 

23 respectively. 

 

 
Figure 20. Air temperature at the middle of the upper 

channel. 

 

 
Figure 21. Air temperature at the middle of the lower 

channel. 

 

 
Figure 22. Air temperature at the exit of the upper channel. 

 

 
Figure 23. Air temperature at the exit of the lower channel. 

 

Once the air temperatures at the middle and the exit of 

the upper and lower channels obtained from simulations 

and measurements are investigated, it is seen that the 

simulations and the measurements agree with some 

difference, however, the agreement is better than those 

for the SAH elements. The average of the differences 

between the measured and simulated values are 0.6, 1.3, 

2.5, and 1.7 K for the air temperatures at the middle of 
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the upper channel, at the middle of the lower channel, at 

the exit of the upper channel, and at the exit of the lower 

channel respectively. The better agreement between the 

simulation results and the experimental measurements 

for the air temperatures than the SAH element 

temperatures is presumably due to the quick response of 

the air to the changes resulting in less effective dynamic 

behavior. It is expected to have some disagreement 

between the simulations and the measured values. First 

of all, the mathematical model that the MATLAB code 

is based on is not taking the thermal inertia and the 

dynamic behavior of the SAH into consideration (see the 

assumptions in the Mathematical model section). The 

response of the collector elements should be accounted 

to obtain more realistic results.  In addition, the actual 

properties of the SAH components such as glass 

emissivity and transmissivity, absorber plate 

absorptivity, thermal conductivity, etc. are likely to have 

values that are different from those employed for 

MATLAB simulations. Although the values for these 

properties are found from reliable sources and catalogs, 

they may not match precisely with the actual values. 

Furthermore, the accuracies of the monitoring 

equipment are thought to influence the discrepancies.  

 

Total useful heat output from the SAH and the thermal 

efficiency are shown in Figure 24 and Figure 25 

respectively. The required number of SAHs and the area 

to meet the target heating load evaluated by the 

MATLAB code and the experimental analysis are 

shown in Table 4. Note that the values are given for 

every half hour. Number of SAH and corresponding 

area that is necessary to supply the load is taken as the 

max. number which resulted in 9 SAHs with 16 m2 for 

the real case (experimental) and 6 SAHs with 10 m2 for 

simulations. 

 

 
Figure 24. Useful heat from SAH. 

 
Figure 25. Thermal efficiency of the SAH. 

 

Table 4: Required number of SAHs and area to meet the 

target heating load. 

Time #exp #sim Ahexp (m2) Ahsim (m2) 

11:00 8.9 3.8 15.6 6.6 

11:30 5.9 3.8 10.4 6.6 

12:00 5.6 3.7 9.8 6.5 

12:30 5.9 3.9 10.3 6.8 

13:00 6.3 4.4 11.1 7.6 

13:30 7.1 4.5 12.4 7.8 

14:00 7.8 4.8 13.8 8.4 

14:30 8.1 5.5 14.2 9.7 

Max. ≈ 9 ≈ 6 ≈ 16 ≈ 10 

 

UNCERTAINTY ANALYSIS 

 

Comparison of the obtained results by simulations and 

measurements revealed that, there are discrepancies 

between them. As stated in the preceding section one of 

the reason for this difference is believed to be because 

of the accuracies of the employed equipment in the 

experimentation. In this section an uncertainty analysis 

of the experimental results (for useful heat) is performed 

based on the following expression (Holman, 2012): 

 

𝜔𝑅 =    
𝜕𝑅 

𝜕𝑥1
 

2

×  𝜔𝑥1
 
2

 

+   
𝜕𝑅 

𝜕𝑥2
 

2

×  𝜔𝑥2
 
2

 +⋯

+   
𝜕𝑅 

𝜕𝑥𝑛
 

2

×  𝜔𝑥𝑛
 
2

  

0.5

 
(29) 

 

 

Where R is a function of variables of x1, x2, … xn, which 

its uncertainty is to be evaluated. ω1, ω2, … ωn are the 

associated uncertainties of the variables and ωR is the 

overall uncertainty of the function.  

 

In the context of this study R is the Qu which its 

uncertainty will be evaluated and is function of the 

following measured variables: 
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 air temperature at the exit and inlet of the SAH 

 air speed in the SAH 

 

Note that Qu is evaluated by equation (25) which can be 

expanded as: 

 

𝑄𝑢 = 𝜌1𝐴1𝑉𝑐𝑝  𝑇𝑓1𝑜 − 𝑇𝑓1𝑖 

+ 𝜌2𝐴2𝑉𝑐𝑝  𝑇𝑓2𝑜 − 𝑇𝑓2𝑖  

(30) 

 

 

It should be also noted that the air density is also 

function of temperature (see equation (17)). 

 

Uncertainty of the Qu is evaluated by applying equation 

(29) together with the uncertainties of the air 

temperature and air speed measuring equipment ( ±0.5 

°C and ± 3% of reading + 0.2 m/s, see subsection 

“Experimental Procedure”) and it is found that the 

average of the uncertainty of the Qu throughout the day 

is 25.6% (Alteer, 2017).  

 

CONCLUSION 

 

The principal aim of the present work is to investigate 

the performance of a V-Corrugated absorber plate SAH 

which is intended to be used in an office for space 

heating during a typical winter day in N. Cyprus. 

Although there are many studies on SAHs, space 

heating applications with them are few. Besides, to the 

knowledge of the authors, there are no V-Corrugated 

SAH applications for offices for space heating. Hence 

this study aims to contribute by proposing and 

promoting them for this purpose via thermal 

performance investigation. The performance of SAH is 

investigated theoretically and experimentally and the 

below outcomes are achieved: 

The first phase of the work is to estimate the heating load 

of the office space in consideration by using Energy Plus 

software. The simulations gave the heating load as 4564 

W. 

 

The second outcome of this work is the number of SAHs 

and the area necessary to cover the load of the office 

space. This is achieved by evaluating the thermal 

performance of the SAH. Thermal performance is 

investigated theoretically and experimentally under the 

same environmental parameters that are obtained on 15th 

of December, from 11:00 until 14:30. The number of 

SAHs and the area that are necessary to cover the target 

heating load are found as 6 and 10 m2 for the theoretical 

case.  On the other hand, it is found from experimental 

investigation that, 9 SAHs with 16 m2 are required. It is 

seen that there is disagreement between the theoretical 

(simulations) and experimental results. The 

disagreement is thought to be generated by the following 

reasons: 

 

1) In the experimental setup the exit air from the SAH is 

exposed directly to the ambient. This is likely to reduce 

the exit air temperature for the experimental case, 

causing discrepancy between the theoretical and 

experimental results. 

 

2) Thermal properties of the materials that are employed 

for manufacturing the SAH should be investigated in 

detail thus reducing the possible mismatch between the 

actual properties and those used for the theoretical 

evaluations. 

 

3) The accuracies of the employed measuring equipment 

may generate noteworthy uncertainties in the 

experimental results thus equipment having better 

accuracies can be used. 

 

Consequently, 9 of the V-Corrugated SAHs can be 

coupled together for covering the heating demand of the 

considered office space. It is also recommended that the 

simulations for obtaining the required number of SAHs 

for covering the demand for the space should be used 

with care as they are resulting in larger useful heat which 

gives a smaller number of SAHs.  

 

It is suggested that in any case an auxiliary heater should 

be employed for the days having not enough solar 

radiation. 
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Abstract: Physics-informed neural networks (PINNs) have drawn attention in recent years in engineering problems 

due to their effectiveness and ability to tackle problems without generating complex meshes. PINNs use automatic 

differentiation to evaluate differential operators in conservation laws and hence do not need a discretization scheme. 
Using this ability, PINNs satisfy governing laws of physics in the loss function without any training data. In this work, 

we solve various incompressible thermal convection problems, and compare the results with numerical or analytical 

results. To evaluate the accuracy of the model we solve a channel problem with an analytical solution. The model is 

highly dependent on the weights of individual loss terms. Increasing the weight of boundary condition loss improves 

the accuracy if the flow inside the domain is not complicated. To assess the performance of different type of networks 

and ability to capture the Neumann boundary conditions, we solve a thermal convection problem in a closed enclosure 

in which the flow occurs due to the temperature gradients on the boundaries. The simple fully connected network 

performs well in thermal convection problems, and we do not need a Fourier mapping in the network since there is no 

multiscale behavior. Lastly, we consider steady and unsteady partially blocked channel problems resembling industrial 

applications to power electronics and show that the method can be applied to transient problems as well. 

Keywords: physics-informed neural networks, machine learning, automatic differentiation, incompressible, heat 

transfer. 
 

SIKIŞTIRILAMAZ ISIL TAŞINIM PROBLEMLERİNİN FİZİKLE ÖĞRENEN YAPAY 

SİNİR AĞLARI İLE ÇÖZÜMÜ 
 

Öz: Fizikle öğrenen yapay sinir ağları (PINN'ler), etkinlikleri ve karmaşık ağlar oluşturmadan problemlerin üstesinden 

gelme yetenekleri nedeniyle son yıllarda mühendislik problemlerinde dikkat çekmiştir. PINN'ler, koruma yasalarında 

diferansiyel operatörleri değerlendirmek için otomatik türevlenmeyi kullanır ve bu nedenle bir ayrıklaştırma şemasına 

ihtiyaç duymaz. Bu yeteneği kullanarak, PINN'ler herhangi bir eğitim verisi olmadan kayıp fonksiyonunda geçerli fizik 

yasalarını karşılar. Bu çalışmada, gerçek uygulamalar ve karşılaştırılabilir sayısal veya analitik sonuçlara sahip 

problemler de dahil olmak üzere çeşitli sıkıştırılamaz ısıl taşınım problemlerini çözüyoruz. Modelin performansını 

değerlendirmek için analitik çözümü olan bir kanal problemini çözüyoruz. Model, bireysel kayıp terimlerinin 

ağırlıklarına büyük ölçüde bağımlıdır. Alan içindeki akış çok karmaşık değilse, sınır koşulu kaybının ağırlığının 

arttırılması doğruluğu artırır. Farklı tipteki ağların performansını ve Neumann sınır koşullarını yakalama yeteneğini 
değerlendirmek için, sınırlardaki sıcaklık gradyanlarından dolayı akışın meydana geldiği kapalı bir muhafazada bir 

termal konveksiyon problemini çözüyoruz. Basit tam bağlantılı ağ, termal konveksiyon problemlerinde iyi performans 

gösterir ve çok ölçekli davranış olmadığından ağda Fourier dönüşümüne ihtiyacımız yoktur. Son olarak, endüstriyel 

uygulamaları güç elektroniğine benzeyen sabit ve kararsız kısmen bloke kanal problemlerini ele alıyoruz ve yöntemin 

geçici problemlere de uygulanabileceğini gösteriyoruz. 

Anahtar Kelimler: fizikle öğrenen yapay sinir ağları, makine öğrenmesi, otomatik türevlenme, sıkıştırılamaz, ısı 

transferi. 

 

NOMENCLATURE 

 

Abbreviations 

𝐺𝑟 Grashof Number [= 𝑔𝛽(𝑇 − 𝑇𝑟)𝐿𝑟
3/𝜈2] 

𝑃𝑟 Prandtl Number [= 𝜈/𝛼] 
𝑅𝑎 Rayleigh Number [= 𝐺𝑟𝑃𝑟] 
𝑅𝑒 Reynolds Number [= 𝑈𝑟𝐿𝑟/ν] 
DGM Deep Galerkin Method 

DNS Direct Numerical Simulation 

FCN Fully Connected Network 

MLP Multilayer Perceptron 
NS Navier-Stokes 

NTK 

PDE 

PINN 

Neural Tangent Kernel 

Partial Differential Equation 

Physics Informed Neural Network 
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Subscripts 

𝑢 Velocity Related Value 

θ Temperature Related Value 

BC Boundary Condition 

𝐷 Dirichlet Boundary 

IC Initial Condition 

𝑁 Neumann Boundary 

R Residual 

𝑟 Reference Value 

Greek Symbols 

α Thermal Diffusivity [= 𝑚2/𝑠] 
β Expansion Coefficient [= 1/∘𝐶] 
∇ ⋅ Divergence Operator 

∇ Gradient Operator 

Δ Laplace Operator 

ν Kinematic Viscosity [= 𝑚2/𝑠] 
ω Weight of loss terms 

σ Activation Function 

θ Non-dimensional Temperature 

Symbols 

𝑠𝑢  Source Term of Momentum Equation 

𝑢 Velocity Vector 

𝓛 Loss Term of a Neural Network 

𝒩 Generalized Differential Operator 

𝑔𝐷 Dirichlet Boundary Condition 

𝑔𝑁 Neumann Boundary Condition 

𝐿2 𝐿2 Vector Norm of Error 

𝑝 Non-dimensional Pressure 

𝑠𝜃 Source Term of Energy Equation 

𝑡 Non-dimensional Time 

 

INTRODUCTION 

 

Thermal convection problems arise in many practical 

engineering applications, such as cooling electronic 

chips. This type of real-life analysis of fluid flow and heat 

transfer requires high degrees of freedom to minimize the 

numerical error. This can be achieved with high-quality 

mesh or high order discretizations. However, mesh 

generation is time consuming and requires expertise. 

Also, high order simulation tools for these types of 

problems are computationally demanding. 

 

The incompressible thermal convection is studied in the 

literature with various numerical methods (Baïri et al., 

2014). Tang and Tsang (1993) used a least squares finite 

element method based on a velocity, pressure, vorticity, 

temperature, and heat flux formulation for time 

dependent problems. Hossain et al. (2021) developed a 

spectral/hp element method for the Direct Numerical 

Simulation (DNS) of incompressible thermal convective 

flows by considering Boussinesq type thermal body-

forcing with periodic boundary conditions and enforcing 

a constant volumetric flow rate. In Karakus (2022), the 

author presented a GPU accelerated nodal discontinuous 

Galerkin method on unstructured triangular meshes for 

solving problems on different convective regimes. 

 

Apart from the conventional numerical methods such as 

finite difference, finite volume, and finite element 

methods, data-driven machine learning methods are used 

to solve the partial differential equations (PDE) (Willard 

et al., 2020). These regression methods offer effective 

and mesh free approaches (Karniadakis et al., 2021). 

Neural networks were first employed to solve the PDEs 

as in Lee and Kang (1990) and Lagaris et al. (1998), and 

in Raissi et al. (2017a) and Raissi et al. (2017b), the 

authors employed Gaussian processes regression to 

accurately predict the solution and provide the 

uncertainty in the model. Raissi et al. (2019) introduced 

the concept of physics-informed neural networks 

(PINNs) that use automatic differentiation (Baydin et al., 

2017) to solve forward and inverse problems for several 

types of PDEs. PINNs do not require mesh generation. 

Instead, the PDEs and any other constraints can be 

directly enforced into the loss function of the neural 

network using automatic differentiation by forcing the 

prediction to the target value. The loss function includes 

zero residuals for conservation laws and satisfying the 

boundary/initial conditions. 

 

To solve PDEs using PINNs, generally, fully connected 

networks are used. However, plain fully connected 

networks perform poorly for different types of problems. 

In the learning process, these networks have a learning 

bias toward low-frequency functions called spectral bias 

(Rahaman et al., 2019). This reduces the accuracy in 

which the target function exhibits high frequency or 

multi-scale behavior. To overcome this problem, Tancik 

et al. (2020) and Wang et al. (2021b) proposed Fourier 

feature mapping of the input vectors before feeding them 

into the network. The input coordinates v is mapped with  

γ(𝒗) = 𝑎1𝑐𝑜𝑠(2π𝒃1
𝑇𝒗), 𝑎1𝑠𝑖𝑛(2𝜋𝒃1

𝑇𝒗), …, 
𝑎𝑚 cos(2𝜋𝒃𝑚

𝑇 𝒗),𝑎𝑚𝑠𝑖𝑛(2𝜋𝒃𝑚
𝑇 𝒗) and then passed into 

the multi-layer perceptron (MLP). This mapping 

transforms the Neural Tangent Kernel (NTK) (Jacot et 

al., 2018) into a stationary kernel and enables controlling 

the learning of the range of frequencies by modifying the 

frequency vectors 𝒃 in the mapping function. Tancik et 

al. (2020) show the performance of this method in many 

low-dimensional tasks in computer vision. Wang et al. 

(2021b) show its efficiency for challenging problems 

involving partial differential equations with multi-scale 

behavior where conventional PINN models might have 

issues, such as wave propagation and reaction-diffusion 

equations.  

 

In another approach, Esmaeilzadeh et al. (2020) proposed 

a PDE constrained deep learning algorithm that 

reconstructs high-resolution solutions using the low 

resolution physical solutions in space and time, and 

solved the well-known Rayleigh-Bénard instability 

problem. This model is referred to as super resolution 

model and enables effectively scaling to large domains 

and having physically reasonable solutions by 
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regularizing the outputs with PDE constraints. The 

framework is named as MeshfreeFlowNet and consists of 

two subnetworks. The first network, called Context 

Generation Network, is a convolutional encoder that 

takes low resolution physical input and creates a Latent 

Context Grid. This grid contains latent context vectors 

along with the spatio-temporal coordinates, and these 

values are fed into another network called Continuous 

Decoding network modeled as an MLP. This framework 

allows the output to be continuous instead of a discrete 

output, removing the output resolution limitations. In 

addition, this continuous output allows us to effectively 

compute the output's gradients, enabling us to enforce the 

PDE-based constraints. 

 

Due to the popular deep learning frameworks such as 

TensorFlow (Abadi et al., 2016) and PyTorch (Paszke et 

al., 2019), and their easy implementation, PINNs have 

become quite popular for solving PDEs. Moreover, some 

software libraries are designed explicitly for physics-

informed machine learning, such as DeepXDE (Lu et al., 

2021) and NeuralPDE (Zubov et al., 2021). It is used for 

solving incompressible and compressible Navier-Stokes 

equations (Rao et al., 2020; Jin et al., 2021; Cai et al., 

2022), as well as in inverse heat transfer problems (Cai et 

al., 2021). To the best of our knowledge, solving forward 

thermal convection problems with PINNs, the effect of 

different neural networks on the accuracy, and the effect 

of the weights in the loss terms for different thermal 

convection regimes are not studied in detail. 

 

In this work, we present the application of PINNs to 

coupled fluid flow and heat transfer problems in different 

thermal convection regimes. In particular, we examined 

the effectiveness of specific weights assigned to the 

different loss terms in the composite loss function. 

Changing these specific weights can increase the 

accuracy of the model according to the problem where 

boundary conditions or flow inside the computational 

domain dominates the residual. In addition, for thermal 

convection problems, different types of networks can be 

used instead of simple, fully connected networks. These 

various networks can change the convergence of the 

model. 

 

The remainder of this paper is organized as follows. First, 

we present the mathematical formulation of 

incompressible Navier-Stokes equations coupled with 

the energy equation through Boussinesq approximation. 

Then we give brief information about the physics-

informed neural networks and their loss functions, 

followed by the 2D numerical validation cases. The last 

section is about concluding remarks and future works. 

 

 

 

 

FORMULATION 

 

We consider a closed two-dimensional domain Ω ⊂ 𝑅𝟚 

and denote the boundary of Ω by ∂Ω. Following the 

notation presented in Karakus et al. (2019b), we assume 

that ∂Ω can be partitioned into two non-overlapping 

regions denoted by ∂Ω𝐷 and ∂Ω𝑁 referring prescribed 

Dirichlet or Neumann boundary conditions, respectively. 

We are interested in the approximation of non-isothermal 

incompressible Navier-Stokes equations coupled by the 

energy equations through Boussinesq approximation 

which reads: 

 

∇ ⋅ 𝒖 = 0, (1.1) 

𝜕𝒖

𝜕𝑡
+ (𝒖 ⋅  ∇)𝒖 = −∇𝑝 +

1

𝑅𝑒
Δ𝒖 + 𝒔𝒖,  (1.2) 

𝜕𝜃

𝜕 𝑡
+ (𝒖 ⋅ ∇)𝜃 =

1

𝑅𝑒 𝑃𝑟
Δ𝜃 + 𝑠𝜃 ,  (1.3) 

 

in non-dimensional form and space-time slap Ω × (0, 𝒯] 
subject to the initial conditions 

 
𝒖 = 𝒖𝟎, 𝜃 = 𝜃0  𝑓𝑜𝑟   𝑡 = 0, 𝒙 ∈ 𝛺, (2) 

 

and the boundary conditions 

 

𝒖 = 𝒈𝑫  𝑜𝑛  𝑥 ∈ 𝜕𝛺𝐷
𝑢 , 𝑡 ∈ (0, 𝒯], (3.1) 

𝜕𝒖

𝜕𝒏
= 0, 𝑝 = 0  𝑜𝑛  𝒙 ∈ 𝜕𝛺𝑁

𝒖 , 𝑡 ∈ (0, 𝒯], (3.2) 

𝜃 = 𝑔𝐷  𝑜𝑛  𝑥 ∈ 𝜕𝛺𝐷
𝜃 , 𝑡 ∈ (0, 𝒯], (3.3) 

𝜕𝜃

𝜕𝑛
= 𝑔𝑁   𝑜𝑛  𝑥 ∈ 𝜕𝛺𝑁

𝜃 , 𝑡 ∈ (0, 𝒯]. (3.4) 

 

Here 𝑢, 𝑝, and 𝜃 are non-dimensional velocity, static 

pressure, and temperature fields, respectively. In the 

equation, following parameters are used to get 

dimensionless quantities, 

 

𝑥 =
𝑥∗

𝐿𝑟

, 𝑡 =
𝑡∗

𝐿𝑟/𝑈𝑟

, 𝒖 =
𝒖∗

𝑈𝑟

, 𝑝 =
𝑝∗

𝜌𝑟𝑈𝑟
2
 

(4) 

𝜌 =
𝜌∗

𝜌𝑟

, 𝜈 =
𝜈∗

𝜈𝑟

, 𝛼 =
𝛼∗

𝛼𝑟

, 𝜃 =
𝑇 − 𝑇𝑟

𝑇𝑠

, 

 

where superscript ∗ denotes the dimensional parameter, 

and the subscript 𝑟 refers to the corresponding reference 

value i.e., reference length scale 𝐿𝑟, velocity 𝑈𝑟, density 

ρ𝑟, viscosity ν𝑟, thermal diffusivity α𝑟 and temperature 

𝑇𝑟. The non-dimensional Reynolds and Prandtl numbers 

are defined as Re = 𝑈𝑟𝐿𝑟/𝜈𝑟 and 𝑃𝑟 = 𝜈𝑟/𝛼𝑟. 𝒔𝒖 =
(𝒈𝛽(𝑇 − 𝑇𝑟)𝐿𝑟/𝑈𝑟)𝜃 is the forcing term for Navier-

Stokes, where 𝒈 is the gravitational acceleration, 𝛽 is the 

expansion coefficient. In free convection problems, the 

reference velocity is selected as 𝑈𝑟 = 𝑔𝛽(𝑇 − 𝑇𝑟)𝐿𝑟. 

𝑠𝜃 = 𝑠𝜃(𝜃, ∇𝜃, 𝒖) is the generic generation term for the 

energy equation written in terms of temperature. We 

would like to emphasize that superscripts 𝑢 and 𝜃 in 
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boundary representation separate the Dirichlet and 

Neumann conditions on the physical boundary set for 

flow and heat transfer equations.  

 

 
Figure 1. Schematic of a PINN framework

 

PHYSICS-INFORMED NEURAL NETWORKS 

 

Consider a general partial differential equation expressed 

as: 

 𝒖𝑡 + 𝒩[𝒖] = 0,  𝒙 ∈ Ω, t ∈ [0, 𝑇] (5.1) 

 𝒖(𝑥, 0) = 𝑓(𝒙),  𝒙 ∈ Ω (5.2) 

 𝒖(𝑥, 𝑡) = 𝑔(𝒙, 𝑡),  𝒙 ∈ ∂Ω, t ∈ [0, 𝑇] (5.3) 

 

where 𝒩 is a generalized differential operator that can be 

linear or nonlinear, 𝑥 ∈ 𝑅𝑑  and 𝑡 are the spatial and 

temporal coordinates. Ω and ∂Ω represent the 

computational domain and the boundary, respectively. 

𝑢(𝑥, 𝑡) is the general solution of the PDE with 𝑓(𝑥) is the 

initial condition and 𝑔(𝑥, 𝑡) is the boundary condition. 

 

The solution 𝑢(𝑥, 𝑡) can be approximated by a fully 

connected network according to the framework of 

physics-informed neural networks (PINN) proposed by 

Raissi et al. (2019). This network takes the spatio-

temporal coordinates (𝑥, 𝑡) as input and outputs a 

solution 𝑢𝑁𝑁(𝑥, 𝑡). Between these input and output 

layers, there exist multiple hidden layers. Each hidden 

layer takes input 𝑋 = [𝑥1, 𝑥2, … , 𝑥𝑖] and outputs 𝑌 =

[𝑦1, 𝑦2, … , 𝑦𝑗] through a nonlinear activation function  

𝜎(·) such as 

 

𝑦𝑗 = σ(ω𝑖,𝑗 + 𝑏𝑗), (6) 

 

where ω𝑖,𝑗 and 𝑏𝑗 are trainable hyperparameters, weights 

and biases, respectively. These hyperparameters are 

tuned such that it minimizes a composite loss function in 

the form 

 

ℒ = ω𝐷ℒ𝒟 + 𝜔𝑅 ℒ𝑅 + 𝜔𝐵𝐶ℒ𝐵𝐶 + 𝜔𝐼𝐶 ℒ𝐼𝐶 (7) 

 

where 

 

ℒ𝒟 =
1

𝑁𝐷

∑|𝑢(𝑥𝑖 , 𝑡𝑖) − 𝑢𝑖|
2

𝑁𝐷

𝑖=1

 (8.1) 

ℒℛ =
1

𝑁𝑅

∑|𝑢𝑡 + 𝒩[𝑢(𝑥𝑖 , 𝑡𝑖)]|
2

𝑁𝑅

𝑖=1

 (8.2) 

ℒℬ𝒞 =
1

𝑁𝐵𝐶

∑|𝑢(𝑥𝑖 , 𝑡𝑖) − 𝑔(𝑥𝑖 , 𝑡𝑖)|
2

𝑁𝐵𝐶

𝑖=1

 (8.3) 

ℒℐ𝒞 =
1

𝑁𝐼𝐶

∑|𝑢(𝑥𝑖 , 0) − 𝑓(𝑥𝑖)|
2

𝑁𝐼𝐶

𝑖=1

 (8.4) 

ℒ is a loss term indicating the accuracy of the prediction 

if there are some data available in the domain, 

ℒℛ , ℒ𝐵𝐶 , and ℒ𝐼𝐶  represent the residual of the governing 

PDE, the boundary conditions, and the initial condition, 

respectively. 𝒩𝒟 , 𝒩𝑅 , 𝒩𝐵𝐶, and 𝒩𝐼𝐶 are the number of 

data points for different terms, ω𝐷 , 𝜔𝑅 , 𝜔𝐵𝐶 and 𝜔𝐼𝐶  are 

user specified weighting coefficients of each loss term. 

To calculate the residuals for ℒℛ, one needs to take the 

derivative of the output 𝒖 with respect to inputs (𝒙, 𝑡). In 

PINNs, this can be achieved by using automatic 

differentiation (Baydin et al., 2017). Automatic 

differentiation applies the chain rule repeatedly to the 

elementary functions and arithmetic operations to 

achieve the derivative of the overall composition. It plays 

a key role in the development of PINNs by enabling the 

computation of the residual of the governing differential 

equation (Raissi et al., 2019). Automatic differentiation 

is well implemented in most deep learning frameworks, 

such as TensorFlow (Abadi et al., 2016) and PyTorch 

(Paszke et al., 2019). 

 

Figure 1 illustrates a schematic of the PINN framework 

in which the residuals of the coupled Navier-Stokes and 

energy equations are shown as the loss terms. This 

general schematic of the neural network takes the spatio-

temporal coordinates as the input, and through the hidden 

layers, it outputs the pressure, velocity, and temperature 

fields. After this output, the framework calculates the 
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boundary losses from the boundary conditions and the 

data loss if there are any observations. In the next step, 

PINN uses automatic differentiation and calculates the 

residual inside the domain by enforcing the neural 

network output to the Navier-Stokes and energy 

equations. Also, if the boundary conditions are Neumann 

type, the neural network output can be differentiated to 

find the boundary loss. Then the overall loss can be 

calculated by adding the residual loss from the PDE, the 

boundary loss, and if there exist any available 

observations, the data loss. An optimization algorithm 

minimizes this combined loss function via changing the 

hyperparameters. 

 

RESULTS 

 

We have implemented our physics-informed neural 

network on top of the NVIDIA Modulus framework 

(Hennigh et al., 2021). We use the Adam optimizer 

(Kingma and Ba, 2017) to minimize the loss function 

defined in Equation 7 and use 8 hidden layers with 40 

units for each test case where the neural network 

parameters are initialized using the Glorot scheme 

(Glorot and Bengio, 2010). We solve different 2D 

thermal convection tests to show the solutions by 

representing the velocity, pressure, and temperature 

fields. 

 

Poiseuille Flow 

 

In the first test case, we consider two-dimensional 

channel flow with a fully developed Poiseuille profile. 

The channel dimension is [0,2] × [−1,1]. The upper and 

lower walls have a constant temperature of θ𝐿 = 1 and 

𝜃𝑈 = 0. No-slip boundary conditions are imposed for 

upper and lower walls. The fully developed solution of 

the velocity field with the linear temperature profile 

shown below is implemented as the boundary conditions 

of the inlet and the outlet. the flow conditions are stated 

as 𝑅𝑎 = 103, 𝑃𝑟 = 0.71, 𝑎𝑛𝑑 𝑅𝑒 = 100. 

𝑢 = 1 − 𝑦2,  𝑣 = 0,  

𝑝 =
𝑅𝑎

2𝑃𝑟𝑅𝑒2
(𝑦 −

𝑦2

2
) −

2𝑥

𝑅𝑒
,  𝜃 =

1 − 𝑦

2
. 

We trained our framework with 250 samples inside the 

domain and 30 samples on each boundary with 10000 

iterations for this case. The training points are sampled 

using Latin hypercube sampling, and the loss function for 

this problem contains only the Dirichlet boundary 

condition loss for the velocity and the temperature on the 

walls combined with the residual loss inside the domain. 

After training, we performed a prediction on a (251 ×

251) grid and obtained the velocity, pressure, and 

temperature fields. The predicted fields can be seen in 

Figure 2. The accuracy of the PINN is highly dependent 

on the weights of the loss function. In this case, we tried 

different weights of the different terms of the loss 

function to match our solution with the exact solution. 

Especially for an accurate pressure field, we increased 

the weights of the boundary condition losses. The 

solution in Figure 2 is obtained with a boundary loss 

weight 𝜔𝐵𝐶  which is eight times higher than the weight 

of the residual loss 𝜔𝑅 . Since the convective effects are 

not very dominant for this problem, boundary losses are 

dominant, so increasing the boundary loss weights 

increases the accuracy. 

 

We test the performance of the PINNs with the addition 

of true observations at random points on the domain. We 

fused a different number of randomly sampled exact 

solutions inside the domain to the network and added a 

data loss term into the loss function. The training process 

is done with 250 points inside the domain and 30 

boundary points on each boundary beside the true 

solution points. In Table 1, we can see the 𝐿2 norm of the 

error of the predicted 𝑢 velocity and temperature fields. 

The number of observations represents the addition of the 

true solutions, and increasing this number reduces the 𝐿2 

norm of the prediction of the velocity and the temperature 

from the true solution.

 
 

Figure 2. Prediction of Poiseuille flow with PINN. The 𝑢 velocity, pressure and temperature fields are shown in order. Black 

contours show the exact solution and red dashed contours show the solution with PINN 
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Table 1. 𝐿2 norm of the error of the predicted 𝑢 velocity and the temperature fields 

 

Number of observations 𝑢 𝑇 

20 0.527 0.087 

50 0.253 0.057 

100 0.166 0.034 

150 0.141 0.032 

 

Differentially Heated Square Cavity 

 

We focus on the natural convection problem on a two 

dimensional closed enclosure. The enclosure is a square 

cavity with its height denoted as 𝐻 = 1, and width as 

𝑊 = 1. The boundary conditions of the cavity are simple 

no-slip walls, = 0, 𝑣 = 0, on all four walls. The thermal 

boundary conditions on the left and right walls are 

prescribed as 

 

𝜃𝐿 = 1, 𝜃𝑅 = 0 

 

and the upper and the lower walls are thermally insulated 

∂𝜃

∂𝑦
= 0,  for 𝑦 = 0, 𝑦 = 𝐻. 

The flow conditions are 𝑃𝑟 = 0.71, and three different 

Rayleigh numbers as 𝑅𝑎 = 103, 104, 105.  

 

For the PINN solution, we sampled 150 points on each 

boundary and 1000 collocation points inside the domain 

for the training process. Boundary points are used to 

minimize the loss of Dirichlet and Neumann boundary 

conditions, and collocation points are used to minimize 

the residual inside the domain. Automatic differentiation 

is used to calculate the derivatives on Neumann 

boundaries.

 

Table 2. Maximum and minimum velocities along the center lines of the square cavity for 𝑃𝑟 = 0.71 and 𝑅𝑎 = 103 , 104 , 105. 

 

 𝑅𝑎 =  103 𝑅𝑎 =  104 𝑅𝑎 =  105 

 𝑢𝑚𝑎𝑥 𝑣𝑚𝑎𝑥 𝑢𝑚𝑎𝑥 𝑣𝑚𝑎𝑥 𝑢𝑚𝑎𝑥 𝑣𝑚𝑎𝑥 

PINN 0.137 0.138 0.192 0.233 0.128 0.258 

Karakus (2022) 0.137 0.139 0.192 0.233 0.129 0.257 

Stokos et al. (2015) 0.137 0.139 0.192 0.233 0.130 0.256 

De Vahl Davis (1983) 0.136 0.138 0.192 0.234 0.153 0.261 

After the training process, prediction is performed on a 

(251 × 251) grid. In Table 2, we presented the 

maximum and minimum velocities on the horizontal and 

vertical centerlines after the prediction with PINN. For 

cases with different Ra numbers, our framework has 

values that are comparable with the ones in the literature. 

In Figure 3, the solution of PINN and its comparison with 

a high-fidelity solver through the temperature contours 

can be seen. Also, in Figure 4, the center line profiles of 

velocity and temperature for different Ra numbers are 

shown. These contours and profiles qualitatively match 

with the high order solutions (Karakus, 2022). To 

increase the accuracy, we changed the weights of 

different loss terms as Ra changes. In Table 3, we 

presented the center line velocities for different Ra 

numbers and different weight ratios of the residual loss 

over the boundary loss where 𝜔𝑅  represents the weight 

of the residual loss, and 𝜔𝐵𝐶  represents the weight of loss 

on the boundary conditions. We stopped changing 

weights when we matched the center line velocities with 

the reference solutions. As the Ra increases, the 

convective effect inside the domain becomes more 

dominant. Hence, we need to decrease the weight of the 

boundary losses and focus more on the residual inside the 

domain. We select the loss ratio according to Table 3 

which minimizes the error both inside the domain and on 

the boundaries. 

 

 

Table3. Maximum and minimum velocities along the centerlines with different weight ratio of residual loss and the boundary loss 

 

ω𝑅/ω𝐵𝐶 
𝑅𝑎 =  103 𝑅𝑎 =  104 𝑅𝑎 =  105 

𝑢𝑚𝑎𝑥 𝑣𝑚𝑎𝑥 𝑢𝑚𝑎𝑥 𝑣𝑚𝑎𝑥 𝑢𝑚𝑎𝑥 𝑣𝑚𝑎𝑥 

0.5 0.137 0.138 0.190 0.231 0.137 0.273 

1   0.192 0.233 0.128 0.258 

2     0.132 0.261 

4     0.130 0.261 
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We tested different types of neural network architectures 

and monitored the behavior of the total loss of the Adam 

optimizer for the cavity problem with 𝑅𝑎 = 103 and 

presented in Figure 5. The plain fully connected network 

(FCN), a variation of the fully connected network named 

as Deep Galerkin Method (DGM) (Sirignano and 

Spiliopoulos, 2018), a Fourier network, and a modified 

Fourier network (Wang et al., 2021a), a modified 

highway network using Fourier features (Srivastava et 

al., 2015), and a multiplicative filter network (Fathony et 

al., 2021) are used. All of these architectures are readily 

available in NVIDIA Modulus framework. In all the 

tests, 8 layer networks are constructed with 40 units. 

Hyperbolic tangent is set as the activation function, and 

the learning rate is 10−3. The architectures that use 

Fourier mapping converges later than the plain fully 

connected network since the problem does not have 

multi-scale behavior. For this simple problem, we do not 

need a Fourier mapping; hence networks that are 

basically built on plain fully connected networks 

converge in fewer iterations. 

 

Heated Block 

 

In this section, we focus on an application of coupled heat 

transfer with a heat transfer in a partially blocked 

channel. The domain and the boundary conditions can be 

seen in Figure 6. The heated block represents an 

electronic part on a vertical electronic board (Habchi and 

Acharya, 1986). The top wall is adiabatic, and the bottom 

wall is at a prescribed temperature. A low temperature 

flow comes from the inlet and the outflow is a fully 

developed outlet meaning the changes in the x direction 

is zero. The Prandtl number is set to 0.7 for this problem 

and the Reynolds number is 37.8. The ratio of 𝐺𝑟/𝑅𝑒2 is 

1 and the forcing is on the x direction. 

 

 
Figure 3: Temperature contours for the square cavity test. The high fidelity solution obtained with high fidelity discontinuous 

Galerkin solver between 1 and 0 with the increment of 0.05 for 𝑅𝑎 = 103 , 104, 105 from left to right shown with the black 

contours while the red contours are the solution with PINNs 

 

 
Figure 4. Velocity and temperature profiles along 𝑦 = 0.5 and 𝑥 = 0.5 lines for different 𝑅𝑎 numbers. The first row shows the 

values obtained with the PINN, while the second row shows the values of high order discontinuous Galerkin solver. 
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Figure 5. Behavior of the total loss on the square cavity problem with 𝑅𝑎 = 103 with different types of neural network 

architectures 

 

For training the network, we sampled 30 points on the 

inlet and the outlet, 210 points on the adiabatic wall, a 

total of 40 points on the heated block, a total of 180 points 

on the bottom wall, and 1400 points inside the domain. 

We used 25000 iterations for the Adam optimizer with 

the learning rate of 5 × 10−4 and obtained the solution 

presented in Figure 7. PINN solution well predicts the 

Neumann boundary conditions on the top wall and the 

fully developed outlet, and the no-slip Dirichlet velocity 

conditions  

Multiple Heated Blocks 

 

In this section, we focus on a similar problem in which 

multiple blocks are present. The problem is time 

dependent, and it is solved for a final time of 8 seconds. 

The geometric representation of the case is presented in 

Figure 8. The geometric parameters are given such that 

𝐻 = 1, 𝐻/𝑤 = 2.5, 𝐿/𝑤 = 25, ℎ/𝑤 = 0.5, as presented 

in Wu and Perng (1999). 

 

 

 
Figure 6. Schematic of the partially blocked channel 
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Figure 7. Velocity and temperature profiles for the heated block case. The figure on the top shows the velocity profile and the figure 

on the bottom shows the temperature field predicted by the PINN. 

 

At time 𝑡 =  0, the initial condition is 𝑢 = 𝑣 = 𝜃 = 0 in 

the domain. There is a uniform inflow with 𝑢 = 1, 𝑣 = 0  

with the temperature of 𝜃 = 0. The upper and bottom 

walls have no-slip conditions as the velocity boundary 

condition and Neumann temperature boundary condition 

of 𝜕𝜃/𝜕𝑛 = 0. The blocks also have no-slip conditions 

and temperature boundary conditions of 𝜕𝜃/𝜕𝑛 = −1. 

Gravity is in the y direction, and flow parameters are 

given as 𝑅𝑒 = 400, 𝑃𝑟 = 0.7, and 𝐺𝑟/𝑅𝑒2 = 0.5. 

 

In the training phase, 50 points on the inlet and the outlet 

are generated uniformly. 40 points on each block, 500 

points on the top wall, and 450 points on the bottom wall 

are sampled. The problem is solved with a continuous 

time approach such that we treat time t as another 

variable as the spatial coordinates instead of approaching 

the time sequentially. Adam optimizer is used again to 

find the optimized hyperparameters with a learning rate 

of 5 × 10−4. The solution at the final time 𝑡 = 8s is 

shown in Figure 9. The horizontal velocity and the 

temperature fields are plotted, and it can be seen that the 

PINN solution represents the flowfield well physically 

inside the domain and also satisfy the Dirichlet and 

Neumann boundary conditions. 

 

 

 
Figure 8. Geometric representation of the channel with multiple blocks 

 

 

 
Figure 9. Velocity and temperature profiles for the multiple heated blocks case at time t = 8s. The figure on the top shows the 

velocity profile and the figure on the bottom shows the temperature field predicted by the PINN. 
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CONCLUSION 

 

In this work, we solve two dimensional incompressible 

thermal convection problems with PINNs. The PINN 

solutions predict the flow and temperature fields well 

compared to the solution of high order solvers and 

analytical solutions in various problems. We show that 

adding observations into the flow field increases the 

accuracy of the prediction and the framework is very 

sensitive to the weights of the individual loss terms. In 

addition, different types of networks can be used to solve 

thermal convection problems instead of fully connected 

networks. However, since these types of problems do not 

have multiscale behavior, it is not necessary to use 

Fourier mapping. Furthermore, we consider two different 

channel problems with a partial blockage that resemble 

power electronics applications. The model can be 

implemented into time dependent problems by adding 

time as a continuous input variable. For future work, the 

time dependent problems can be implemented with time 

marching approaches such as Recurrent Neural Networks 

or Gated Response Units. 

 

REFERENCES 

 

Abadi, M., Barham, P., Chen, J., Chen, Z., Davis, A., 

Dean, J., Devin, M., Ghemawat, S., Irving, G., Isard, M., 

Kudlur, M., Levenberg, J., Monga, R., Moore, S., 

Murray, D. G., Steiner, B., Tucker, P., Vasudevan, V., 

Warden, P., Wicke, M., Yu, Y., and Zheng, X., 2016, 

TensorFlow: A system for large-scale machine learning. 

12th USENIX Symposium on Operating Systems Design 

and Implementation (OSDI 16), 265–283. 

 

Bairi, A., Zarco-Pernia, E., and De Maria, J.-M. G., 2014, 

A review on natural convection in enclosures for 

engineering applications. the particular case of the 

parallelogrammic diode cavity. Applied Thermal 

Engineering, 63(1), 304–322. 

 

Baydin, A. G., Pearlmutter, B. A., Radul, A. A., and 

Siskind, J. M., 2017, Automatic differentiation in 

machine learning: a survey. The Journal of Machine 

Learning Research, 18(1), 5595–5637. 

 

Cai, S., Mao, Z., Wang, Z., Yin, M., and Karniadakis, G. 

E., 2022, Physics-informed neural networks (PINNs) for 

fluid mechanics: a review. Acta Mechanica Sinica, 1-12. 

 

Cai, S., Wang, Z., Wang, S., Perdikaris, P., and 

Karniadakis, G., 2021, Physics-informed neural 

networks (PINNs) for heat transfer problems. Journal of 

Heat Transfer, 143(6). 

 

De Vahl Davis, G., 1983, Natural convection of air in a 

square cavity: A bench mark numerical solution. 

International Journal for Numerical Methods in Fluids, 

3(3). 

 

Esmaeilzadeh, S., Azizzadenesheli, K., Kashinath, K., 

Mustafa, M., Tchelepi, H. A., Marcus, P., Prabhat, M., 

Anandkumar, A., et al., 2020, Meshfreeflownet: A 

physics-constrained deep continuous space-time super-

resolution framework. SC20: International Conference 

for High Performance Computing, Networking, Storage 

and Analysis, IEEE, 1–15.  

 

Fathony, R., Sahu, A. K., Willmott, D., and Kolter, J. Z., 

2020, Multiplicative filter networks. In International 

Conference on Learning Representations. 

 

Glorot, X. and Bengio, Y., 2010, Understanding the 

difficulty of training deep feedforward neural networks. 

In Proceedings of the Thirteenth International 

Conference on Artificial Intelligence and Statistics, 249–

256. 

 

Habchi, S. and Acharya, S., 1986, Laminar mixed 

convection in a partially blocked, vertical channel. 

International Journal of Heat and Mass Transfer, 29(11), 

1711–1722. 

 

Hennigh, O., Narasimhan, S., Nabian, M. A., 

Subramaniam, A., Tangsali, K., Fang, Z., Rietmann, M., 

Byeon, W., and Choudhry, S., 2021, Nvidia SimNet™: An 

ai-accelerated multi-physics simulation framework. In 

International Conference on Computational Science, 

447–461. 

 

Hossain, M. Z., Cantwell, C. D., and Sherwin, S. J., 2021, 

A spectral/hp element method for thermal convection. 

International Journal for Numerical Methods in Fluids, 

93(7), 2380–2395. 

 

Jacot, A., Gabriel, F., and Hongler, C., 2018, Neural 

tangent kernel: Convergence and generalization in neural 

networks. Advances in neural information processing 

systems, 31. 

 
Jin, X., Cai, S., Li, H., and Karniadakis, G. E., 2021, 

NSFnets (Navier-Stokes Flow nets): Physics-informed 

neural networks for the incompressible Navier-Stokes 

equations. Journal of Computational Physics, 426, 

109951. 

 

Karakus, A., 2022,  An accelerated nodal discontinuous 

Galerkin method for thermal convection on unstructured 

meshes: Formulation and Validation. Journal of Thermal 

Science and Technology, 42(1), 91-100. 

 

Karakus, A., Chalmers, N., Swirydowicz, K., and 
Warburton, T., 2019, A GPU accelerated discontinuous 

Galerkin incompressible flow solver. Journal of 

Computational Physics, 390, 380–404. 



231 
 

 

Karniadakis, G. E., Kevrekidis, I. G., Lu, L., Perdikaris, 

P., Wang, S., and Yang, L., 2021, Physics-informed 

machine learning. Nature Reviews Physics, 3(6), 422-

440. 

 

Kingma, D. P. and Ba, J., 2017, Adam: A method for 

stochastic optimization. arXiv:1412.6980. 

 

Lagaris, I., Likas, A., and Fotiadis, D., 1998, Artificial 

neural networks for solving ordinary and partial 
differential equations. IEEE Transactions on Neural 

Networks, 9(5), 987–1000. 

 

Lee, H. and Kang, I. S., 1990, Neural algorithm for 

solving differential equations. Journal of Computational 

Physics, 91(1), 110–131. 

 

Lu, L., Meng, X., Mao, Z., and Karniadakis, G. E., 2021 

DeepXDE: A deep learning library for solving 

differential equations. SIAM Review, 63(1), 208–228. 

 

Paszke, A., Gross, S., Massa, F., Lerer, A., Bradbury, J., 

Chanan, G., Killeen, T., Lin, Z., Gimelshein, N., Antiga, 

L., Desmaison, A., Kopf, A., Yang, E., DeVito, Z., 

Raison, M., Tejani, A., Chilamkurthy, S., Steiner, B., 

Fang, L., Bai, J., and Chintala, S., 2019, PyTorch: An 
imperative style, high-performance deep learning library. 

In Advances in Neural Information Processing Systems, 

32. 

 

Rahaman, N., Baratin, A., Arpit, D., Draxler, F., Lin, M., 

Hamprecht, F., Bengio, Y., and Courville, A., 2019, On 

the spectral bias of neural networks. In International 

Conference on Machine Learning, 5301–5310. 

 

Raissi, M., Perdikaris, P., and Karniadakis, G., 2019, 

Physics-informed neural networks: A deep learning 

framework for solving forward and inverse problems 

involving nonlinear partial differential equations. 

Journal of Computational Physics, 378, 686–707. 

 

Raissi, M., Perdikaris, P., and Karniadakis, G. E., 2017a, 

Inferring solutions of differential equations using noisy 

multi-fidelity data. Journal of Computational Physics, 

335, 736–746. 

 

Raissi, M., Perdikaris, P., and Karniadakis, G. E., 2017b, 

Machine learning of linear differential equations using 

Gaussian processes. Journal of Computational Physics, 

348, 683–693. 

 

Rao, C., Sun, H., and Liu, Y., 2020, Physics-informed 

deep learning for incompressible laminar flows. 

Theoretical and Applied Mechanics Letters, 10(3), 207–
212. 

 
Sirignano, J. and Spiliopoulos, K., 2018, DGM: A deep 

learning algorithm for solving partial differential 

equations. Journal of Computational Physics, 375, 1339–
1364. 

 

Srivastava, R. K., Greff, K., and Schmidhuber, J., 2015, 

Training very deep networks. In Advances in Neural 

Information Processing Systems, 28. 

 

Stokos, K., Vrahliotis, S., Pappou, T., and Tsangaris, S., 

2015, Development and validation of an incompressible 

Navier-Stokes solver including convective heat transfer. 

International Journal of Numerical Methods for Heat & 

Fluid Flow, 25(4), 861–886. 

 

Tancik, M., Srinivasan, P., Mildenhall, B., Fridovich-
Keil, S., Raghavan, N., Singhal, U., Ramamoorthi, R., 

Barron, J., and Ng, R., 2020, Fourier features let 

networks learn high frequency functions in low 

dimensional domains. In Advances in Neural Information 

Processing Systems, 33, 7537–7547. 

 

Tang, L. Q. and Tsang, T. T.,  1993, A least-squares finite 

element method for time-dependent incompressible 

flows with thermal convection. International Journal for 

Numerical Methods in Fluids, 17(4), 271–289. 

 

Wang, S., Teng, Y., and Perdikaris, P., 2021a, 

Understanding and mitigating gradient flow pathologies 

in physics-informed neural networks. SIAM Journal on 

Scientific Computing, 43(5), A3055–A3081. 

 
Wang, S., Wang, H., and Perdikaris, P., 2021b, On the 

eigenvector bias of fourier feature networks: From 

regression to solving multi-scale pdes with physics-

informed neural networks. Computer Methods in Applied 

Mechanics and Engineering, 384, 113938. 

 

Willard, J., Jia, X., Xu, S., Steinbach, M., and Kumar, V., 

2020, Integrating physics-based modeling with machine 

learning: A survey. arXiv:2003.04919. 

 

Wu, H.-W. and Perng, S.-W., 1999, Effect of an oblique 
plate on the heat transfer enhancement of mixed 

convection over heated blocks in a horizontal channel. 

International Journal of Heat and Mass Transfer, 42(7), 

1217–1235. 

 

Zubov, K., McCarthy, Z., Ma, Y., Calisto, F., Pagliarino, 

V., Azeglio, S., Bottero, L., Lujan, E., Sulzer, V., 

Bharambe, A., Vinchhi, N., Balakrishnan, K., Upadhyay, 

D., and Rackauckas, C., 2021, NeuralPDE: Automating 

physics-informed neural networks (PINNs) with error 

approximations. arXiv:2107.09443. 

 



 
Isı Bilimi ve Tekniği Dergisi, 42, 2, 233-244, 2022 

J. of Thermal Science and Technology 
©2022 TIBTD Printed in Turkey 

ISSN 1300-3615 
https://doi.org/10.47480/isibted.1194999 

 

COOLING PERFORMANCE OF THERMOELECTRIC COOLER MODULES: 

EXPERIMENTAL AND NUMERICAL METHODS 
 

İlhan KAHRAMAN* and Naim DEREBAŞI** 

Bursa Uludag University, Department of Physics, 16059 Gorukle, Bursa, Turkey 
*kahramanilhan85@gmail.com, ORCID: 0000-0003-0662-1636 

**naim@uludag.edu.tr, ORCID: 0000-0003-2546-0022 

 

(Geliş Tarihi: 06.04.2022, Kabul Tarihi: 16.09.2022) 

 

Abstract: A novel pulse-driving method in which the pulse frequency modulation is was developed by optimising the 

input power owing to the duty cycle of rectangular wave to enhance the cooling efficiency and thermal stability of the 

thermoelectric module. The aim of this driving method is to have better control of the thermoelectric cooler module 

temperature and to improve its coefficient of performance. In this method, the average current and the peak of pulse 

drive are in the 50% duty cycle with the same magnitude and the performance of Peltier module driving with average 

dc is compared with the pulse driving. The measurement results show that the coefficient of performance of the 
thermoelectric module with the pulse-frequency modulation driving method increased up to 102% as compared to the 

constant dc driving method. An artificial neural network has been successfully used to analyse these experimentally 

collected data and predict the performance of the module. When the developed artificial neural network model was 

tested using untrained data, the average correlation of the model was 99% and the overall prediction error was 1.38%. 

An accurate and simple analytical equation based on the predicted and experimental results was determined using the 

MATLAB® Curve Fitting Toolbox. The average correlation of the analytical model was 0.99 and the root-mean-square 

error was 0.074. 

Keywords: thermoelectric cooler module, cooling performance, drive method, artificial neural network. 

 

TERMOELEKTRİK SOĞUTMA MODÜLLERİNİN SOĞUTMA PERFORMANSI: 

DENEYSEL VE SAYISAL YÖNTEMLER 
 

Özet: Termoelektrik modülün ısısal kararlılığını ve soğutma verimini arttırmak için, atımlı frekans modülasyonunda 

yeni bir atımlı sürücü yöntemi dikdörtgen dalga olan girişin en uygun yapılması ile geliştirilmiştir. Bu sürücü 

yönteminin amacı termoelektrik soğutma modülünün sıcaklığını daha iyi kontrol etmek ve verimini arttırmaktır. Bu 

yöntemde, %50 çalışma periyodundaki ortalama akım ve sürücü atımın en büyük değeri aynı büyüklüktedir ve dc ile 

sürülen Peltier modülün performansı atımla sürülen ile karşılaştırılmıştır. Ölçme sonuçları, termoelektrik modülün 

verim katsayısının, atımlı frekans modülasyonu sürücü yöntemi ile sabit dc sürücü yöntemi karşılaştırıldığında %102’ye 

kadar arttığını göstermiştir. Yapay sinir ağları, alınan deneysel verileri çözümlemek ve modülün performansını tahmin 

etmek için başarı ile kullanılmıştır. Geliştirilen yapay sinir ağı modeli öğrenmede kullanılmayan verilerle denendiğinde, 

modülün ortalama uyumu %99 ve en büyük tahmin etme hatası %1.38 olmuştur. Deneysel ve tahmin verilerine bağlı 

olarak doğru ve basit bir analitik denklem MATLAB® eğri uyum programı kullanılarak belirlenmiştir. Analitik 
denklemin ortalama uyumu 0.99 ve etkin hatası 0.074 olmuştur.  

Anahtar kelimeler: Termoelektrik soğutma modülü, Soğutma performansı, Sürücü yöntemi, Yapay sinir ağı. 
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INTRODUCTION 

 

In recent years, heat dissipation of electronic systems has 

grown rapidly with improving manufacturing 

technology. This growth has induced a serious electronic 

cooling problem. A conventional cooling system 

includes an evaporator, a compressor and a condenser 

and they are widely using for many purposes. However, 
energy costs and environmental regulations regarding the 

manufacture and release of chlorofluorocarbons (CFCs) 

are also increasing. These facts are encouraging 

manufacturers and their customers to seek alternative for 

conventional cooling technology (Derebasi vd, 2015).  

 

Being no moving parts, environmentally friendly 

technology and requiring almost no maintenance, 

thermoelectric technology has become one of the most 

promising alternative methods to solve increasingly 

serious energy shortage and environmental pollution 

problems. Thermoelectric cooler (TEC) modules have 
been applied for electronic cooling in many industries 

such as medical instrument, aerospace, military, 

industrial products, offering the advantages of small size, 

quite operation, long lasting time, ease of use and 

reliability (Sekiguchi vd, 2018).  

 

The coefficient of performance (COP) for the 

thermoelectric technology is the ratio of output and input 

energy, which depends on the current through the module 

and the temperature difference between two sides of the 

thermoelectric module. The COP of thermoelectric 
module is smaller than the COP of conventional cooling 

system has. Therefore, much research has focused on the 

improvement of the COP of thermoelectric cooling 

systems by means of developing new materials for the 

TEC modules, optimization of module systems design, 

fabrication, improvement of the heat exchange efficiency 

and optimisation for geometrical dimensions of each p- 

and n- types semiconductors of TEC (Derebasi vd, 2015, 

Sekiguchi vd, 2018, Twaha vd, 2016, Song vd, 2020, 

Derebasi vd, 2015). However, few studies have been 

carried out on the performance of cooling modules 

including the current driving method of them (Sekiguchi 

vd, 2018 , Baubaris vd, 2017). 

 

Peltier devices are thermoelectric conversion devices that 
consist of two types of electric conductors joined by a 

junction. Heat travels from one of the conductors to the 

other, when current is applied to the junction. 

Thermoelectric refrigeration is achieved, when a direct 

current is passed through one or more pairs of n- and p-

type semiconductor materials, primarily comprised 

bismuth-tellurium alloys. In the cooling mode, direct 

current passes from the n- to p-type semiconductor 

materials, which are soldered in series to copper 

electrodes. 

 

Peltier devices are used to cool electrical components, 
because they are capable of localised cooling. The 

refrigeration capability of a semiconductor material is 

dependent on the combined effect of the material’s 

Seebeck voltage, electrical resistivity, and thermal 

conductivity over the operating temperature range 

between the cold and hot ends (Guclu and Cuce 2019).  

 

One method of driving Peltier devices is on-off control in 

which constant dc current interrupted according to a set 

temperature. In this on-off control, the ripple component 

in the output voltage of power supply comprised a 
switching converter and the like increases the self-

heating of the Peltier device. To resolve this, an extra 

electronic filter circuits are used to attenuate the ripple 

component.  

 

Another method of driving Peltier devices is the Pulse 

Width Modulation (PWM) control in which repetitive 

NOMENCLATURE 

CFC ChloroFluoroCarbon    Z Figure of merit 

TEC Thermoelectric cooler    Ppc Pulse current power, W 

COP Coefficient of performance   Iav Average current of the module, A 

PWM Pulse width modulation    N Real number 

PFM Pulse frequency modulation   Pdc dc power, W 
QC Endothermic quantity, heat dissipative, W  PP Power consumption, W 

QJ Joule heat, W      RMS Root mean square 

Qhc Rate of heat conduction, W    f frequency, Hz 

α Seebeck coefficient, V/K    m Mass of aluminium heated block, kg 

I Direct current passing through the module, A C Specific heat coefficient, J/(kg K) 

TC Cold side temperature of the module, K  ANN Artificial neural network 

ρ Electrical resistivity, Ω m,    RAM Read access memory 

l  Length, m     Th Hot side temperature of the module, K 

A Cross sectional area, m2,    t time, s 

QP Electrical energy consumption, W   V Voltage across the terminals of TEC 

k thermal conductance, W/K     module, V 

λ Thermal conductivity, W/(m K)   ΔT Temperature difference, K 

NTC  Negative Temperature Coefficient 
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pulse current with a constant amplitude is controlled with 

a high precision. However, in the on-off and the PWM 

control, cooling efficiency decreases due to the self-

heating of the Peltier device increasing as a result of the 

intermittent control of driving current (Sekiguchi vd, 

2018). Moreover, the electromagnetic interference issues 

have raised considerable limitations on PWM 

applicability, especially high switching frequencies. 

Therefore, an extra electronic circuitry are necessary 

(Baubaris vd, 2017). 

 
The use of Artificial Neural Networks (ANN) has grown 

in popularly during the last decade. The reason for this is 

that neural networks represent a novel and modern 

approach that can provide solutions to problems for 

which conventional mathematics, algorithms and 

methodologies are unable to find a satisfactory and 

acceptable solution. ANNs are inspired by the human 

brain functionality and structure, which can be imagined 

as a network that comprises of densely interconnected 

elements called neurons. Despite this fact, the ANNs’ 

objective is not to model it. 
 

Instead, their purpose is to be useful models that can be 

used for problem solving and knowledge engineering, in 

a way that resembles the human process for problem 

solving and knowledge acquisition. Both biological and 

artificial networks have the following main and 

important features: learning adaptation, generalization, 

massive parallelism, robustness, associative storage 

information and spatiotemporal information processing 

(Laidi and Hanini, 2013). 

 

Furthermore, for the numerical analysis, the MATLAB® 
Curve Fitting ToolboxTM can be used to determine an 

accurate and simple analytical equation for the 

performance of TEC module corresponding to 

experimental and predicted data obtained.  

 

Many researches have been carried out to control the 

temperature of TEC module using the on-off and PWM 

driving current methods. However, this research 

concentrates on the pulse frequency modulation (PFM) 

current driving method of TEC module to control its 

temperature and to improve its COP. An optimised PFM 
driving current is proposed and applied to the module to 

reduce the Joule heating and then to control the 

temperature of TEC module and improving the COP. 

Furthermore, the ANN has applied to the experimental 

data to estimate the performance of the TEC module and 

the MATLAB® Curve Fitting ToolboxTM was also used 

to define an accurate and simple analytical equation for 

the performance of TEC module corresponding to 

experimental and predicted data. 

 

This investigation particularly highlights an optimised 

PFM driving method, which provides to control of 
temperature of TEC module and improve the COP. 

Moreover, an ANN model and an analytical equation 

were obtained to predict the performance of the TEC 

module corresponding to experimental data. 

THEORY OF THERMOELECTRIC COOLING 

 

A typical TEC module (Peltier module) consists of p- and 

n-types semiconductors connected electrically in series 

and thermally parallel sandwiched between two ceramics 

substrates [Fig. 1]. Whenever direct current passes 

through the circuit of thermoelectric heterogeneous 

conductors, it causes temperature differential between 

TEC module sides. As a result, one TEC face, which is 

called cold side, will be cooled while its opposite face, 

which is called hot side, is simultaneously heated. This 
phenomenon is known as the Peltier effect (Sulaiman vd, 

2018, Rowe, 2006). The thermoelectric heat (Qc) pumped 

by the Peltier effect at the cold end of a thermoelectric 

couple as shown in Fig. 2 is given by; 

 

𝑄𝐶 = 𝛼𝐼𝑇𝐶                (1) 

 

where α, I, and Tc are the Seebeck coefficient, which is 

dV/dT [V/K], the direct current in Ampere passing 

through the thermoelectric material and the cold-side 

temperature in Kelvin, respectively. Current flow 
generates Joule heat (QJ) in the thermoelectric material, 

which goes equally to the cold and hot ends:  

 

 
Figure 1. Typical TEC module. 

 

 
Figure 2. Thermoelectric heat pumping by the Peltier effect in 

a thermoelectric p-n couple. 

 

𝑄𝐽 =
𝐼2𝜌𝑙

2𝐴
                (2) 

 

where ρ, l and A are the electrical resistivity [Ω m], 

length [m] and cross sectional area [m2] of thermoelectric 

material. During operation, heat is conducted by 

electrons from the hot to the cold end through the 
thermoelectric material. The rate of heat conduction (Qhc) 

is given by; 
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𝑄ℎ𝑐 = 𝑘(𝑇ℎ − 𝑇𝑐) = 𝑘∆𝑇               (3) 

 

where k and ΔT are the thermal conductance [W/K] and 

the temperature difference [K] between the hot and cold 

sides of thermoelectric couple, respectively. k can be 

defined as; 

 

𝑘 = 𝜆
𝐴

𝑙
                 (4) 

 

where λ is the thermal conductivity in W/(m K), A is the 

cross sectional area and l is the length of the 

thermoelectric material. Combining Eqs. (1, 2, 3 and 4) 

into an energy balance at the end of the thermoelectric 

couple gives; 

 

𝑄𝑐 = 𝛼𝐼𝑇𝑐 −
𝐼2𝜌𝑙

2𝐴
− 𝑘∆𝑇               (5) 

 

The refrigeration capability of a semiconductor material 

is dependent on combined effect of the material’s 
Seebeck voltage, electrical resistivity, and thermal 

conductivity over the operational temperature range 

between cold and hot ends (Derebasi vd, 2015, Sekiguchi 

vd, 2018, Rowe, 2006, Riffat and Ma, 2003).  

 

The first term on the right hand side of Eq. (5) represents 

the Peltier effect, and is thought to generate heat flow 

proportional to the average current I. The second term 

represents the reduction in endothermic quantity due to 

the heat generation of the Peltier device itself and 

corresponds to the half of the Joule heating of the Peltier 

device. The last term describes the reverse heat flow from 
the high temperature part due to the low temperature part.  

 

The electrical energy consumption (Qp) [W] of a couple 

is given by; 

 

𝑄𝑃 =
𝐼2𝜌𝑙

𝐴
+ 𝛼𝐼∆𝑇              (6) 

 

The electric power consumption of a thermoelectric 

couple is used to generate the Joule heat and overcome 

the Seebeck effect, which generates power due to the 

temperature difference between two junctions of the 

couple. The coefficient of performance (COP) of the 

thermoelectric couple for cooling is given by; 

 

𝐶𝑂𝑃 =
𝑄𝑐

𝑄𝑃
=

𝛼𝐼𝑇𝑐−
𝐼2𝜌𝑙

2𝐴
−𝑘∆𝑇

𝐼2𝜌𝑙

𝐴
+𝛼𝐼∆𝑇

              (7) 

 

The COP of a thermoelectric material is a combined 

effect of the material Seebeck coefficient, electrical 

resistivity, geometrical dimensions of thermoelectric 

material and thermal conductivity over the operational 

temperature range between the cold and hot ends. The 

performance of thermoelectric material is called as a 

figure of merit (Z) and expresses; 
 

𝑍𝑇 =
𝛼2𝐴

𝑘𝜌𝑙
𝑇 =

𝛼2

𝑘𝑅
𝑇              (8) 

 

Each of the n- and p-type semiconductor thermoelectric 

material properties varies as a function of temperature 

and therefore the figure of merit for each material is 

temperature dependent. Maximising the figure of merit is 

larger objective in the selection and optimising of 

thermoelectric materials and then it limits the 

temperature differential, whereas the geometrical 

dimensions for each n- and p-type of semiconductor 

material define the heat pumping capacity. The most 

widely used thermoelectric semiconductor material for 
cooling in the temperature range of 0-200 ºC is the 

Bismuth-Telluride (Bi2Te3) due to its thermal properties 

at room temperature as compared to other thermoelectric 

materials (Bar-Cohen vd, 2005). 

 

DRIVING METHOD 

 

Analysing the pulse current driving with constant 

amplitude the reduction in pulse current power (Ppc) can 

be understood in the endothermic quantity due to the heat 

generation of the Peltier device itself during the pulse 
driving. The duty cycle (one period) of the pulse driving 

is based on the driving current waveform of the Peltier 

device shown in Fig. 3. The reduction in the endothermic 

quantity can be explained in terms of average current 

applied to the Peltier device (Iav) as; 

 
𝑃𝑝𝑐

𝑁
=

𝜌𝑙

2𝐴
𝑁 (

𝐼𝑎𝑣

𝑁
)

2

=
𝜌𝑙

2𝐴

𝐼𝑎𝑣
2

𝑁
               (9) 

 

where N is a real number between zero and one.  

 

 
(a) 

 

 
(b) 

Figure 3. Driving current waveforms in different magnitudes, 
a) average and b) constant 

 

The reduction in power using the PWM control is 

analysed in the endothermic quantity due to heat 

generation of the Peltier device itself during pulse driving 

with 50% duty cycle (Sekiguchi vd, 2018). In addition, it 
is compared to the same average current as dc to obtain 

the same Peltier effect. In this case, when the average 
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current is I, the peak of pulse drive must be 2I in the 50% 

duty cycle of PWM [Fig 3 (a)]. However, in this research, 

the average current and the peak of pulse drive are in the 

50% duty cycle with the same magnitude and the 

performance of Peltier module driving with average dc is 

compared with pulse driving [Fig. 3 (b)].  

 

Accordingly, it is clear that the reduction in driving 

power of endothermic quantity can be reduced N times 

regarding the driving direct current. The COP of the 

Peltier device (TEC module) can be expressed by; 
 

𝐶𝑂𝑃 =
𝑄𝑐

𝑃𝑝
             (10) 

    

where Qc and Pp are the heat dissipation and power 

consumption of the Peltier device respectively. The heat 
dissipation can be calculated as; 

 

𝑄𝑐 = 𝑚 𝐶 ∆𝑇              (11) 

 

where m is the mass of heated side of the Peltier device 

[kg], C is the specific heat [J/(kg K)] and ΔT is the 

temperature difference between hot and cold sides of 

Peltier device. The power consumption of the Peltier 

device can be calculated by input power as; 

 

𝑄𝑝 = 𝐼𝑉               (12) 

 

EXPERIMENTAL SET UP 

 
The measurement system consists of 3 parts: driving of 

Peltier module, signal processing and temperature 

control. Fig. 4 shows a block diagram of the system. The 

Peltier module, type Z-MAX TEC1 – B12708AC, which 

has an aluminium layer on both sides is used. This Peltier 

module is a special production and has higher efficiency 

than the other modules. Aluminium layers on two 

surfaces of module were originally fitted to the module 

surface using thermal paste to have better heat transfer 

(Fig. 5). In addition, the module was also fitted to the heat 

sink using thermal paste. Thus, it is ease of fitting to the 
heat sink and minimises the heat losses between the 

module and heat sink. 

 

 
Figure 4. Block diagram of measurement system. 

 

 
Figure 5. The Peltier module, type Z-MAX TEC1 – 
B12708AC. 

 

The voltage across the module was measured by a digital 

multimeter, type AN8002. Table 1 shows the technical 

specifications of the Peltier TEC module used. Peltier 
TEC modules are very sensitive for the waveform of 

driving current and then, their performance can be 

affected, if the driving current waveform has any 

harmonic or noise. Two batteries, which are 12 V 9 A in 

power, are used as a power supply. They are connected 

in series to increase the output voltage and can be 

provided a continuous noiseless power to be able to 

tolerate the power loss of Peltier TEC module.  

 

A DC-DC converter, [Fig. 4] type DPS5015, is connected 

to the batteries in series to limit the driving current of the 

Peltier module at varied current values in the range of 0.5 
to 5 A.  

 

In signal processing part, a signal generator, type ZK-

PP1, produces a rectangular wave signal 0 – 5 V, 30 mA, 
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from 1 Hz to 150 kHz operating frequency. Its duty cycle 

can be arranged from 1% to 100%, but in this system, 

50% duty cycle was chosen to drive the module at varied 

frequency. The output of rectangular wave generator is 

connected to the MOSFET transistors, type DROK 

200203. They can be operated from 5 – 36 V up to 15 A 

current and 20 kHz frequency as an output. Since the 

tested Peltier module operates 12 V 6 A power. The 

MOSFET transistors are increased the peak of 

rectangular wave signal to this level of power.  

 
In the temperature control part, two digital thermometers, 

type LT172N, measured the temperature on hot and cold 

sides of the Peltier device. The initial temperature was 

recorded as a room temperature by means of a digital 

thermometer, just before the tests were begun to keep the 

thermal stability of hot and cold surfaces of the module. 

The digital thermometers LT172N have ±3% sensitivity 

in full scale due to their temperature sensors used, which 

are the NTC thermistor, type GM-NTC-105C. The 

sensitivity of other measurement devices is less than ±0.1 

in full scale. Therefore, the maximum overall 
measurement error of the system is found to be about 

±3%. Fig. 6 and Fig. 7 show the general view of 

measurement system and Peltier device system 

respectively.  

 
Table 1. Technical specifications of the Peltier module used. 

Dimensions W70xD70xH27 (mm) 

Cooling performance 57.8 W 

Rated voltage DC ±12 V 

Rated current 6 A 

Inner resistance 1.35 – 1.65 Ω 

 

The system was tested using an aluminium mass, which 

has the mass of 0.193 kg and the specific heat coefficient 

of aluminium is 903 J/(kg K). The heat dissipation QC 

was calculated by Eq. (11) in the measured temperature 

range and power consumption of Peltier device QP was 

obtained by the recorded voltage across the module and 

current passing through the module. Then the COP was 

calculated by the ratio of QC/QP, which is given in Eq. 
(10).  

 

 
Figure 6. View of measurement system. 

 

 

ARTIFICIAL NEURAL NETWORK MODEL 

 

Neural networks represent a novel and modern approach 

that can provide solutions to problems, for which 

conventional mathematics, algorithms, and 

methodologies are unable to find a satisfactory and 

acceptable solution. ANNs are inspired by the 

functionality and structure of the human brain, which can 

be imagined as a network comprising densely 

interconnected elements called neurons (Graupe, 1997). 

 

 
Figure 7. Peltier device system. 

 

The most popular neural network is the multilayer 

perceptron, which is a feed-forward network; i.e., all 

signals flow in a single direction from the input to the 

output of the network. It consists of neurons organized in 

a number of layers that can be categorized into three 

parts: the first part is the input layer, which allows the 

network to communicate with the environment; the 
second part is commonly known as the hidden part, in 

which one or more layers of neurons exist depending on 

the problem’s demands and requirements for 

generalization; and the third part is the output layer. 

 

The artificial neurons are arranged in layers, wherein the 

input layer receives inputs from the real world and each 

successive layer receives weighted outputs from the 

preceding one as its input, thereby resulting in a feed-

forward ANN, where each input is fed forward to the 

subsequent layer for treatment. The outputs of the last 
layer constitute the outputs to the real world.  

 

The main problem with an ANN model has been to 

establish representative training data, particularly, when 

a large number of variables are considered as being in this 

study. Training data from the experimental work on TEC 

modules was obtained for dimensions with the length, 

width and height 70x70x27 mm. In the proposed neural 

network models, the input parameters were the cold side 

temperature (Tc), the hot side temperature (Th), the 

temperature difference between cold and hot side of TEC 
module (ΔT), the driving current (I), voltage across the 

terminals of the TEC module (V), the driving time (t) and 

frequency (f), while the output parameter was the 

performance of TEC module (COP) (Fig. 8). 
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Qnet 2000®, a commercial neural network package, was 

used for the prediction of the performance of TEC 

module, offering the advantage of rapid network 

development through flexible choices of algorithms, 

output functions, and other training parameters, thereby 

enhancing accuracy (Qnet2000). A total of 150 input 

vectors obtained from the TEC module for the COP, and 

it was available in the training set for a back-propagation 

neural network. The number of hidden layers and 

neurons in each layer were determined by trial and error 

to be optimal, including different transfer functions such 
as hyperbolic tangent, sigmoid, and hybrid. After the 

network had been trained, better results were obtained 

from the network formed by the hyperbolic tangent 

transfer function in the four hidden layers as well as in 

output layer for prediction of the COP. The hyperbolic 

tangent transfer function is  

 

 
Figure 8. The developed ANN for performance of TEC 
module. 

 

𝑡𝑎𝑛ℎ𝑥 =
𝑒𝑥−𝑒−𝑥

𝑒𝑥+𝑒−𝑥               (13) 

 

The networks included 7 input neurons, 1 output neuron, 

and four hidden layers with 53 neurons for the COP, with 

full connectivity between nodes [Fig. 8]. Back-

propagation ANNs require that all training input data 

must be normalized to improve the training 

characteristics. Therefore, all data for the nodes in the 

input layer and training targets for the output layer were 
normalized between the limits of 0.15 and 0.85. In 

training of networks, a HP workstation, which had an 

Intel® core i7-720QM microprocessor, 1.6 GHz, 6 MB 

L3 cache, and 16 GB RAM, was used. The calculation 

time was about 10 hours for each trained network.  

 

ANALYTICAL ANALYSIS WITH MATLAB® 
 

The MATLAB® Curve Fitting ToolboxTM was used to 

determine an accurate and simple analytical equation for 

the performance of TEC module corresponding to 

experimental and predicted data. It provides graphical 
tools and command-line functions for fitting curves to 

data. The toolbox performs exploratory data analysis, 

pre-processes and post-process data; compares candidate 

models and removes outliers and allows working an 

interactive environment with graphical user interface. 

 

The regression analysis using the library of linear and 

nonlinear models provided can be conducted or specified 

own custom equations. The library provides optimized 

solver parameters and starting conditions to improve the 

quality of your fits. The toolbox also supports 

nonparametric modelling techniques, such as splines, 

interpolation, and smoothing. After loading some data, a 

fit can be created using a fit function, specifying variables 

and a model type including exponential, Fourier, 

Gaussian, polynomial, power, etc (MATLAB® R2018b). 

 

RESULTS AND DISCUSSIONS 

 

When the Peltier module is operated, it is heated up itself 

due to current passing through it and then, its resistance 

changes. The voltage across the module varies with 

temperature, because the current passing through the 

module keeps constant consistently. Fig. 9 shows the 

variation of module resistance with the temperature 

difference between the cold and hot sides of the TEC 

module under constant 1 A dc current and in 500 seconds 

test time.  
 

The resistance of the module slightly increases with the 

temperature difference up to about 1 °C, whereas it keeps 

almost constant at higher temperature difference values 

above 1 °C. The maximum change was about 0.59 ohm 

with the temperature difference 8.2 °C. 

 

 
Figure 9. Variation of module resistance with temperature 
difference ΔT under constant dc current 1 A and in 500 seconds 
test time. 

 

Fig. 10 shows the variation of module resistance with the 

driving current for the constant dc current and PFM. The 

module resistance slightly decreases with the driving 

current up to 2 A, while its maximum variation is about 

0.06 ohm between 2 A and 6 A. The constant module 
resistance yields to the thermal stability of the module 

and then, it affects its efficiency.  
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Figure 10. Variation of module resistance with driving current 

for constant dc current and PFM. 
 

The aim of the research is to compare the performance of 
the module between the driving methods with constant dc 

current and optimised rectangular wave. The dc current 

value corresponding with the peak value of the 

rectangular waveform was chosen. Thus, the driving of 

the module with both methods was realised using the 

same system and conditions during the tests and they can 

be appropriately comparable. The measurements were 

carried out using constant dc driving current values with 

0.5, 1, 2, 3, 4 and 5 A and the obtained results were 

summarised in Table 2. The temperature difference (ΔT) 

increases with increasing dc current and voltage of the 

module, whereas the COP value decreases. The COP 

value was dramatically reduced after 1 A dc current. 
 

The Peltier module was also derived by the rectangular 

wave (50% duty cycle) with frequency values at 50, 100, 

200, 300, 400, 500 and 1000 Hz. The operating frequency 

was comparatively determined by means of the COP 

values among experimental data. Although they are very 

close to each other as shown in Table 3. The 
thermoelectric module has the best COP value at 500 Hz 

for the rectangular wave driving current. 

 

Electromagnetic interference is a critical issue during 

experiments due to high frequency current pulses at 

Peltier modules. An appropriate shielding and smart 

control techniques are the tools for the employment of 

higher switching frequencies above 10 kHz (Baubaris et 

al, 2017).  

 
Table. 2. Measurement results at varied constant dc driving current values in 500 s test time. 

Dc current 

(A) 

Cold side 

temperature 

(°C) 

Hot side 

temperature 

(°C) 

Room 

temperature 

(°C) 

∆T (°C) 

Module 

Voltage 

(V) 

Module 

Resistance 

(Ω) 

COP 

0.5 14.6 18.5 17.8 3.9 1.16 2.31 2.55 

1 10.0 18.2 17.3 8.2 2.23 2.23 1.38 

2 6.4 19.8 17.6 13.4 4.30 2.15 0.58 

3 3.2 22.3 17.6 19.1 6.31 2.10 0.37 

4 0.3 25.0 17.6 24.7 8.40 2.10 0.27 

5 -0.9 27.9 17.6 28.8 10.57 2.11 0.20 

 

Therefore, the electromagnetic interference issues, which 

emerged during experimental process, have raised 

considerable limitations on the PWM applicability. 

However, the electromagnetic interference can be 

ignored on the PFM applicability due to its low switching 
frequency. Moreover, the system does not require extra 

electronic circuit protection such as shielding, filtering, 

wire length and appropriate location of them.  

When the COP value in the PFM driving method was 

compared with the COP value in the constant dc driving 

method has, it is almost double and shows that the PFM 

driving method improves the cooling efficiency by 

reducing the input power due to duty cycle in the Peltier 
device.  

 

 
Table 3. Measurement results at varied frequency and 1 A constant current in 500 s test time. 

Frequency 

(Hz) 

Cold side 

temperature 

(°C) 

Hot side 

temperature 

(°C) 

Room 

temperature 

(°C) 

∆T 

(°C) 

Module 

Voltage 

(V) 

Module 

Resistance 

(Ω) 

COP 

50 14.5 21.9 20.4 7.4 2.26 2.26 2.46 

100 14.3 21.8 20.4 7.5 2.26 2.26 2.48 

200 14.2 21.5 20.3 7.3 2.26 2.26 2.42 

300 14.1 21.5 20.0 7.4 2.26 2.26 2.45 

400 14.3 21.8 20.0 7.5 2.27 2.27 2.48 

500 13.7 21.2 20.0 7.5 2.26 2.26 2.49 

1000 14.6 22.0 20.9 7.4 2.27 2.27 2.45 

 

The experimental data driving the PFM method with 50% 

duty cycle during 500 s test time were summarised in 

Table 4. It is clear that the COP was improved by the 

PFM driving method. Improvement of COP was 

maximum at driving current 0.5 A with 102%, whereas it 

was minimum at 5 A with 55% as compared to the 

constant dc driving current method. 

 

Fig. 11 shows the variation of COP with the constant dc 

and pulse driving method and improvement % between 
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them. The percent COP improvement was dramatically 

fallen after 0.5 A driving current and it keeps almost 

constant until 4 A, finally, it was sharply dropped at 5 A 

again. The COP values at low driving current were found 

to be higher than the COP values at high driving current 

due the input power and the Joule heating. The variation 

of COP with the driving current is not linear; it seems, an 

exponential change exists, since the thermoelectric 

semiconductors have a non-liner property. 

 

The ANN model was trained in the range of 0.5 – 5.0 A 

driving current and 100 – 500 Hz frequency up to 500 s 

operation time. The performance of the ANN model was 

statistically measured by the RMS error and average 

correlation. After the network was trained by 10 million-

iteration number, the linear correlation coefficient and 

RMS errors were found to be 99.99% and 2.88% for the 

COP. Table 5 also shows the percent contribution of 

input nodes. 

Table 4. Measurement results at rectangular wave driving current with 50% duty cycle in 500 s test time. 

Current 

(A) 

Cold side 
temperature 

(°C) 

Hot side 
temperature 

(°C) 

Room 
temperatu

re (°C) 

∆T 

(°C) 

Module 
Voltage 

(V) 

Module 
Resistance 

(Ω) 

COP 
Improvement 

% 

0.5 14.0 17.9 17.6 3.9 1.14 2.28 5.15 102 

1 11.2 18.7 17.6 7.5 2.22 2.22 2.53 83 

2 8.2 20.7 17.7 12.5 4.28 2.14 1.08 80 

3 7.4 24.3 17.6 16.9 6.36 2.12 0.65 76 

4 8.6 28.6 17.7 20.0 8.69 2.10 0.47 74 

5 11.5 33.5 17.6 22.0 10.39 2.08 0.31 55 

 

 
Figure 11. Variation of COP with constant dc and pulse driving 
current and improvement % of COP. 

 

From Table 5, the frequency has a minimum 

contribution, while the temperature differentiation has 

the major contribution for the performance of the TEC 

module. It is clear that the temperature differentiation, 

voltage, cold and hot surface temperatures and current 
are very effective individually for estimation of the COP. 

The frequency makes a 0.54% contribution, which is 

significant among the input parameters, while the 

temperature differentiation also makes a major 

contribution about 28% to the prediction of the COP. The 

voltage across the module, current passing through the 

module and time 20.73%, 17.68% and 2.18% 

respectively also make significant contribution to the 

prediction of the COP. The cold and hot surfaces 

temperatures make 16.9% and 14.42% contributions, 

respectively.  

 
A set of test data, different from the training data, was 

used to investigate the network performance. The 

average correlation and maximum error for prediction 

were found to be 99.99% and 1.38%, respectively, for the 

tested TEC module. The ANN model was assessed with 

0.5 and 1 A current value and 100 and 500 Hz frequency 

at varied cold and hot surfaces temperatures, voltage and 

time, which were outside the range of the training dataset.  

 

The results show that the developed ANN model has an 

acceptable prediction capability for the performance of 

TEC modules within the defined training dataset and 

good correlation with acceptable accuracy between 

measurement and predicted results (Fig. 12). Table 6 was 
summarised the measurement and predicted data for the 

tested sample. Therefore, the ANN model can be 

efficiently used to estimate for the performance of the 

TEC module.  

 
Table 5. Contribution of input nodes to COP in the ANN 
model. 

Input nodes Contribution % for COP 

I (A) 17.68 

Tc (°C) 16.90 

Th (°C) 14.42 

ΔT (°C) 27.97 

V (V) 20.32 

t (s) 2.18 

f (Hz) 0.54 

 

 
Figure 12. Correlation between measurement and predicted 

results. 
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The goodness of fit should be evaluated, after fitting data 

with one or more models using the MATLAB® Curve 

Fitting ToolboxTM is carried out. When several fits have 

executed by the goodness-of-fit statistics, to look for the 

smallest number of coefficients help to decide, which fit 

is the best. Exponentials are often used, when the rate of 

change of a quantity is proportional to the initial amount 

of the quantity. Thus, the best curve fit for the ANN data 

was found to be a two-term exponential model as given 

by; 

𝑓(𝑥) = 𝑎𝑒𝑏𝑥 + 𝑐𝑒𝑑𝑥             (14) 

 
where the coefficients with 95% confidence bounds are 

a= 1.725x104, b= -0.2, c= -1.726x104 and d= -0.2 

respectively. The RMS error was 0.074, whereas the 

correlation between the predicted from ANN and 

calculated from exponential model values was 0.99, 

which shows a good agreement between them (Fig. 13).  

 
Table 6. Measurement and predicted data for the test sample. 

 

All values obtained from measurements, prediction with 

ANN, and analytical equation with curve fitting are in 

good agreement with the average correlation 99% and 

maximum RMS error 1.38. It is clear that both numerical 

models, which are the ANN and analytical equation, are 

working well and verifying the experimental results.  

 

 
Figure 13. The best curve fit for predicted data. 

 

CONCLUSIONS 

 

The present research highlights the improvement 

efficiency and thermal stability of the TEC module 

driving with the PFM method. The PFM and constant dc 

driving methods can be applied to the module using the 

system at the same operation condition. Therefore, the 

results are accordingly comparable to each other. 

Although, the COP was improved the on-off control with 

constant dc current and the PWM methods. There are 

some disadvantages for them such as reducing the lasting 
time and considerable limitations due to high switching 

frequencies.  

 

The PFM driving method was developed by optimising 

the input power owing to duty cycle of the rectangular 

wave and increased the cooling efficiency up to 102% as 

compared to the constant dc current driving method. 

Moreover, the driving system does not require an extra 

electronic circuitry for the electromagnetic interference 

due to its operating frequency. 

 
One of the significant contribution to the module 

resistance is to keep it almost constant at high ΔT values 

above 1 °C and thermal stability of the module due to 

driving current. High COP value obtained by the PFM 

method using the heat dissipation and power 

consumption of the module indicates that there can be 

made a significant contribution to the cooling challenges 

and cooling technology in the field of semiconductor 

applications and technology. The PFM driving method 

can be useful for cooling and temperature stability of 

electronic devices by means of Peltier module. 

 
The performance of a TEC module was investigated for 

optimum operating energy corresponding to surface 

temperatures, the temperature differentiation, the driving 

time and frequency. Increasing temperature 

differentiation is the major effect on performance, while 

the driving time and frequency also have a significant 

effect on it. The developed ANN model has a good 

prediction capability with acceptable accuracy. When the 

model was tested by untrained data, the linear correlation 

coefficient and RMS error were found to be 99.99% and 

1.38% respectively for the COP. The analytical equation 
for performance as depending on prediction results has 

been determined by using MATLAB® Curve Fitting 

ToolboxTM. The average correlation of the two-term 

exponential model was found to be 0.99 and the overall 

calculation error was 0.074, which are within acceptable 

limits for the COP. The experimental results are in good 

agreement with the predicted and calculated data, which 

are useful for manufacturers working in this field. 
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Data no 
COP 

measurement predicted 

1 0.01 0.01 

2 1.05 1.06 

3 1.92 1.91 

4 2.35 2.36 

5 2.50 2.51 

6 2.56 2.57 

7 0.01 0.01 

8 0.53 0.53 

9 0.90 0.91 

10 1.02 1.02 

11 1.07 1.07 

12 1.09 1.10 
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Abstract: This research aimed to find the process of value adding for glass wool waste from the glass wool composite 

board used in the vehicle industry. The waste was reprocessed to be an insulator and to determine the suitable conditions 

for hot-press forming to create new materials having high thermal resistant properties. Firstly, the properties of the 

original board; the thermal resistances (R) and the noise absorption coefficients (NRC), were measured and were found 

averages of 0.9055 m2K/W and 0.3955, respectively. The reprocessing conditions were varied by 2 levels; high and 

low, of 5 control factors; density, thickness, pressure, temperature, and surface roughness. Three repeating processes 

for each condition were performed. The Design of Experiment (DoE) was the full factorials; 25 experiments, by using 

the Analysis of Variance (ANOVA) to find main and interaction factors relating to the properties. From the ANOVA 

results with the α level of significance at 0.05, it was found that the main factors responding to the high values of the 

thermal resistance were the thickness and density. This resulted in the suitable conditions for the hot-press process of 

both the new smooth and rough pads with a density of 96 kg/m3 and a thickness of 25 mm. The R values of the new 

insulators were in between 0.88 – 0.98 m2K/W and, additionally, the high NRC values were also provided in between 
0.46 – 0.49. These findings could be applied for wall designing, wall decorations and heat shields for indoor rooms and 

different types of buildings. 

Keywords: Glass wool waste, Insulator, Reprocessing, Heat transfer, Thermal resistance 

 

CAM YÜNÜ ATIĞININ ISIL YALITKAN OLARAK YENİDEN PROSES EDİLMESİNİN 

KOŞULLARININ BULUNMASI 
 

Özet: Bu çalışma otomotiv endüstrisinde kullanılan cam yünü kompozit levhadan elde edilen cam yünü atığının değer 
katma sürecini bulmayı hedeflemektedir. Atık, bir yalıtkan olması ve yüksek ısıl direnç özelliklerine sahip yeni 

malzemeler oluşturmak için kullanılan sıcak pres şekillendirme için uygun koşulların belirlenmesi amacıyla tekrar 

işlenmiştir. İlk olarak orijinal tahtanın özellikleri; ısıl direnç (R) ve gürültü emilim katsayıları (NRC) ölçülmüş ve 

sırasıyla ortalama 0,9055 m2K/W ve 0,3955 olarak bulunmuştur. Tekrar işleme koşulları, yoğunluk, kalınlık, basınç, 

sıcaklık ve yüzey pürüzlülüğü olmak üzere 5 adet kontrol faktörüne ve yüksek ve alçak olmak üzere 2 adet seviyeye 

göre değişmektedir. Her koşul için üç tekrarlama işlemi gerçekleştirilmiştir. Tasarım analizi, 25 deneyden oluşarak, tam 

faktöriyeldir ve özelliklere ilişkin ana ve etkileşim faktörlerini bulmak için Varyans Analizi (ANOVA) kullanılmıştır. 

α anlamlılık düzeyi 0,05 olan sonuçlardan, ısıl direncin yüksek değerlerine sebebiyet veren ana faktörlerin kalınlık ve 

yoğunluk olduğu bulunmuştur. Bunun sonucunda hem yeni pürüzlü hem de pürüzsüz pedler için sıcak pres işlemi uygun 

koşullarının 25 mm kalınlık ve 96 kg/m3 yoğunluk olduğu açığa çıkmıştır. Yeni yalıtkanların R değerleri 0,88 – 0,98 

m2K/W arasında olmaktadır ve ayrıca yüksek NRC değerleri de 0,46 – 0,49 arasında olacak şekilde verilmiştir. Bu 

bulgular, iç mekanlarda ve farklı bina tiplerinde duvar tasarımı, duvar dekorasyonları ve ısı kalkanları için kullanılabilir. 
Anahtar Kelimeler: Cam yünü atığı, Yalıtkan, Tekrar işleme, Isı transferi, Isıl direnç 
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NOMENCLATURE 

 

Symbols 

R thermal resistance (m2 W/m) 

k thermal conductivity [W/m∙K] 

𝑁𝑅𝐶 Noise Reduction Coefficient 

SAC Sound Absorption Coefficient 

S Standard deviation  

R-sq      Explained variation / total variation 

 

Greek Symbols 

µ overall mean 

𝜏 The effect of factor A (surface) 

𝛽 The effect of factor B (density) 

𝛾 The effect of factor C (temperature) 

𝜎 The effect of factor D (thickness) 

𝛼 The effect of factor E (pressure) 

𝜀             Random error of the experimental 

𝜌 density [kg/m3] 

 

INTRODUCTION 

  

Climate changes have affected all countries in the world. 

Thailand climates fluctuate as risen atmospheric 

temperatures continuously. The growing amounts of 

energy consumption and carbon dioxide emission are 

main keys causing greenhouse effect and heat waves. 

There are many campaigns promoting energy 

conservation in every section such as industrial and 

residential sections. Green and recycle materials are 

recommended and investigated to be manufactured in the 

industrial level. These materials are considered as safe 

products from environmental-friendly processes which 

use low energy consumption in their production lines and 

reduce operating cost of the manufacturers. Glass wool is 

one of many insulators used in construction and vehicles 

because of its low thermal conductivity; 0.032 W/m K. 

Glass wool is used to pad on vehicle bodies to reduce 

conductive heat transfer rates from ambient into vehicle 

compartments helping refrigerating systems to maintain 

the compartment conditions. Moreover, glass wool can 

absorb sound and reduce noise from outside into the 

compartments. The International Agency for Research on 

Cancer, World Health Organization (WHO) certified that 

glass wool does not harm human health. If a glass wool 

fraction goes into the human respiratory system, the 

person will sneeze and get rid of the fraction due to its 

cylindrical structure is big and its diameter is 

approximately 7 microns. Since glass wool is commonly 

used in construction and vehicle industries, a great 

amount of glass wool waste is disposed by burning and 

burying in landfills each year. The Department of 

Industrial Works, Ministry of Industry, Thailand, 

encourage manufacturers to recycle and reuse waste in 

many forms and purposes as 3Rs (Reduce Reuse 

Recycle). This campaign has reduced glass wool waste 

but this waste; more than one million tons, has potentials 

to be reprocessed and utilized. 

The glass wool waste weights more than 20 tons. Every 

month, the manufacturers spent certain amount of budget 

to get rid of it properly. Glass wool can be formed in 

blanket and board both bare and covered surfaces with 

layers such as aluminum foil. The glass wool made 

according to ASTM standard and Thai Industrial 

standard codes can be used as insulators and acoustic in 

offices, dwellings, and buildings. The glass wool 

qualifications are 1) thermal insulation with a low 

thermal conductivity of 0.032 W/m K, a good thermal 

resistance, 2) acoustic insulation, 3) non-flammable, 4) 

easy installation, 5) compressive strength, 6) 

condensation control, 7) long life performance, and  safe 

to use approved by WHO. 

Yodkaew et al. (2007) developed acoustic ceiling by 

using rice shell. The developed ceilings were examined 
to find their Noise Reduction Coefficients (NRCs) and 

their NRCs were compared with those of gypsum, 

acoustic, and glass wool boards. Their results showed 

that the developed ceiling from the rice shell-to-glue ratio 

at 5:1 had better NRC than those of the gypsum and 

acoustic boards. Choowonglert and Thakkhanont (2015) 

developed acoustic boards from paper waste from 

offices. The waste was shredded by paper shredders 

before it was reprocessed by a hot pressing process. The 

reprocessed boards had thicknesses of 10, 15 and 25 mm. 

Noise absorption properties showed the board potentials 
to be developed into the commercial acoustic material 

which was made from the office-paper waste, 

environment-friendly, and nicely adding values to the 

waste. 

 

Pakhunworakit et al. (2006) investigated thermal 

conductivity values of insulators made from agricultural 

waste; corn cob and cassava tree, having different density 

values. The best insulator was the cassava-tree insulator 

having the density of 200 kg/m3, the thickness of 10 mm, 

the lowest thermal conductivity was found at 0.059 W/m 

K. Homaswin et al. (2007) developed building acoustic 
insulators made from coconut-shell fiber with the size of 

0.5 m in height and width. The fiber insulator covered 

with the 2-inch latex layer provided the NRC close to that 

of the glass wool board and this NRC was better than 

those of the gypsum and acoustic boards. Narakaew and 

Narakaew (2015) developed activated carbon made from 

corn cob and boards made from hay, and the corn-cob 

activated carbon. The smell and noise absorptive 

performances were experimentally investigated by using 

the developed boards as walls of a one cubic meter room. 

The noise absorptive performance was higher than those  
of the walls made from acoustic foam and glass wool.  

 

Zhao et al. (2018) presented lifecycle assessment of 

typical glass wool production in China, this work was 

aimed to reduce unnecessary energy in the glass wool 

production. The commercial software named eBalance 

which was developed by Integrated Knowledge for our 

Environment (IKE) was used to investigate Primary 

Energy Demand (PED), Global Warming Potential 
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(GWP), Acidification Potential (AP), Photochemical 

Oxide Formation   Potential (POFP) and Refractive Index 

(RI). The lifecycle assessment analysis found that the 

glass wool waste mostly affected environment on energy 

in manufacturing processes. The GWP was 49% while 

the AP, POFP and RI were 50%, 25% and 39%, 

respectively. This research claimed that the energy 

conservation measures played an important role on 

reducing environmental impacts caused by the glass wool 

waste. 

 
Jeon et al. (2017) experimentally studied effects of 

humidity on glass wool by measuring thermal 

conductivity of the glass wool specimens after they 

exposed to humidity. Results indicated that the non-

coating glass wool or the glass wool without anti-

moisture agent could absorb water about 4% - 8% of its 

weight and the thermal conductivity was increased 4 

times higher. The coated glass wool or the glass wool 

covered with anti-moisture agent by Fluoroalkylsiloxane 

(SH-AF) technique provided the thermal conductivity at 

0.0329 W/m K. Therefore, the anti-moisture agent 
reduced the thermal conductivity of the coated glass 

wool, approximately at 0.0344 W/m K.  

 

Wajima and Matsuka (2019) presented a decomposing 

process for glass wool waste by using the sodium 

hydroxide pyrolysis. This research was aimed to reduce 

the waste having glass wool fibers and resin as the main 

components. This method was introduced as a new 

recycle process to reduce the waste by changing chemical 

components of the waste in 400 - 500 Celsius anaerobic 

conditions and using sodium hydroxide as a chemical 

catalyst. From the results, the most decomposition of the 
resin-glass wool waste could be found when 3 grams of 

the sodium hydroxide was used, the decomposition was 

20% of the original weight.  

 

Since the world focuses on the sustainable development 

goals, this research aimed to promote inclusive 

sustainable industrialization and fostering innovation and 

to take action to combat climate change by recycling and 

reprocessing the glass wool waste, as well as to ensure 

sustainable consumption and production patterns by 

producing the new insulator for building in cities and 
human settlements inclusive, safe, resilient and 

sustainable. This work paid particular attention to find 

reprocessing conditions to recycle the glass wool waste 

from the vehicle industries, to investigate properties of 

the reprocessed insulators and to compare the properties 

with the original properties of the glass wool board and 

the commercial one. The recreating conditions; thermal 

resistances (Rs) and Noise Reduction Coefficients 

(NRCs) were investigated and reported in this paper. The 

results of this research could provide necessary 

information for insulator manufacturers to reprocess the 

glass wool waste and to produce the new insulator from 
the waste. The recreated insulator as a composite board 

could be used in the construction, furniture or design 

industries as user demands.  

 

METHODOLOGY 
 

The glass wool waste was collected from a vehicle 

assembly factory, it was reprocessed under 5 control 

parameters; density, thickness, pressure, temperature, 

and surface roughness. Three repeating processes for 

each condition were performed. All reprocessed 

specimens were tested to find thermal conduction (k) and 

thermal resistance (R) followed the procedure of ASTM 

C518 by using sample sizes of 17.5 cm width, 17.5 cm 

length, and 5 cm height. Then, Sound Absorption 
Coefficient (SAC) and Noise Reduction Coefficient 

(NRC) were evaluated followed the procedure of ISO 

10534-2 by using 10 cm and 3 cm diameter specimens 

for low and high frequency tests, respectively. In this 

work, the factorial design of 5 control parameters at high 

(+1) and low (-1) levels as shown on Table 1 was applied 

by using Analysis of Variance or ANOVA to reduce 

possible errors.  

 
Table 1. Research factors 

Control factors Factors 

Factor levels 

Low (-) 
High 

(+) 

Surface A Smooth Rough 

Density (kg/m3) B 64 96 

Temperature (C) C 160 190 

Thickness (mm) D 15 25 

Pressure (bar) E 10 15 

 
The Factorial Experimental Design of the Two Power 

Five (25) was used to collect experimental data and 

analyze statistical results. The ANOVA significance 

level of the experiments was specified as α = 0.05 from 

32 conditions and 3 repeating experiments to find 

responses of thermal conductivity and Noise Reduction 

Coefficient. The total of 96 experimental units were 

gathered as shown on Table 2. Steps of experimental 

analysis consisted of two main steps.  

 

Firstly, the linear statistical model of the two power five 
full factorial was defined as following (Ayuttaya, 2007);  
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   (1) 

where subscripts; i, j, k, l, and m, are the effects of the 

low and high factors (Table 1) which can be 1 and 2, 

respectively. Secondly, Analysis of Variance was 

performed by using a commercial computer software, the 

trademark name was MINITAB. 
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EXPERIMENTAL PROCEDURES  

 

Glass wool waste from the car-roof-insulation process in 

the vehicle factory was taken in a form of a composite 

board The insulator reprocessing steps started with taking 

polyester cloth covering the waste out. Polyester must be 

separated because it can affect environment. The waste 

was, then, put into a plastic granulator to make glass wool 

scraps. The scraps were weighted to meet the 

investigating density values and arranged on the designed 

molds; two surface types and thicknesses. Two steel 
plates were sandwiched on the mold surfaces before the 

molds were put in the hot-press machine to form the 

reprocessed insulators such that heat from the machine 

did not come into direct contact with the scraps. The 

machine operating conditions; temperature and 

compression values, were set according to the 

experimental designs, all experimental design factors are 

shown on Table 1. Since the sample roughness  is one of 

the interesting parameters, the definition of the the 

sample roughness should be given. The reprocessed 

samples with two surface types; smooth and rough, are 
shown on Figure 1. The rough surface mold was prepared 

separately from the smooth surface mold. 
 
Table 2. Experimental conditions  

Conditions 

 

A B C D E 

1 Smooth 64 160 15 10 

2 Smooth 64 160 15 15 

3 Smooth 64 160 25 10 

4 Smooth 64 160 25 15 

5 Smooth 96 160 15 10 

6 Smooth 96 160 15 15 

7 Smooth 96 160 25 10 

8 Smooth 96 160 25 15 

9 Smooth 64 190 15 10 

10 Smooth 64 190 15 15 

11 Smooth 64 190 25 10 

12 Smooth 64 190 25 15 

13 Smooth 96 190 15 10 

14 Smooth 96 190 15 15 

15 Smooth 96 190 25 10 

16 Smooth 96 190 25 15 

17 Rough 64 160 15 10 

18 Rough 64 160 15 15 

19 Rough 64 160 25 10 

20 Rough 64 160 25 15 

21 Rough 96 160 15 10 

22 Rough 96 160 15 15 

23 Rough 96 160 25 10 

24 Rough 96 160 25 15 

25 Rough 64 190 15 10 

26 Rough 64 190 15 15 

27 Rough 64 190 25 10 

28 Rough 64 190 25 15 

29 Rough 96 190 15 10 

30 Rough 96 190 15 15 

31 Rough 96 190 25 10 

32 Rough 96 190 25 15 

 

      
Figure 1. Reprocessed boards with two surface roughness; a 
rough surface (left) and a smooth surface (right) 
 

RESULTS AND DISCUSSIONS 

 

The insulator used in door assembly processes of vehicle 

industries combined of glass wool and non-woven 

polyester. The glass wool properties are shown in Table 

3. From the information, the non-woven polyester must 

be separated because it can affect environment. The non-
woven polyester was separated from the rest of the 

insulator waste. Three waste samples were investigated 

to find their properties at 20 and 50 Celsius as shown on 

Table 4, the average thermal conductivity (k) and thermal 

resistance (R) were 0.0166 W/mK and 0.9055 m2K/W, 

respectively. The samples were also tested to find Sound 

Absorption Coefficient (SAC) in 4 frequency levels; 250, 

500, 1000, and 2000 Hz. Noise Reduction Coefficient 

(NRC); the average value of 4 SACs at 23 Celsius and 

50%RH, was calculated. All SACs are presented on 

Table 5 and the NRC was 0.3955 or approximately 0.4. 
The sound absorption materials or acoustic materials 

commonly have NRCs at 0.4 or higher. These properties 

can be referred as the raw material properties of the 

reprocessed insulator. Before the waste was reprocessed, 

the waste flammability test was performed by using 

UL95 technique (Underwriters Laboratories 95 of USA) 

with 5 random samples at 24 Celsius and 53 %RH. The 

flammability test results are shown on Table 6, no sample 

was burned up to the holding clamp and no cotton 

indicator ignited was found. 

 
Table 3. Properties of the glass wool insulator 

Information Details 

Component Glass wool 85 – 95% 

Cured binder 5 – 15% 

Appearance The material is yellow that 

can be flexible 

Smell None 

Soluable Insoluable 

Be stable and fast 

reaction 

Stable 

Information about 

the danger 

Direct skin contact may cause 

irritation. 
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Table 4. Thermal conductivity (k) and thermal resistance (R) 

results of the samples 

 

Sample 

Types 

Thick- 

ness 

 (m) 

Test 

Temp 

(C) 

Test 

Temp 

(C) 

k-

value

s 

(W/m 

K) 

R-

values 

(m2 

K/m) 

Composited 

board 

(0.321±0.005 

kg) 

 

0.0156± 

0.0050 

20 50 0.0166

± 

0.005 

0.9384 

 

 

 

 

 
Composited 

board 

(0.321±0.005 

kg) 

0.0138± 

0.0005 

20 50 0.0141

± 

0.005 

0.9769 

Composited 

board 

(0.321±0.005 

kg) 

0.0138± 

0.0005 

20 50 0.0190

± 

0.005 

0.8012 

 
Table 5. Sound Absorption Coefficient (SAC) and Noise  

Reduction Coefficient (NRC) results of the samples 
 

Type 

 

Sound Absorption Coefficient (%) and NRC 

250 

 Hz 

500  

Hz 

1000  

Hz 

2000  

Hz 

Ave. NRC 

Com- 

posited 

board 

7.02

% 

29.3% 58.9

% 

62.8

% 

39.5

% 

0.3955 

 

Analysis of Variance for Thermal Conductivity (k) 

and Thermal Resistance (R)  

 

All thermal conductivity (k) and thermal resistance (R) 

results of 96 reprocessed samples were analyzed 

statistically by using the data analysis, statistical and 
process improvement tools; Minitab as the trademark, 

Analysis of Variance or ANOVA was performed by 

considering only two-way interaction. ANOVA for the 

thermal resistance was performed. Firstly, the hypothesis 

test started with a test of main factors; H 0 and H 1 

represented the main factors having no effect and having 

effects on the thermal resistances, respectively. Then, a 

test of interaction factors was carried on; H 0 and H 1 

represented the interaction factors having no effect and 

having effects on the thermal resistances, respectively. 

All ANOVA results for the thermal resistance are 
exhibited on Table 7. Statistical testers; F–Value or F0 > 

F0.05, (1,64) was higher than 4.08 or P–Value was less 

than the significance level (α) of 0.05. The H 0 was 

rejected and the H 1 was accepted, the main and 

interaction factors had effects on the thermal 

conductivity of the reprocessed samples at the 

significance level (α) of 0.05 as following; 

1) The interaction factors; B*D or density (kg/m3) and 

thickness (mm), and 

2) The main factor; E or compression pressure (bar). 

 
 

 

 

 

 

 

 

Table 6. The results of the horizontal flame spread test of the 

samples 

No. Thick- 

ness 

(mm) 

T1 

(s

) 

T2 

(s) 

T3 

(s) 
Sample 

Burn Up 

to Holding 

Clamp 

Cotton 

indicator 

ignited 

1 12.61 0 0 0 No No 

2 11.02 0 0 1 No No 

3 9.75 0 0 1 No No 

4 9.76 0 0 0 No No 

5 11.50 0 0 0 No No 

* T1  T2  and T3  are the flame spread seconds of the three 

samples, respectively. 
 
Table 7. Analysis of Variance (ANOVA) results in the 

thermal resistance investigation 
Source df SS MS F-

valve 

(F0) 

p-

valv

e 

Note

d 

A 1 0.00428 0.00428 0.86 0.35
7 

 

B 1 0.00767 0.00767 1.54 0.21

9 

 

C 1 0.01018 0.01018 2.04 0.15
8 

 

D 1 1.38055 1.38055 276.9
6 

0.00
0 

Sig. 

E 1 0.02217 0.02217 4.45 0.03

9 

Sig. 

A*B 1 0.00119      0.00119 0.24 0.62
6 

 

A*C                1 0.00529      0.00529 1.06 0.30
6 

 

A*D                1 0.00304      0.00304 0.61 0.43

7 

 

A*E                1 0.00098      0.00098 0.20 0.65
8 

 

B*C                1 0.00056      0.00056 0.11 0.73
7 

 

B*D                1 0.02622      0.02622 5.26 0.02

5         

Sig. 

B*E                1 0.00067      0.000677 0.14 0.71
4 

 

C*D                1 0.00192      0.001921 0.39 0.53
7 

 

C*E                1 0.00000      0.000002 0.00 0.98

6 

 

D*E                1 0.00546     0.005469 1.10 0.29
9 

 

Error 64 0.31901 0.319018    

Total 95 1.90151     

S = 0.0706021   R-Sq = 83.22%    R-Sq(adj) = 75.10%  
Sig. = Significant 

 

Secondly, Model Adequacy Checking was rendered to 

investigate suitability and accuracy of the information; 

error patterns followed the fundamental of εij ~ N(0,σ2 ) 

by using residual values. This analysis confirmed the 

accuracy and dependability of the information as shown 

on Figure 2. From the normal probability plot on Figure 

2, the residual distribution was linear. The fitted value of 
each factor level distributed randomly and ordinarily 

around the center line, the residual distribution was not a 

megaphone pattern, this distribution implied that the data 

had the stability of their deviation and the data was 
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independent. The residual distribution was not in any 
trends and patterns, the data were independent and not 

related to their collecting sequence. 

 

Thirdly, the analysis of the interaction and main factors 

was performed to find the suitable factor level. From 

Table 7, the interaction factors; B*D, and the main factor; 

E, had effects on the thermal resistances. The effect of 

the interaction factors; B*D, on the thermal resistance 

(R) was considered primarily as displayed on Figure 3. 

The high thermal resistance was encountered when the 

interaction factors; B*D or density was at 96 kg/m3 and 

thickness was at 25 mm. The high thermal resistance was 
met when the main factor; E or compression pressure was 

at 15 bar as shown on Figure 4. Therefore, the suitable 

factors responding to the thermal resistance and the hot 

pressed process were as following; the high level (+) of 

the factor; B or the density at 96 kg/m3, the high level (+) 

of the factor; D or the thickness at 25 mm, and the high 

level (+) of the factor; E or the compression pressure at  

15 bar. as shown on Figure 4. Therefore, the suitable 

factors responding to the thermal resistance and the hot 

pressed process were as following; the high level (+) of 

the factor; B or the density at 96 kg/m3, the high level (+) 
of the factor; D or the thickness at 25 mm, and the high 

level (+) of the factor; E or the compression pressure at 

15 bar. These factors could be used as the conditions of 

the reprocessing process and the highest average thermal 

resistance was obtained from the 16th condition on Table 

8 as 0.98028 K/W. 
 

 

 

Table 8. Conditions providing the high thermal resistances of 
the reprocessed insulators 

Conditions Thermal Resistances Average 

Numbers of Replicate 

1 2 3 

8 0.89854 0.94529 0.98804 0.94396 

16 1.0172 0.93574 0.9879 0.98028 

24 1.0028 0.92499 0.94249 0.95676 

32 0.96683 0.88084 0.87746 0.90838 

 

Analysis of Variance for Sound Absorption 

Coefficient (SAC) and Noise Reduction Coefficient 

(NRC) 

 

Next, all Sound Absorption Coefficient (SAC) and Noise 
Reduction Coefficient (NRC) results of 96 reprocessed 

samples were analyzed statistically by using the same 

tools, ANOVA. Firstly, the hypothesis test started with a 

test of main factors; H 0 and H 1 represented the main 

factors having no effect and having effects on the NRCs, 

respectively. Then, a test of interaction factors was 

carried on; H 0 and H 1 represented the interaction factors  

having no effect and having effects on the NRCs, 

respectively. All ANOVA results for the Noise 

Reduction Coefficients (NRCs) are indicated on Table 9. 

Statistical testers; F–Value or F0 > F0.05,(1,64) was 
higher than 4.08 or P–Value was less than the 

significance level (α) of 0.05. The H 0 was rejected and 

the H 1 was accepted, the main and interaction factors  

had effects on the thermal conductivity of the reprocessed 

samples at the significance level (α) of 0.05 as following; 

1) The main factor; B or density (kg/m3), and 

2) The main factor; D or thickness (mm). 

 

 
Figure 2. Residual plots in the thermal resistance investigation 
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Then, Model Adequacy Checking was rendered to 

investigate suitability and accuracy of the information; 

error patterns followed the fundamental of εij ~N(0,σ2 ) 

by using residual values. This analysis confirmed the 

accuracy and dependability of the information as shown 

on Figure 4. From the normal probability plot on Figure 

5, the residual distribution was linear. The fitted value of 

each factor level distributed randomly and ordinarily 

around the center line, the residual distribution was not a 

megaphone pattern, this distribution implied that the data 

had the stability of their deviation and the data was       
independent. The residual distribution was not in any 

trends and patterns, the data were independent and not 

related to their collecting sequence. 
 

 

 

Table 9. Analysis of Variance (ANOVA) results in the the 

Noise Reduction Coefficient (NRC) investigation 
Sourc

e 

df SS MS F-

valve 

(F0) 

p-

valve 

Not

ed 

A 1 0.00045 0.0045 1.05 0.315            

B 1 0.00477 0.00477 11.14 0.003            Sig. 

C 1 0.000125 0.00012

5 

0.29 0.593  

D 1 0.089860 0.08986

0 

209.81 0.000          Sig. 

E 1 0.000503 0.00050

3 

1.18 0.288  

Error 64 0.011136 0.00042

8 

   

Total 95 0.106844     

S = 0.0206953     R-Sq = 89.58%    R-Sq(adj) = 87.57% 

Sig. = Significant 

 

 
 

 
Figure 3. Interaction plots in the thermal resistance investigation 

 

 
Figure 4. Main effect plots in the thermal resistance investigation 
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Finally, the analysis of the main factors was performed 

to find the suitable factor level. From Table 9, the 

mainactors; B and D, had effects on the NRCs. The effect 

of the main factors; B and D, on the NRCs was 

considered primarily as displayed on Figure 6. The 

highest NRC (good noise reduction) was indicated when 

the main factors; B or density was at 96 kg/m3 and D or 

thickness was at 25 mm. Therefore, the suitable factors 
responding to the NRC and the hot press process were as 

following; the high level (+) of the factor; B or the 

density at 96 kg/m3 and the high level (+) of the factor; 

D or the thickness at 25 mm. These factors could be used 

as the conditions of the reprocessing process and the 

highest average NRC was obtained from the 15th 

condition on Table 10 as 0.48881. Materials having 

NRCs above 0.4 can be considered as highly absorptive 

materials or acoustic, for an example, NRC values of 

materials used in offices and dwellings are in the range 

of 0.4 to 0.6 (Cowan, 1994). The acoustic property of the 

reprocessed sample related to the density and the 

thickness of the sample. Both surface roughness did not 

affect the NRCs notably,their NRCs were close, the 

average NRC of the rough surface sample. The Sound 

Absorption s mooth surface sample was a little bit higher 

than that of the rough surface sample. The Sound 

Absorption Coefficient or SAC varied in proportion to 
frequency levels; 125, 250, 500, 1,000, 2,000 and 4,000 

Hz, respectively. NRC is the average of the SAC. 

Therefore, better acoustic materials have higher SACs as 

presented on Figures 7 and 8. 

 

 

 

 

 

 
Figure 5. Residual plots in the Noise Reduction Coefficient (NRC) investigation 
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Figure 6. Main effect plots in the Noise Reduction Coefficient (NRC) investigation 

 
 

 
Remark:   Conditions; (black solid line) 96 g, 25 mm, 10 MPa, 160C and smooth surface, (grey solid line) 96 g, 25 mm, 10 MPa, 

160C and rough surface, (black dash line) 96 g, 25 mm, 10 MPa, 190C and smooth surface, (grey dash line) 96 g, 25 mm, 10 MPa, 

190C and rough surface. 

Figure 7. Sound Absorption Coefficient (SAC) plots of the samples prepared at 10 MPa 
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The Cost Analysis and Product Comparison  
 

Glass wool market survey was carried on to analyze and 

specify market feasibility of the reprocessed glass-wool 

board by using marketing mix or 4Ps; product, price, 

place and promotion. The product is an analysis and 

formulating strategy related to products or services. The 

price analyzes and determines the pricing strategy of the 

product from the customer's point of view, including 

comparisons with competitors. The place analyzes and 

defines shipping strategy, by adhering to the principles 

of efficiency, accuracy, safety and speed. The promotion 
is an analysis and formulating strategy that will boost the 

sales of the product. The information of the reprocessed 

glass wool board or the product is detailed on Table 11. 

The NRCs of different materials are compared on Table 

12. The reprocessed board price was the same or a little 

lower than market prices. Since the reprocessed board 

was made from glass wool waste from vehicle industries, 

the reprocessed board properties were lower than the 

properties of the original glass wool boards. But the 

thermal resistance and NRC properties of the 

reprocessed board were well accepted. Board 

manufacturer interviews were conducted and expenses 
of the glass wool waste transportation and disposal had 

to be taken into the cost analysis, the cost tended to be 

lower than new glass wool boards in Thai markets. The 

certain cost could not be specified because this research 

was in the pilot plant stage. 
 

Product distribution places could be divided into 2 ways; 

1) the indirect-way in 2 levels (from manufacturers to 

wholesalers, retailers and customers, respectively, and 2) 

the direct-way from manufacturers to customers 
(customers may include absorptive manufacture 

industries and acoustic users). Since the reprocessed 

board can be considered as a waste-to-recycle product, 

promotional guidelines may emphasize acoustic users, 

green and recycle product users. This board can be raw 

materials for other acoustic composite boards. The 

reprocessed-board manufacturers may seek for 

commercial partners such as small acoustic businesses to 

develop the board quality and their own products or 

startup businesses. The startup businesses can make the 

reprocessed board widely known faster. Middleman 
promotions may play a role because they are 

professional, they know markets and customers trust 

their new product offers. If the reprocessed board is used 

as the raw material in the insulator and acoustic 

industries, the manufacturers fully develop their 

products by increasing the reprocessed board qualities 

and properties to meet their product standards and goals. 

The thermal resistances of three different boards were 

compared as shown on Table 13. These three boards 

were not covered with any layers. The first board was the 

reprocessed board from this work, the second was the 

board waste or the reprocessing raw material and the last 
board was the commercial insulation board. The lowest 

density was provided by the new commercial one while 

the reprocessing one provided the higher thermal 

resistance; 20.69% higher. As compared on the table, the 

reprocessed board could provide the competitive thermal 

resistance. 
 

 

 

 
Remark:   Conditions; (black solid line) 96 g, 25 mm, 15 MPa, 160C and smooth surface, (grey solid line) 96 g, 25 mm, 15 MPa, 

160C and rough surface, (black dash line) 96 g, 25 mm, 15 MPa, 190C and smooth surface, (grey dash line) 96 g, 25 mm, 15 MPa, 

190C and rough surface. 

Figure 8. Sound Absorption Coefficient (SAC) plots of the samples prepared at 15 MPa 
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Table 10. Conditions providing the high Sound Absorption 

Coefficients of the reprocessed insulators 
Codition Factors Noise 

Reduction 

Coefficient 
A B C D E 

7 Smooth 96 160 25 10 0.48331 

8 Smooth 96 160 25 15 0.48071 

15 Smooth 96 190 25 15 0.48881 

16 Smooth 96 190 25 15 0.47035 

23 Rough 96 160 25 15 0.46025 

24 Rough 96 160 25 15 0.48424 

31 Rough 96 190 25 10 0.47905 

32 Rough 96 190 25 15 0.47035 

 
Table 11. Prices of the sound absorbing materials in Thai 
market 

Product 

Name 

Size (MxM) NRC Price 

acoustic wall 

panels 

CYLENCE 

ZofTone 

0.60 × 0.60 

0.60 × 1.20 

0.69 – 0.98 240 – 440 

Bath per 

Sheet 

acoustic 

ceiling 

 CYLENCE 

Wondary 

0.60 × 0.60 0.70 655 – 754 

Bath per m3 

acoustic 

decorative 

wall  

CYLENCE 

Zandera 

0.60 × 0.60 

0.60 × 1.20 

0.75 645 – 1715 

Bath per 

Sheet 

Reprocessed 

insulator 

(from Glass 

wool waste) 

0.175× 0.175 0.46 – 0.49 N/A* 

* No selling price for a prototype product 

 
Table 12. Sound Absorption Coefficients of General 
Building Materials (Owens Corning, 2004) 

Materials Frequency (Hz) NRC 

250 500 1000 2000 4000 

Brick 0.03     0.03 0.04 0.05 0.07 0.05 

Carpet   0.05     0.10 0.20 0.30 0.40 0.15 

Concrete 
Block                                    

0.44      0.31 0.29 0.29 0.25 0.35 

Fabrics 0.04 0.11 0.17 0.24 0.35 0.15 

Glass                                    0.03     0.02 0.02 0.03 0.02 0.05 

Gypsum 
Board              

0.08     0.05 0.03 0.03 0.03 0.05 

Hardwood    0.22     0.07 0.04 0.03 0.07 0.10 

Reprocessed 

insulator 
(from Glass 
wool waste) 

0.15 0.35 0.63 0.80 0.48 0.48 

 
Table 13. Thermal resistance values of three samples; the 
reprocessed board (1), the board waste (2) and the 
commercial insulation board (3) 

 Numbers Thickness Density R (m2 W/m) 

1 25 96 0.9879 

2 37 64 0.0630 

3 25 48 0.7810 

 

Since the pressure, density and thickness of the 

reprocessed board were the interaction factors playing 

important roles on the board thermal resistance and 

Noise Reduction Coefficient (NRC) while both board 

surfaces; smooth and rough, were not significant, the 

thermal resistance and NRC correlations were 

proposed according to the significant factors as 

following; 

 

   

   

0.158 0.00359 Density 0.0368 Thickness

0.00267 Pressure 0.00022 Density Thickness

R   

  
     

                           (2) 

 

   

   

0.3258 0.000563 Density 0.00855 Thickness

0.00150 Pressure 0.000137 Density Thickness

NRC   

  
         

                                                                                                       (3) 

 

The correlations are applicable for the range of the 

reprocessed-insulator density, thickness and 

compression pressure from 64 to 96 kg/m3, from 15 to 

25 mm and from 10 to 15 bar, respectively. These 

correlations can help the manufacturers and users to 

predict the thermal resistances and Noise Reduction 

Coefficients of the recycled insulators in the forms of 

the significant factors. The manufacturers and users 

can also select these properties according to their 

desired thermal resistance and Noise Reduction 
Coefficient values. 

 

CONCLUSION 

 

Vehicle industries have to set budget to transport and 

dispose insulator waste from vehicle assembly 

processes. Glass wool is about 85% to 95% of the 

insulator waste; the main component of the insulator 

waste. This component, glass wool waste, was focused 

in this research as a raw material for the reprocessed 

insulator. A target insulator must provide thermal 
conductivity less than 0.031 W/m K and Noise 

Reduction Coefficient (NRC) more than 0.4. Analysis of 

Variance (ANOVA) was applied to find factors which 

responded to thermal resistances (R) and NRCs of the 

reprocessed specimens. Two levels of five factors were 

analyzed by ANOVA full factorial method. Five factors 

combined of reprocessing temperatures and pressures, 

density, thickness, and surface roughness values of 

reprocessed insulators. The total of 96 final reprocessed 

specimens were evaluated for their thermal resistances 

and NRCs. The analysis showed that density and 
thickness played an important role to the thermal 

resistance and NRC, the highest thermal resistance was 

0.98028 m2 K/W and the highest NRC was 0.48881. The 

R and NRC satisfied with the insulator properties. These 

factors were investigated from the reprocessing process 

in 0.2 m width and 0.2 m length molds.  Results of this 

current research are applicable and useful in fabricating 

the reprocessed waste boards which can be used in 

building works. The reprocessed boards provide the 

same NRC as that of an open cell foam board. Moreover, 

the reprocessed boards could absorb noise better than 

concrete, wood and glass. The reprocessed boards are 
good insulators made from waste. However, the glass-

wool-waste insulator have to be developed for better 
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NRC and thermal resistance properties. The insulator 

manufacturers that aim to reduce glass wool waste and 

desire to add values to the waste can take advantages 

from the research results. The reprocessed insulator can 

be considered as the better product for the better life 

quality in the sustainable society of our world. 
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Özet: Artan plastik kullanımı ve kullanılan plastiklerin bir süre sonra atık olarak birikmesi günümüzün başlıca 

sorunlarındandır. Atık plastiklerin yeniden değerlendirilmesi için termokimyasal dönüşüm prosesleri oldukça 

verimlidir. Atık plastiklerin tek başına ve çeşitli yerli kömürler ile birlikte gazlaştırılması sayesinde yakıt olarak 

kullanıma uygun CO, CH4 ve bir enerji taşıyıcısı olan H2 içeren sentez gazı üretimi mümkündür. Bu amaçla yapılan 

çalışmada, Himmetoğlu ve Seyitömer bitümlü şeylleri ile plastik atık karışımı (%56 polietilen, %28 polipropilen ve 

%16 polistiren) gazlaştırılmıştır. Deneysel çalışmalar, 4 cm iç çapında ve 110 cm boyundaki kuvars camdan imal edilen 

laboratuvar ölçekli akışkan yataklı sistemde gerçekleştirilmiş olup akışkanlaştırıcı gaz olarak hava ve gazlaştırıcı 

akışkan olarak da su buharı kullanılmıştır. Sıcaklığın (750◦C, 800◦C, 850◦C), su buharı akış hızının (5-10-15 g/dak) ve 

beslemedeki plastik oranının (%40 ve %70) sentez gazındaki H2 ve CH4 konsantrasyonuna etkileri incelenmiştir. 5-10 

g/dak akış hızındaki su buharı kullanımı Himmetoğlu bitümlü şeylinin ve karışımlarının gazlaştırılması için uygundur.   

Seyitömer bitümlü şeyli ve karışımlarının gazlaştırılmasında ise 10-15 g/dak olacak şekilde daha yüksek akış hızlarının 

uygun olduğu görülmüştür. Himmetoğlu ve Seyitömer bitümlü şeyllerine %40 ve %70 oranında plastik atık 

karıştırıldığında üretilen sentez gazındaki H2 konsantrasyonu azalırken CH4 konsantrasyonu artmıştır. Çalışma 

sonucunda, en yüksek H2 konsantrasyonu %21,33 (750◦C - 10 g/dak- %60 Himmetoğlu bitümlü şeyli ve %40 plastik 

beslemesi) ve en yüksek CH4 konsantrasyonu ise %74,71 (850◦C - 10 g/dak- %30 Himmetoğlu bitümlü şeyli-%70 

plastik atık) olarak elde edilmiştir. Üretilmesi planlanan sentez gazının kullanım alanına göre sıcaklık, su buharı akış 

hızı ve besleme karışım oranı değiştirilerek uygun çalışma koşulları belirlenebilir. 

Anahtar Kelimler: Bitümlü şeyl, Plastik atık, Akışkan yatak, Gazlaştıma, Hidrojen 

 

GASIFICATION OF HIMMETOĞLU AND SEYITOMER OIL SHALES WITH PLASTIC 

CITY WASTES IN A BUBBLING FLUIDIZED BED REACTOR 

 

Abstract: Increasing use of plastics and accumulation of used plastics as waste after a while are the main problems of 

today. Thermochemical conversion processes are highly efficient for recycling waste plastics. With the gasification of 

waste plastics alone and with various local coals, it is possible to produce syngas containing H2, as an energy carrier, 

with CO and CH4 suitable for use as fuel. In this study, Himmetoğlu and Seyitömer bituminous shales and plastic waste 

mixture (56% polyethylene, 28% polypropylene, and 16% polystyrene) were gasified. Experimental studies were 

carried out in a laboratory-scale fluidized bed system made of quartz glass with an inner diameter of 4 cm and a length 

of 110 cm, and the air was used as a fluidizing gas and water vapor was used as a gasifier agent. The effects of 

temperature (750 ℃, 800 ℃, 850 ℃), water vapor flow rate (5-10-15 g / min), and plastic in the feed (40% and 70%) 

on the concentration of H2 and CH4 in the syngas were investigated. When the gasification results were examined, the 

use of steam with a flow rate of 5-10 g/min is suitable for the gasification of Himmetoğlu bituminous shale and its 
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mixtures. In the gasification of Seyitömer bituminous shale and mixtures, it was determined that higher flow rates of 

10-15 g min should be preferred.When 40% and 70% plastic waste was mixed into Himmetoğlu and Seyitömer 

bituminous shales, the concentration of H2 in the syngas decreased while the concentration of CH4 increased. As a result 

of the study, the highest H2 concentration was obtained as 21.33% (750 ℃ - 10 g / min- 60% Himmetoğlu bituminous 

shale - 40% plastic waste) and the highest CH4 concentration was obtained as 74.71% (850℃- 10 g / min- 30% 

Himmetoğlu bituminous shale- 70% plastic waste). Suitable operating conditions can be determined by changing 

temperature, steam flow rate, and feed mixture ratio according to the usage area of the syngas planned to be produced. 

Keywords: Oil shale, Plastic waste, Fluidized bed, Gasification, Hydrogen  

 

SEMBOLLER 

 

HM  Himmetoğlu bitümlü şisti 

SYT  Seyitömer bitümlü şisti 

U  Boş kolon hızı  [m/s] 

Umf  Minimum akışkanlaşma hızı [m/s] 

 

GİRİŞ 

Küresel enerji tüketimi, artan insan nüfusu ve gelişen 

endüstriden dolayı hızla artmaktadır. Enerji tüketiminin 

olduğu başlıca alanlar endüstri, ulaşım ve konut 

içeriklidir. Uluslararası Enerji Ajansı (IEA) 2021 

verilerine göre sektör bazlı enerji tüketimi endüstride 

2339,3 Mtoe, ulaşımda 2890,9 Mtoe ve konutta 2109,2 

Mtoe olmuştur (IEA, 2021). Kaynak bazlı enerji 

tüketiminde ise ilk üç sırada kömür, petrol ve doğal gaz 

olmak üzere fosil yakıtların yer aldığı bildirilmiştir. 

Giderek artan enerji ihtiyacını karşılamada fosil 

yakıtların kullanımı rezervlerin planlanandan daha hızlı 

tükenmesine yol açmış ve sera gazı olarak bilinen CO2 

emisyonlarının endişe verici düzeylere gelmesinde 

birinci sırada rol oynamıştır. Türkiye Kömür 

İşletmeleri’nin (TKİ) 2019 yılı Kömür Sektör Raporu’na 

göre dünya fosil yakıt kaynaklarından kömür 119 yıl, 

petrol 47 yıl ve doğal gaz 60 yıllık bir rezerve sahiptir 

(TKİ, 2019). 

 

Enerji üretimindeki fosil yakıt rezervi ve emisyon 

sorunlarının yanı sıra hızlı endüstriyel üretim ve tüketim 

sonucu çeşitli atık sınıfındaki malzemelerin doğada 

birikimi de sürdürülebilir yeşil ekonominin başlıca bir 

sorunu hâline gelmiştir (Adami ve Schiavon, 2021; 

Lopez vd, 2018; Aguilar- Hernandez vd, 2019). Atık 

sınıfındaki malzemelerden en önemlisi günümüzde atık 

plastiklerdir. Plastikler modern yaşamın en temel destek 

malzemesi hâline gelmiş durumdadır.  Düşük üretim 

maliyetine, çok geniş kullanım alanına ve farklı 

özelliklere sahip olmaları diğer malzemelerin yerini 

almalarını sağlamıştır (Wong vd, 2015). Plastik 

malzemelerin üretiminin ve tüketiminin hızla artmasına 

bağlı olarak günümüzde geri dönüşüm için çok fazla çaba 

sarf edilmesi gerektiği de açıktır. Doğada uzun süre 

bozunmamaları sebebiyle büyük bir çevre problemi 

haline gelmiş durumdadırlar (Lopez vd, 2018).  Lopez 

vd. 2018’nin çalışmasında belirtildiği üzere 2015 yılında 

dünyada 322 milyon ton plastik üretimi gerçekleşmiştir 

ancak 275 milyon ton plastiğin ise karasal alanda 

kontrolsüz şekilde yayılmış atık olarak kaldığı 

belirtilmiştir (Jambeck vd, 2015). Atık plastikler büyük 

bir çevre sorunu yaratmalarına karşın aslında karbon 

içerikli malzemeler olmaları nedeniyle ciddi bir karbon 

kaynağının da kaybı olarak görülmelidir. 

 

Küresel enerji krizleri ve artan insan nüfusu, yerli enerji 

kaynaklarına sahip olunamaması, fosil yakıt 

rezervlerinin azalan ömürleri, geleneksel enerji üretim 

sistemlerinin emisyon sorunları ve buna bağlı olarak 

küresel ısınma, artan atık ve bunların depolama sorunları 

gibi günümüzün en temel sorunları araştırmaları daha 

sürdürülebilir, daha temiz ve daha çevre dostu enerji 

kaynağı arayışına yöneltmiştir. Önemli bir enerji 

taşıyıcısı olması nedeniyle günümüzde H2 gazı yeşil 

ekonominin büyük bir parçası hâline gelmiş durumdadır 

(Dinçer ve Zamfirescu, 2014). Pek çok enerji 

kaynağından üretilebilir olma, kullanıldığında sera gazı 

emisyonu yapmaması, sıvı ya da gaz olarak 

depolanabilmesi, sıkıştırıldığında pillere kıyasla daha 

fazla enerji yoğunluğuna sahip olması gibi birçok olumlu 

özelliği yakıt olarak kullanılabilmesinin önünü açan 

özellikler olmuştur (Australian Hydrogen Council, 

2021).  

 

H2 gazı, pek çok kaynaktan çeşitli prosesler yardımı ile 

üretilebilmektedir (Dinçer ve Zamfirescu, 2014). Bu 

proseslerden günümüzde endüstriyel olarak hali hazırda 

uygulanabilir olanı gazlaştırma prosesleridir (Cocco vd, 

2014; Geldart, 1986; Kunii ve Levenspiel, 1991; Grace, 

2020). Temelde kömür gazlaştırması ile sentez gazı 

üretimi yapılmakta ve daha sonrasında sentez gazı 

bileşeni olan H2, PSA sistemlerinde saflaştırılarak yakıt 

hücrelerinde kullanıma sunulmaktadır (Du vd, 2021). Saf 

H2 eldesinin yanında sentez gazının hammadde olarak 

kullanımı da metanol, sentetik doğal gaz, dimetil eter ve 

amonyak gibi değerli kimyasalların üretilmesinde önemli 

bir uygulamadır (Kovac vd, 2021; Chaudhari vd, 2001; 

Labochyov vd, 1998; Hamelinck vd, 2004; Canbaz ve 
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Gür, 2020). Plastik atıkların yeniden 

değerlendirilmesinde içerdikleri yüksek kalorifik 

değerden dolayı yakma prosesleri akla gelen ilk dönüşüm 

süreci olsa da plastik atıkların yakılması yerine değerli 

kimyasallara dönüştürülmesi için gazlaştırma prosesleri 

ön plandadır (Moya vd, 2017; Benim ve Kuppa, 2016). 

Özellikle plastik atıkların en iyi değerlendirme 

yollarından biri kömür ile birlikte gazlaştırılmasıdır 

(Straka ve Bicakova, 2014). Birlikte gazlaştırma işlemi 

hem atık yönetimine hem de fosil yakıt tüketiminin bir 

miktar da olsa önüne geçilmesine yardımcı olmaktadır 

(Emami-Taba vd, 2013). Gazlaştırma teknolojisi 

özellikle akışkan yataklı sistemlerde yüksek dönüşüm 

verimi ile düşük karbon içeriğine sahip atıkların bile 

kolayca dönüştürülebilmesine olanak verdiğinden atık 

plastiklerin yanı sıra düşük kalitedeki kömürlerin de 

verimli kullanımına son derece uygundur (Basu, 2006; 

Basu, 2010; Emami-Taba vd, 2012; Ramos vd, 2018; 

Pinto vd, 2009; NETL, 2021) 

 

Ülkemiz yüksek kalitedeki kömürlerden çok genç 

kömürler olan linyit ve bitümlü şeyller açısından daha 

zengin bir yapıya sahiptir (TKİ, 2010). Bitümlü şeyller, 

kerojen adı verilen organik madde içeren sedimanter 

kayaçlardır ve kömüre benzer yapıdadırlar. 

Isıtıldıklarında petrol ve gaz üretebildikleri için önemli 

bir fosil yakıt kaynağı olarak görülmektedirler (Öztürk, 

2020). Ülkemizde Kütahya/Seyitömer ve 

Bolu/Himmetoğlu sahaları önemli bitümlü şeyl 

sahalarımızdır. Himmetoğlu bitümlü şeyli (HM) üst ısıl 

değeri 4992 kcal/kg ve Seyitömer bitümlü şeyli (SYT) 

üst ısıl değeri ise 847 kcal/kg olup kül içerikleri yüksek 

kaynaklardır (Toraman ve Uçurum, 2009). 

 

Bu çalışma kapsamında, plastik şehir atıklarını yerli fosil 

kaynaklar olan Himmetoğlu (HM) ve Seyitömer (SYT) 

bitümü şeylleri ile birlikte akışkan yatakta gazlaştırarak 

hidrojence zengin sentez gazı üretimi amaçlanmıştır. 

Deneysel çalışmalar, laboratuvar ölçekli akışkan yataklı 

gazlaştırma sisteminde gerçekleştirilmiştir. Sıcaklığın, su 

buharı akış hızının ve besleme karışımındaki plastik 

oranının sentez gazı bileşimine etkileri araştırılmıştır. 

Sentez gazı bileşimindeki H2, CO, CO2 ve CH4 

konsantrasyonları incelenmiştir. H2 ve CH4 üretimi için 

gerekli optimum işletme koşulları ve birlikte gazlaşma 

davranışı çalışma sonucunda belirlenmiştir. Belirlenen 

amaç doğrultusunda, yerli kaynakların ve verimli 

gazlaştırma sistemlerinin kullanımı ile atıkların katma 

değer ürünlere dönüştürülmesi teşvik edilmiştir.  

 

 

 

MATERYAL VE METOT 

 

Yapılan çalışmada, Himmetoğlu bitümlü şeyli, 

Seyitömer bitümlü şeyli ve plastik şehir atığı (%56 

polietilen- %28 polipropilen-%16 polistiren) 

kullanılmıştır.  Bitümlü şeyllere ait kaba ve elementel 

analiz sonuçları Tablo 1 ve 2’de verilmiştir.  

 

Tablo 1. Bitümlü şeyllere ait kaba analiz sonuçları 

% 
Himmetoğlu 

bitümlü şeyli 

Seyitömer 

bitümlü şeyli 

Nem 6,65 4,64 

Kül 14,68 42,20 

Uçucu madde 59,81 49,93 

Sabit karbon 18,86 3,23 

 

Tablo 2. Bitümlü şeyllere ait elementel analiz sonuçları 

% 
Himmetoğlu 

bitümlü şeyli 

Seyitömer 

bitümlü şeyli 

C 61,35 43,47 

H 7,06 6,58 

N 1,44 1,08 

O 12,91 15,62 

S 4,44 3,57 

Kül 12,80 29,68 

 

Akışkan Yataklı Gazlaştırma Sistemi 

 

Gazlaştırma deneyleri laboratuvar ölçekli akışkan yataklı 

sistemde (7) gerçekleştirilmiştir (Şekil 1). Yatak kuvars 

camdan imal edilmiş olup yatak iç çapı 4 cm ve boyu 110 

cm uzunluğundadır. Gazlaştırıcı akışkan olarak su buharı 

beslemesi, 100◦C’de (1 atm) 45 kg/saat buhar 

besleyebilen buhar jeneratörü (4) ile yapılmıştır. Su 

buharı akış hızı 5-10-15 g/dak olacak şekilde bir yıkama 

şişesinin (5) yardımı ile ayarlanmıştır. Yıkama şişesinde 

yoğunlaşan buhar miktarı birim zamanda ölçülmüş, en az 

üç ölçüm yapılmış ve ortalaması alınarak sabit akış 

hızında olmak üzere plastik boru hattı (6) ile yatağa 

gönderilmiştir. Yatak malzemesi olarak 0,6 mm partikül 

çaplı silika kum tercih edilmiştir. Yatak malzemesi 

(silika kum) yoğunluk değeri deneysel olarak 2235 kg/m3 

olarak belirlenmiştir.Yataktaki akışkanlaşma sabit 0,47 

m/s hızında hava ile sağlanmıştır (U/Umf = 2). Yatağa 

hava beslemesi, ortamdan (1) havayı alıp ön ısıtıcıya ve 

yatağa gönderen bir kompresör (2) ile yapılmıştır. Hava, 

buhar jeneratöründen gelen ikinci bir hat ile ön ısıtıcıda 

(3) ısıtılarak yatağa beslenmiştir. Yatakta homojen gaz 

dağılımı sağlaması için delikli plaka kullanılmıştır. 
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Gazlaştırma için gerekli enerji elektrikli bir fırın (8) 

tarafından sağlanmış ve ısıl çift (11) ile yatak içindeki 

sıcaklık kontrol edilmiştir. Gazlaştırılacak hammaddeler 

yatağın üst kısmında yer alan bunkere (10) doldurulmuş 

ve bir vidalı besleyici (9) ile yatağa beslenmiştir. 

Yataktan çıkan gaz soğutma kolonunda (12) soğutulmuş 

ve soğuyan gazdan numune şişesine (13) bir miktar gaz 

alınmıştır. 

 

Deneylerde sıcaklığın, su buharı akış hızının ve farklı 

karışım oranlarının sentez gazı bileşimine etkisi 

incelenmiştir. Gazlaştırma sıcaklıkları 750◦C, 800◦C ve 

850◦C olarak ve su buharı akış hızı 5, 10, 15 g/dak olacak 

şekilde ayarlanmıştır. Gazlaştırılacak hammaddeler 

farklı kütlesel oranlarda %100 HM, %60 HM- %40 

plastik atık, %30 HM- %70 plastik atık, %100 SYT, %60 

SYT- %40 plastik atık, %30 SYT-%70 plastik atık ve 

%100 plastik atık (%56 polietilen, %28 polipropilen, 

%16 polistiren karışımı) olarak hazırlanmıştır. Her bir 

karışım üç farklı sıcaklıkta (akış hızı sabit tutulup) ve üç 

farklı akış hızında (sıcaklık sabit tutulup) gazlaştırılarak 

63 adet deney gerçekleştirilmiştir.  

 

Deneye başlarken yatağın istenen sıcaklığa gelmesi için 

sıcaklık kontrol cihazı çalıştırılmış ve sıcaklık 

ayarlanmıştır. Yatağın istenen sıcaklığa gelmesi için 

beklenirken buhar jeneratörü de çalıştırılarak kazan 

basıncının artması beklenmiştir. Basıncı artan 

jeneratörde bypass kolu açılarak akış sağlanmış ve 

yıkama şişesine gönderilen buharın (birinci hat) akış hızı 

ayarlanmıştır. Buhar jeneratöründen çıkan ikinci hat ön 

ısıtıcıya gönderilmiş ve kompresörden gelen havanın 

ısıtılması sağlanmıştır böylece ilk hattan gelen buhar 

beslemesinin yatak girişinde yoğunlaşması önlenmiştir.  

 

Isınan hava ve birinci hattan gelen buhar, yan yana 

yatağın alt bölgesinden beslenmiştir. Yatak istenen 

sıcaklığa geldiğinde bunkere doldurulan hammadde 

vidalı besleyici ile üstten beslenmiştir. Elde edilen ürün 

gazı, yatağın üst kısmından geçip soğutma kolonuna 

girerek hem soğutulmuş hem de içinde buhar mevcutsa 

yoğunlaştırılıp tutulmuştur. Soğutucudan geçen gaz, 

numune şişesine alınmıştır. Gaz analizleri SRI 310 TCD 

model gaz kromatografi cihazında gerçekleştirilmiştir. 

Numune şişesinden 0,5 ml numune şırınga ile çekilip 

cihaza basılmış, analiz sonuçları kaydedilmiştir. 

Deneyler her sıcaklık ve her akış hızı için tekrarlanmıştır. 

 

Yatak Hidrodinamiği 

 

Gazlaştırıcı içinde yatak sıcaklığının homojen tutulması, 

yatak içi karışımın çok iyi sağlanması ve gaz-katı 

arasındaki hem kütle hem de ısı transferinin en iyi 

düzeyde sağlanması adına akışkan yataklarda yatak 

malzemeleri kullanılmaktadır. Yatak malzemeleri, inert 

ya da katalitik etkide bulunabildiği gibi tasarlanacak olan 

yatağın akışkanlaştırma rejimine uygun özelliklere de 

sahip olmalıdır. İnert yatak malzemelerinden en çok 

tercih edileni silika kumdur. Silika kum, yapısı gereği 

gazlaştırma sıcaklık aralığında (500◦C-1000◦C) 

bozunmadan yatak içinde kullanılabilmektedir. Ayrıca, 

Geldart partikül sınıflandırılmasına göre B tipi yatak 

malzemeleri (100-1000 𝜇m) çok iyi akışkanlaşırlar. B 

grubundaki yatak malzemeleri kullanıldığında kabarcıklı 

yataklardaki kabarcıklar son derece hareketli olup 

karışımın çok iyi gerçekleşmesini sağlamaktadır. Bu 

nedenle, B grubundaki yatak malzemelerine 

verilebilecek en iyi örnek kum taneleridir. Yapılan 

çalışmada, yatak malzemesi olarak B grubunda bulunan 

ve 600 𝜇m çapa sahip silika kum tercih edilmiştir. Diğer 

bir yandan, kolay akışkanlaştırılabilmesi yatak içinde boş 

kolon hızının U/Umf=2 olacak şekilde tasarlanmasına 

olanak vermektedir. Bu tasarım parametresi aynı 

zamanda yatak içinde kullanılacak hava debisinin 

minimumda tutulmasını sağlayarak gazlaştırmada 

reaktant olarak su buharının ön planda olmasına 

yardımcıdır.  

 

Yapılan çalışmada, yatak malzemesinin akışkanlaşması 

için hava kullanılmış ve yatak içinde hava debisi 

0.0007473 m3/s olarak sabit tutulmuştur. 5, 10 ve 15 

g/dak akış hızları için yatak içindeki buhar debileri sırası 

ile 0,000141 m3/s, 0,000283 m3/s ve 0,000423 m3/s’dir. 

Su buharı/hava oranları ise sırasıyla 0,18, 0,37 ve 

0,56’dır. Yatak içi boş kolon hızı U/Umf=2 olacak şekilde 

buhar debisinden bağımsız olarak belirlenmiştir. Buhar 

debisi ile birlikte yatak içi U/Umf oranları 5, 10 ve 15 

g/dak buhar akış hızları için sırası ile %15, %27 ve %36 

olacak şekilde artmaktadır. U/Umf oranlarındaki bu artış, 

genel çalışma aralığı kabul edilen ve akışkanlaşma 

şartlarının sağlandığı uygun akışkanlaşma şartı olan 

U/Umf=2-3 arasındadır.Tasarlanan akışkan yatağın statik 

yatak yüksekliği, 0,045 m olarak hesaplanmıştır. 
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Şekil 1. Akışkan yataklı gazlaştırıcı sistemi şematik görünümü 

 

BULGULAR VE TARTIŞMA 

 

Sentez gazı bileşimi temel gazlaştırma reaksiyonlarının 

denge şartlarına son derece bağlıdır. Gazlaştırıcının 

işletme şartlarına göre üretilen sentez gazının dengedeki 

bileşimi değişmektedir (Basu, 2006). Temel gazlaştırma 

reaksiyonları Eş. 1 ve Eş. 5 arasında sunulmuştur. 

Karbonun tüketildiği temel reaksiyonlar su gazı Eş. (1) 

ve Boudouard Eş. (3) reaksiyonlarıdır. Gazlaştırmada H2 

üretimi temelde su gazı reaksiyonu Eş. (1) ile gerçekleşir. 

Bunun yanı sıra, su gazı yönlendirme Eş. (2) ve metanın 

buharla reformlanma reaksiyonu Eş. (5) da gazlaştırıcı 

akışkan çeşidi ve miktarına göre gerçekleşebilmektedir.  

 

Gazlaştırmada CH4 üretimi piroliz sırasında metanlaşma 

reaksiyonu Eş. (4) ile gerçekleşirken aynı zamanda 

gazlaştırılan malzemenin çeşidine-yapısına göre de 

sentez gazındaki miktarı değişiklik gösterebilir (Emami-

Taba vd, 2013; Emami-Taba vd, 2012). 

 

Su gazı reaksiyonu 

C(k) + H2O(g) ↔ CO(g) + H2(g)           

∆H◦ =  + 131,38 kJ/ mol                     (1)                 

   

 

Su gazı yönlendirme reaksiyonu 

CO(g) + H2O(g) ↔ CO2(g) + H2(g)    

∆H◦ =  - 41,15 kJ/ mol                           (2) 

 

Boudouard reaksiyonu 

C(k) + CO2(g) ↔ 2CO(g)    

∆H◦=  + 172,58   kJ/ mol              (3) 

 

Metanlaşma reaksiyonu 

C(k) + 2H2(g) ↔ CH4(g)                      

∆H◦ =  - 74,90   kJ/mol             (4) 

 

Metanın buharla reformlanma reaksiyonu 

CH4 (g) + H2O(g) ↔ 3H2(g) + CO(g)             

∆H◦ =  + 206   kJ/mol                   (5) 

 

Himmetoğlu ve Seyitömer bitümlü şeylleri, plastik şehir 

atıkları ile birlikte akışkan yataklı bir gazlaştırıcı 

sisteminde gazlaştırılmıştır. Çalışmada sıcaklığın, su 

buharı akış hızının ve beslemedeki plastik atık oranının 

sentez gazı bileşimine etkileri araştırılmıştır. Deneysel 

çalışmalarda, gazlaştırıcı işletme sıcaklıkları 750◦C, 

800◦C ve 850◦C ve işletme basıncı atmosferik basınçtır. 

Buhar akış hızı 5, 10 ve 15 g/dak olacak şekilde 

değiştirilmiştir. Bitümlü şeyller ve plastik atıklar tek 

başlarına gazlaştırılmış ardından birlikte gazlaştırma 

deneyleri gerçekleştirilmiştir. Birlikte gazlaştırma 

deneylerinde beslemedeki plastik atık oranı kütlece %40 

ve %70 olacak şekilde ayarlanmıştır.  

 

H2 Konsantrasyonlarının Değerlendirilmesi 

 

Himmetoğlu bitümlü şeyli ile gerçekleştirilen deneylerde 

elde edilen sentez gazı bileşimindeki H2 

konsantrasyonları incelenmiştir. Sentez gazının 

hidrojence zengin olarak değerlendirilmesi için H2/CO 

oranının 2’ye yakın olması beklenmektedir (Özbayoğlu 

vd, 2013). Özellikle metanol üretiminde H2/CO oranının 

2 olması üretim açısından önemlidir (Ciferno and 

Marano, 2002; Liu vd, 2016; NETL Liquid Fuels, 2021). 

Himmetoğlu bitümlü şeyli 750◦C’de tek başına 

gazlaştırıldığında 5 g/dak ve 10 g/dak su buharı akış 

hızındaki H2/CO oranları sırası ile 1,9 ve 2 olarak elde 

edilmiştir. 5 g/dak sabit su buharı akış hızındaki 

deneylerde 800◦C’deki H2/CO oranı 2,5 ve 850◦C’deki 

H2/CO oranı ise 2,2 olarak belirlenmiştir (Şekil 2). 

Himmetoğlu şeyli ve plastik atıkların birlikte 

gazlaştırılmasına bakıldığında yine hidrojence zengin 
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sentez gazı eldesinin mümkün olduğu görülmüştür. Her 

iki karışımın gazlaştırması için de H2/CO oranı, 750◦C ve 

10 g/dak su buharı akış hızı için 1,9 olarak belirlenmiştir 

(Şekil 3 ve Şekil 4).  

 

 

Şekil 2. %100 Himmetoğlu bitümlü şistine ait H2/CO 

oranları 

 

Şekil 3. %60 Himmetoğlu- %40 plastik karışımına ait 

H2/CO oranları 

 
Şekil 4. %30 Himmetoğlu- %70 plastik karışımına ait 

H2/CO oranları 

 

800◦C’de 10 g/dak akış hızında %30 Himmetoğlu 

bitümlü şisti-%70 plastik karışımının gazlaştırılmasında 

da H2/CO oranı 1,9 olarak elde edilmiştir. Ancak, işletme 

maliyetleri düşünüldüğünde olabildiğince düşük 

gazlaştırma sıcaklıkları tercih edilmektedir. H2 üretimi 

için düşük gazlaştırma sıcaklıklarının daha uygun olduğu 

yapılan çalışmalarda da vurgulanmıştır (Uysal vd, 2013; 

Vural vd, 2014; Hammad vd, 2016).  

 

H2 üretiminde su gazı reaksiyonu aktif rol alırken 

gazlaştırıcıda su buharı miktarı arttırılarak su gazı 

yönlendirme reaksiyonu sayesinde H2 konsantrasyonu 

daha da arttırılabilir. Böylece sentez gazındaki CO gazı 

da değerlendirilmiş olmaktadır. Literatürdeki çalışmalara 

bakıldığında, gazlaştırıcı akışkan su buharı olduğunda ve 

beslemede fazla miktarda bulunduğunda su gazı 

yönlendirme reaksiyonunun gerçekleştiği ve H2 

üretimine destek olduğu belirtilmiştir (Kryca vd, 2018; 

Li vd, 2014; Zhang vd, 2014; Uysal vd, 2013). 

Himmetoğlu bitümlü şeyli ile yapılan deneylerde 

hidrojence zengin sentez gazı eldesinde su gazı 

yönlendirme reaksiyonunun etkili olduğu ve sahip 

olduğu sabit karbon oranından dolayı gazlaştırma prosesi 

ile H2 üretiminde değerlendirilebileceği belirlenmiştir. 

Buna göre, en yüksek H2 konsantrasyonu, %60 

Himmetoğlu- %40 plastik atık karışımı için 750◦C ’de ve 

10 g/dak su buharı akış hızında %21,33 olarak 

belirlenmiştir (Şekil 5)
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Şekil 5. Himmetoğlu bitümlü şeylinin gazlaştırılmasında elde edilen tüm H2 konsantrasyonları (%5 hata barı ile) 

 

 
Şekil 6. Seyitömer bitümlü şistinin gazlaştırılmasında elde edilen tüm H2 konsantrasyonları (%5 hata barı ile) 

 

Seyitömer bitümlü şeylinin sabit karbon miktarı 

Himmetoğlu bitümlü şeylinin sabit karbon miktarından 

daha düşük olduğundan sentez gazındaki H2 

konsantrasyonları da daha düşüktür (Şekil 6). 750◦C’de 

%100 Seyitömer bitümlü şeyli gazlaştırıldığında H2 

miktarının artması için daha yüksek su buharı akış hızına 

(15 g/dak) ihtiyaç duyulmuştur (Şekil 7). Seyitömer 

bitümlü şeyli ve plastik atıkların gazlaştırma sonuçlarına 

bakıldığında, hidrojence zengin sentez gazı üretimi için 

%60 Seyitömer bitümlü şeyli-%40 plastik karışımının 

800◦C’de 10 g/dak ve 15 g/dak sabit su buharı akış 

hızlarında gazlaştırılması uygundur. Bu şartlarda elde 

edilen sentez gazındaki H2 konsantrasyonları sırasıyla 

%20,78 ve %14,20 olarak belirlenmiştir.  H2/CO oranları 

ise sırasıyla 2,2 ve 2,1’dir (Şekil 8). %30 Seyitömer 

bitümlü şeyli-%70 plastik atık karışımının H2/CO 

oranlarına bakıldığında hidrojence zengin sentez gazı 

için bu karışım oranının uygun olmadığı görülmüştür 

(Şekil 9).  
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Şekil 7. %100 Seyitömer bitümlü şeyline ait H2/CO 

oranları 

 

 

Şekil 8. %60 Seyitömer- %40 plastik karışımına ait 

H2/CO oranları 

 

 

 
Şekil 9. %30 Seyitömer- %70 plastik karışımına ait 

H2/CO oranları 

 

CH4 Konsantrasyonlarının Değerlendirilmesi 

 

Himmetoğlu şeyli ve plastik atık karışımlarındaki plastik 

oranı arttıkça üretilen sentez gazındaki CH4 

konsantrasyonu da artmıştır. CH4 konsantrasyonundaki 

bu davranış literatür çalışmaları ile uyum göstermektedir 

(Pinto vd, 2009). Birlikte gazlaştırma çalışmalarında elde 

edilen sentez gazındaki CH4 konsantrasyonunun 

karışımdaki plastik miktarı ve yapısı ile doğrudan ilişkili 

olduğu belirtilmiştir (Arena vd,2014). Gazlaştırma 

sırasında plastik malzemelerdeki C-H bağları diğer 

besleme malzemesinden gelen C-H atomları ile daha çok 

CH4 oluşturma eğilimi göstermektedir (Lopez vd, 2018). 
CH4 konsantrasyonunu artıran bir diğer önemli etmen de 

gazlaştırıcıda hava bulunmasıdır. Gazlaştırma 

çalışmalarında su buharı kullanımı sentez gazındaki H2 

konsantrasyonunu desteklerken hava kullanımı ise H2 

üretimini sınırlayarak CH4, çeşitli hidrokarbonlar ve 

yanma ürünlerinin oluşumuna yol açmaktadır (Xiao vd, 

2007; Leung and Wang, 2003). Bu nedenle, su 

buharı/hava oranının üretilecek sentez gazı üzerindeki 

etkisi önemlidir (Straka ve Bucko, 2009). 

 

Yapılan çalışmada, özellikle 800◦C’de H2 ve CH4 

konsantrasyonlarının dengedeki davranışı gözlenmiştir. 

Su gazı reaksiyonu ile H2 üretimi 750◦C’de varlığını 

gösterirken sıcaklığın artışı ile Boudouard reaksiyonu 

beslemedeki karbonun daha çok CO üretimi için 

kullanımına neden olmaktadır (Öztan vd, 2020; Mastral 

vd, 2003). Gazlaştırıcıda su buharı miktarı da hava ile 

sınırlandırıldığında su gazı yönlendirme reaksiyonu ile 

H2 üretimi desteklenemez ve genellikle konsantrasyonda 

düşüş gözlenmektedir. Ayrıca, metanlaşma reaksiyonu 

ile kısa da olsa piroliz aşamalarında oluşan CH4 ise su 

buharı yetersizliği sebebiyle metanın reformlanma 

reaksiyonunda harcanamamaktadır (Wie vd, 2012; 

Upadhyay vd, 2020; Khzouz ve Gkanas, 2018). 

Gazlaştırma reaksiyonlarının dengedeki davranışlarının 

bilinmesi ve üretilmesi planlanan ürün için en uygun 

koşulların belirlenmesi önemlidir. 

 

Şekil 10 incelendiğinde sentez gazındaki CH4 

konsantrasyonu beslemeye plastik atık ekledikçe artış 

göstermiştir. Elde edilen sentez gazı motorlarda 

değerlendirilmek istenirse CH4 konsantrasyonunun 

yüksek olması beklenir. Bu nedenle, Himmetoğlu 

bitümlü şeyli ve plastik atık karışımı kullanılırsa 
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850◦C’de (10 g/dak sabit su buharı akış hızında) %30 

Himmetoğlu bitümlü şeyli-%70 plastik atık karışımının 

gazlaştırılması uygundur ve bu koşullar altında yapılan 

deney sonucunda, sentez gazındaki CH4 

konsantrasyonunun maksimum değerde (%74,71) olduğu 

görülmüştür. 

 
Şekil 10. Himmetoğlu bitümlü şeyline plastik atık 

eklenmesi sonucu elde edilen CH4 konsantrasyonları 

 

Seyitömer bitümlü şeyline plastik şehir atığı 

karıştırıldığında sentez gazındaki CH4 konsantrasyonları 

artmıştır. %30 Seyitömer bitümlü şeyli-%70 plastik 

karışımı (10 g/dak sabit su buharı akış hızında) 850◦C’de 

gazlaştırıldığında sentez gazındaki maksimum CH4 

konsantrasyonu %74,47 olarak belirlenmiştir (Şekil 11).  

Plastik oranının artması sonucu sentez gazında CH4 

konsantrasyonunda artış gözlenmesi literatür sonuçları 

ile uyumlu bulunmuştur. Pinto vd. yaptıkları çalışmada 

Puertollano ve Colombian kömürleri ile polietileni ve 

çeşitli biyokütleleri birlikte gazlaştırmıştır. Çalışma 

sonucunda en yüksek CH4 konsantrasyonları, her iki 

kömür çeşidi ile polietilen birlikte gazlaştırıldığında ve 

polietilen miktarı arttığında elde edilmiştir (Pinto vd, 

2009). Benzer şekilde, Win vd., plastik atıkların 

gazlaştırılmasında atıkların yapısal bozunma 

reaksiyonları sonucu CH4 üretimine yatkınlık olduğu 

belirtilmiştir (Win vd, 2019). 

 

 
Şekil 11. Seyitömer bitümlü şeyline plastik atık 

eklenmesi sonucu elde edilen CH4 konsantrasyonları 

 

 

 

Su buharı/Hava Oranı Etkisinin Değerlendirilmesi 

 

Deney sonuçları incelendiğinde, su buharı/hava oranı 

arttıkça (buhar akış hızı artırıldığı için yatak içindeki 

oran) hem HM hem SYT için elde edilen sentez gazı 

içeriğindeki H2 konsantrasyonları ya da H2/CO oranları 

için belirli bir davranış elde edilmemiştir. Özellikle, 

%100 HM ve %100 SYT gazlaştırma sonuçlarına 

bakıldığında su buharı/hava oranı artsa da H2 

konsantrasyonunu etkileyen iki önemli parametre 

gazlaştırma sıcaklığı ve bitümlü şeylin sabit karbon 

miktarıdır. Şekil 7 incelendiğinde, %100 SYT’nin 

750℃’de gazlaştırılmasında yüksek su buharı akış hızına 

ihtiyaç duyulmuştur. Su buharı akış hızındaki artış 

H2/CO oranını artırsa da bu etki 800℃ ve 850℃’lerde 

gözlenmemiştir. Burada etkili olan parametre yakıtın 

düşük sabit karbon içeriğidir. Çünkü, sıcaklık ve su 

buharı akış hızı artsa bile H2/CO oranları istenen değerin 

altında kalmıştır. Aynı şekilde Şekil 8 incelendiğinde, su 

buharı akış hızı H2 konsantrasyonunu artırsa da sıcaklık 

etkisi ön plandadır. Şekil 9’da ise su buharı/hava oranı ve 

sıcaklık artmasına rağmen yakıt karışımının bileşimi 

H2/CO oranlarını ilk sırada etkileyerek istenen değerin 

altında kalmasına neden olmuştur. Su buharı/hava 

oranının sentez gazı konsantrasyonuna etkisinin sıcaklık 

ve yakıt bileşimi sabit tutularak incelenmesi 

önerilmektedir. 

 

Su buharı/hava oranının sentez gazı bileşimindeki etkisi 

CH4 üretimi için daha sınırlayıcı bir faktör olabilir. 

Çünkü, sentez gazındaki CH4 konsantrasyonu bir önceki 

bölümde de belirtildiği gibi gazlaştırıcı akışkanın içinde 

hava olması ya da tamamen hava ile gazlaştırma 

işlemlerinde denge reaksiyonlarına bağlı olarak artış 

gösterebilmektedir. Sentez gazı içeriğindeki CH4 ve H2 
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konsantrasyonlarının dengedeki davranışı su buharı/hava 

oranının optimizasyonu ile belirlenebilir. Sentez 

gazından CH4 üretimi amaçlandığında sabit sıcaklık, 

sabit buhar akış hızı ve sabit yakıt karışımı bileşiminde 

beslenen hava debisinin CH4 konsantrasyonuna etkisi 

incelenebilir. 

 

SONUÇLAR  

 

Seyitömer ve Himmetoğlu bitümlü şeyllerine plastik 

şehir atığı karıştırılarak laboratuvar ölçekli akışkan 

yataklı bir sistemde gazlaştırma deneyleri 

gerçekleştirilmiştir. Sıcaklığın, su buharı akış hızının ve 

beslemedeki plastik oranının sentez gazı bileşimine 

etkileri incelenmiştir. Yapılan çalışma sonucunda 

hidrojence zengin sentez gazı üretimi amaçlandığında 

Himmetoğlu bitümlü şeylinin Seyitömer bitümlü şeyline 

tercih edilebileceği belirlenmiştir. Her iki bitümlü şeyl 

beslemesi için de plastik atık oranı arttıkça sentez 

gazındaki CH4 konsantrasyonu artmıştır. Maksimum 

CH4 konsantrasyonu eldesi için hem Himmetoğlu 

bitümlü şeyli hem de Seyitömer bitümlü şeyli tercih 

edilebilir. Sentez gazı bileşiminin sıcaklığa, su buharı 

akış hızına ve plastik oranına son derece bağlı olduğu 

görülmüştür. Bu nedenle, sentez gazının hangi alanda 

kullanılacağı belirlenerek işletme şartlarının optimize 

edilmesi gerektiği sonucuna varılmıştır. Ayrıca, ülkemiz 

için önemli bir fosil yakıt kaynağı olması açısından 

bitümlü şeyllerin gazlaştırma gibi verimli sistemlerde 

değerlendirilmesi yerli kaynakların kullanımını teşvik 

edecek niteliktedir. 

 

Yapılan çalışma, Himmetoğlu ve Seyitömer bitümlü 

şeyllerinin sabit karbon içeriklerinin gazlaştırmada 

değerlendirmek üzere uygun olup olmadığını belirlemek 

amacı ile laboratuvar ölçekli akışkan yataklı 

gazlaştırıcıda gerçekleştirilmiştir. Büyük ölçekli 

sistemlere geçildiğinde reaktör boyutları, besleme 

noktası ve akış dinamikleri vb. gibi parametrelerin HM 

ve SYT bitümlü şeyllerinden elde edilecek sentez gazı 

konsantrasyonlarına etkisi gerekli yatak tasarım hesapları 

yapılarak gerçekleştirilmelidir. Besleme noktasının 

uygun konumlandırılması ile yakıt-buhar etkileşiminin 

maksimum düzeye çıkarılması ve dolayısıyla karbon 

dönüşümünün maksimum derecede elde edilebilmesi 

yapılacak çalışmalar ile mümkün olacaktır. Aynı şekilde, 

farklı akışkanlaşma rejimlerinde çalıştırılan akışkan 

yatakların kullanımı ile yine gaz-katı etkileşimlerinin 

incelenmesi önerilmektedir. Yatak özelliklerinin sentez 

gazı üzerindeki etkilerinin araştırılması akışkan 

yatakların gazlaştırmada etkin rol oynaması için öncü 

olacaktır.  
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Abstract: This study aims to numerically investigate and evaluate the enhancement of heat transfer by new capsule 

dimples on tube surfaces for flow of water and Al2O3-water nanofluid with different concentrations, under uniform 

surface heat flux. The originality of this work lies in combining two passive heat transfer enhancement methods such 

as geometrical improvements and nanofluids together. Capsule dimples with different depths were considered. Al2O3-

water nanofluid was modeled as a single-phase flow based on the mixture properties. The effects of dimple depth and 

nanoparticle concentrations on Nusselt number, friction factor and performance evaluation criteria (PEC) were studied. 

Numerical computations were performed using ANSYS Fluent commercial software for 2000-14000 Reynolds number 

range. It was found that when laminar, transient and fully developed turbulent flow cases are considered, increase in 

the dimple depth increases the Nusselt number and friction factor for both pure water and Al2O3-water nanofluids cases. 

Also, the friction factor increases as dimple depth increases. Results show that increase in PEC is more pronounced in 

the laminar region than in the transition region, it starts to decrease for turbulent flows. For nanofluid, PEC values are 

considerably higher than pure water cases. The variation of PEC for capsule dimpled tubes are dependent on flow 

regimes and dimple depths. Increasing the nano particle volume concentration and dimple depth in laminar flows 

increase the PEC significantly.  

Keywords: Heat transfer enhancement, nanofluid, capsule dimples, computational analysis 

 

BORU YÜZEYİNDEKİ KAPSÜL TİPİ KABARTMANIN VE Al2O3-SU 

NANOAKIŞKANIN ISI TRANSFERİNE ETKİSİNİN SAYISAL ANALİZİ 
 

Özet: Bu çalışmanın amacı, duvar yüzeyinden düzenli ısı akısı uygulanan boru içi akışlarda geometrik modifikasyon 

yapılarak elde edilecek ısı transferi iyileştirmesinin numerik olarak incelenmesidir. Geometrik modifikasyon olarak 

kapsül tipi kabartmalar kullanılmış, akışkan olarak ise su ve Al2O3-su nano-akışkan kullanılmıştır. Isı transferi 

iyileştirmesi için hem geometrik modifikasyon yapılmış olması hem de bununla birlikte farklı yüzdelerde nano-akışkan 

kullanılmış olması çalışmayı benzerlerinden farklı bir noktaya taşıyabilmektedir. Kapsül tipi kabartmalar borunun iç 

yüzeyine farklı derinliklerde uygulanmıştır. Al2O3-su nano-akışkan 1%, 2% ve 3% konsantrasyonlarında tek fazlı akış 

olarak modellenmiş ve uygulanmıştır. Kabartmaların derinliğinin ve nono-akışkanın farklı konsantrasyonlarda 

uygulamalarının Nusselt sayısı, Sürtünme katsayısı ve Performans Değerlendirme Kriteri (PEC) üzerindeki etkileri 

çalışılmıştır. Sayısal analizler ANSYS Fluent kullanılarak 2000-14000 Reynolds Sayısı aralığında gerçekleştirilmiştir. 

Sonuçlar incelendiğinde, tüm akışkanlar için, laminer akış, geçiş akışı ve tamamen gelişmiş türbülanslı akış durumunda 

kabartma derinliği arttıkça Nusselt Sayısı ve aynı zamanda da sürtünme katsayısının arttığı görülmüştür. Laminer 
rejimde PEC daki artış etkisi türbülans rejimine göre oldukça fazladır. Performans Değerlendirme Kriterinin değişimi 

akış rejimine ve kabartma derinliğine oldukça bağlıdır. Genel olarak, laminer akışta nano-akışkan konsantrasyonu ve 

kabartma derinliği arttıkça Performans Değerlendirme Kriterinin önemli ölçüde arttığı görülmüştür.  

Anahtar Kelimeler: Isı transferi iyileştirmesi, nano-akışkan,  kapsül tipi kabartma, sayısal analiz

 

 

 

INTRODUCTION 

 

 

Heat transfer in tubes is a field of interest for many 

researchers due to its usability and accessibility in many 

engineering applications, such as heat exchangers, which 

are widely used in refrigeration, air conditioning, space 

heating, power generation, chemical processing for 

cooling or heating purposes, district heating systems, 
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renewable energy systems, geothermal water distribution 

systems, solar collectors, etc. 

 

In the variety of these applications, main challenge is to 

increase the heat transfer performance of the systems per 

unit area or volume regarding the limits of sizing to 

achieve this goal. This challenge offers an opportunity 

for improvement to develop methods to make heat 

transfer equipment more compact and achieve a high heat 

transfer rate using less pumping power to minimize the 

energy and material costs. For this, the most effective 
parameter is the heat transfer coefficients on the hot and 

cold fluid sides, and the heat transfer coefficient can be 

increased by one or more active or passive methods. 

 
Methods that improve heat transfer by giving additional 

energy are called active methods such as surface 

vibration and flow vibration, electrostatic fields, and 
mechanical aids. Methods that improve heat transfer rate 

without additional energy requirement are called the 

passive method which include surface geometrical 

modifications to increase the heat transfer surface area or 

using additives in the working fluid, such as 

nanoparticles. Passive methods are more advantageous 

than active methods since they do not require external 

energy and are easier to apply. In the scope of this study, 

two passive methods have been employed for heat 

transfer enhancement. 

 
Most common passive methods of geometrical 

modifications found in the literature include louvered 

strips (Eiamsa-Ard et al.,2008), twisted tapes 

(Tabatabaeikia et al., 2014), helical screw inserts 

(Pathipakka et al., 2010), wire coil insert 

(Chandrasekar et al., 2013) and dimples on the tube 

surface Li et al. (2015). These are used to increase the 

turbulent flow characteristics through the tube and thus 

enhance the heat transfer coefficient. One of the most 

applicable and advantageous passive methods is using 

three-dimensional dimples along the heat transfer 

surface. The main reason of heat transfer enhancement 
along the dimple surface is that thermal boundary layer 

formation is disturbed and hence, Nusselt number and 

heat transfer coefficient increases. (Cheraghi et al., 

2019) 
 

While increasing the heat transfer coefficient, 

geometrical modifications may also cause increase in the 

friction which is generally not desired. As result of 

increase in the friction, the pressure drop and necessary 
pump/compressor work increases. Thus the proper 

design and application of geometrical modifications, 

including the dimples, is crucial. For this reason, a 

dimensionless performance evaluation criterion (PEC) is 

used to assess the thermal-hydraulic performance of heat 

transfer enhancement techniques. (Li et al., 2016).  

 

Flow regime is found to have a significant effect on the 

heat transfer performance. Enhancement of heat transfer 

using dimpled tubes has been studied for different 

Reynolds numbers in the literature.  
 

Cheraghi et al., (2020) conducted a numerical study on a 
new configuration of deep dimpled tube under constant 

heat flux to evaluate the effects of dimple pitch, dimple 

diameter and dimple depth on the heat transfer and flow 

field for considering Reynolds numbers of 500, 1,000 and 

2,000. The study showed that decreasing the distance 

between dimples while increasing the dimple depth and 

diameter would result increase in the Nusselt number and 

friction factor. A sudden growth in the friction factor is 

observed due to the formation of vortexes behind each 

dimple, causing a larger pressure drop than that of plain 

tubes. According to the performance evaluation criteria, 

the higher enhancement for the deep dimpled tubes can 
be achieved by increasing the dimple diameter, pitch and 

Reynolds number and reducing the dimple depth.  

 

On the transitional (2000<Re<4000) and the moderate 

(4000<Re<10000) ranges of Reynolds numbers, 

(Vicente et al., 2002) experimentally studied flow and 

heat transfer in helically dimpled tubes by using water 

and ethylene glycol and ten different configurations of 

tubes with various depths and pitches of dimples. The 

results showed that as the depth of dimples increased, the 

heat transfer performance of the tube improved.  
 

On higher Reynolds numbers, (turbulent flow 

Re>10000), (Kumar et al.,2017) experimentally and 

numerically investigated the effects of dimples on the 

heat transfer and hydrodynamics performance of dimpled 

tubes for Reynolds numbers between 4,000 and 28,000 

and using air as the working fluid. The study showed that 

the highest Reynolds numbers yielded the highest Nu and 

lowest friction factor as expected. On the other hand, 

increasing the stream and span-wise direction to a certain 

extent would positively affect heat transfer enhancement, 

and both thermal and hydraulic performance would 
increase if the stream and span-wise directions decrease. 

The author revealed that the optimum thermal and 

hydraulic performance is reached when stream and span-

wise direction had the value of 15 times the dimple 

diameter. 

 

Shape, size, depth, and pitch of the dimples are important 

properties that affect heat transfer performance in such 

flows. Ming et al. (2016) numerically studied the effects 

of geometrical parameters on heat transfer and pressure 

loss inside a dimpled tube. The results showed that the 
reduction in the pitch of dimples and increase in the depth 

contributed to the heat transfer enhancement. However, 

these variations increased the pressure loss.  

 

Wang et al. (2010) experimentally investigated the heat 

transfer enhancement and friction factor of different 

shape dimpled tubes. Experimental data showed that 

tubes with ellipsoidal dimples simultaneously had higher 

Nusselt number and lower friction factor than the tubes 

with spherical dimples. Also, ellipsoidal dimples 
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roughness accelerated the transition to critical Reynolds 

number down to less than 1000. 

 

Chen et al. (2001) experimentally studied six different 

dimpled tubes with different dimple parameters, ratio of 

depth to tube diameter, depth to pitch ratio and number 

of dimples on the tube surface. The Reynolds numbers 

taken in this experiment had ranged from 7,500 to 

52,000. It was found that the enhancement in heat transfer 

reached 137% compared to standard plain tubes and the 

performance criteria showed values from 0.93 to 1.16 in 

which the dimpled tube with values above unity were 

considered to succeed in the performance enhancement. 

 

Another important heat transfer enhancement method 

employs nanoparticles suspended in water solutions, 

called nanofluids to improve the thermo-physical 

properties of the working fluid. Combining this technique 

with surface alterations makes further enhancement of 

heat transfer characteristics. Nanofluids have proven to 

affect heat transfer positively, and the use of nanofluids 

in many research applications has been of interest to 
researchers, especially in the heat transfer and fluid 

dynamics communities due to advantages in improving 

heat transfer rate.   

 

Because metals have higher thermal conductivity than 

nonmetals, metallic or metal oxide nanofluids have been 

chosen for heat transfer fluid. Xuan and Li (2000) 

achieved a remarkable heat transfer enhancement of 39% 

using 2% volume fraction of Cu nanoparticles dispersed 

in water. Briclot et al. (2020) have also accomplished a 

40% increment in Nusselt number using Al2O3water 

nanofluid with a volume fraction of 6.8% in their study 
intended for liquid cooling of electronic components. 

(Firoozi et al. 2020)   

 

Khedkar et al. (2014) experimentally investigated the 

effect of different nanoparticle concentrations of a TiO2-

water base nanofluid on the heat transfer performance in 

a concentric tube heat exchanger; hence the use of 

nanofluid was for cooling purposes in which the inner 

tube was for the nanofluid, and the outer tube was for 

water as a hot fluid. The coolant working range of this 

experiment had Reynolds numbers ranging from 300 to 
4,000. They investigated the effects of different 

nanoparticle concentrations (2% and 3%), and showed 

that increasing the Reynolds number resulted in a 

significant increase in heat transfer performance 

compared to pure water as a cooling fluid. 

 

Ho et al. (2018) performed experimental investigations 

on a tube with circular cross-sections under constant heat 

flux for laminar flow with Reynolds numbers ranging 

from 120 to 2,000 using an Al2O3-water nanofluid as a 

working fluid. To evaluate the effects of the nanofluid 

subjected to variable operating temperatures on heat 
transfer characteristic and pressure differences, an 

additional numerical study was conducted. The results 

proved that using Al2O3 nanoparticles in a water based 

nanofluid for forced heat transfer applications would 

minimize the temperature difference between the mean 

fluid temperature and wall temperature that results a 

better heat transfer characteristic but increases the 

pressure drop. 

 

In this study, heat transfer enhancement by new capsule 

dimpled tube surfaces is numerically investigated with 

pure water and Al2O3-water nanofluid for different 

geometrical properties of dimpled tubes and different 

concentrations of nanoparticles. Heat transfer 
enhancement regarding Nusselt number and heat transfer 

coefficient, and pressure drop regarding friction factor 

changes are investigated, and performance evaluation 

criteria is calculated and compared for different cases.  

 

METHODOLOGY 

 

In the present study, flow of pure water and Al2O3-water 

nanofluid in a dimpled tube with a constant surface heat 

flux was considered. Methodology followed is based on 

the mathematical modelling and numerical solution of 
the governing equations. ANSYS Fluent was used for the 

numerical simulations. Then, from the numerically 

obtained temperature and flow fields, the heat transfer 

coefficient and friction factor were calculated. Different 

cases were simulated and compared to evaluate the 

effects of the dimple geometrical parameters, Reynolds 

number and nano particle concentration on heat transfer 

coefficient and PEC.  

   

Problem Geometry and Mathematical Formulation  

 
The geometry of the flow domain considered in the study 

is shown in Fig. 1. As seen in the figure, heat transfer 

surface has capsule dimples, and the flow domain is 

extended with an undimpled inlet section. The tube cross 

section is circular. Fluid is flowing through the tube. A 

constant heat flux is applied through the outer surface. 

 

 

Figure 1. Capsule dimpled tube with undimpled entrance 
section and a periodic quarter sector used for the analysis. 
 

As shown in Fig. 1, the tube consists of 200 mm 

undimpled entrance length and 440 mm dimpled region. 

The tube diameter is 18 mm and kept constant for all the 

simulations. 
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A sketch of the geometry of dimples is shown in Fig. 2. 

As seen in this figure, a dimple is characterized by depth 

(h), length (d), pitch (P) and length from center to center 

(w). In the present study, dimple depth is varied as all 

other dimple parameters are kept constant. 

 
Figure 2 Schematics view of the dimple geometry and 
important dimple parameters.  

 

Governing Equations 

 

To derive the governing equations for the current 

physical problem, the equations of conservation of mass, 

Newton's Second Law, and the Law of Conservation of 
Energy should be formulated. For the derivation of the 

governing equations the following assumptions were 

made: Flow is three-dimensional, steady, viscous, 

incompressible, turbulent, body forces are negligible, 

working fluid properties are constant, and the fluid is 

Newtonian.  

 

In addition, it is assumed that the nano particle 

distribution in the flow field is uniform, nanoparticles 

and the base fluid are in thermal equilibrium, and the 

velocities of the nanoparticles and base fluid are equal. 
The physical properties of the nanoparticle-water mixture 

are calculated using the correlations in the literature as 

given below.  

 

Based on the above assumptions, Reynolds averaged 

governing equations can be written as below: 

 

Continuity equation: 

 
𝜕𝑢

𝜕𝑥
+

𝜕�̅�

𝜕𝑦
+

𝜕�̅�

𝜕𝑧
= 0 (1) 

 

Where ū, v̄ and w̄ are the time-averaged velocity 
components in the x, y and z directions, respectively 

 

Momentum equations: 

 

x-direction: 

𝜌𝑛𝑓 (�̅�
𝜕𝑢

𝜕𝑥
+ �̅�

𝜕𝑢

𝜕𝑦
+ �̅�

𝜕𝑢

𝜕𝑧
) = −

𝜕𝑝

𝜕𝑥
+ 𝜇𝑛𝑓(

𝜕2𝑢

𝜕𝑥2 +
𝜕2𝑢

𝜕𝑦2 +

𝜕2𝑢

𝜕𝑧2) − (
𝜕𝑢′2̅̅ ̅̅ ̅

𝜕𝑥
+

𝜕𝑢′𝑣′̅̅ ̅̅ ̅̅

𝜕𝑦
+

𝜕𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅

𝜕𝑧
) (2) 

y-direction: 

𝜌𝑛𝑓 (�̅�
𝜕�̅�

𝜕𝑥
+ �̅�

𝜕�̅�

𝜕𝑦
+ �̅�

𝜕�̅�

𝜕𝑧
) = −

𝜕𝑝

𝜕𝑦
+ 𝜇𝑛𝑓(

𝜕2�̅�

𝜕𝑥2 +
𝜕2�̅�

𝜕𝑦2 +

𝜕2�̅�

𝜕𝑧2) − (
𝜕𝑣′𝑢′̅̅ ̅̅ ̅̅

𝜕𝑥
+

𝜕𝑣′2̅̅ ̅̅ ̅

𝜕𝑦
+

𝜕𝑣′𝑤′̅̅ ̅̅ ̅̅ ̅

𝜕𝑧
) (3) 

z-direction: 

𝜌𝑛𝑓 (�̅�
𝜕�̅�

𝜕𝑥
+ �̅�

𝜕�̅�

𝜕𝑦
+ �̅�

𝜕�̅�

𝜕𝑧
) = −

𝜕𝑝

𝜕𝑧
+ 𝜇𝑛𝑓 (

𝜕2�̅�

𝜕𝑥2 +
𝜕2�̅�

𝜕𝑦2 +

𝜕2�̅�

𝜕𝑧2
) − (

𝜕𝑤′𝑢′̅̅ ̅̅ ̅̅ ̅

𝜕𝑥
+

𝜕𝑤′𝑣′̅̅ ̅̅ ̅̅ ̅

𝜕𝑦
+

𝜕𝑤′2̅̅ ̅̅ ̅̅

𝜕𝑧
) (4) 

 

In these equations, p, ρ
nf

 and μ
nf

 denote the pressure, 

effective density (mixture density) and effective viscosity 

(mixture viscosity) of the nanofluid, respectively. 

 

Energy equation: 
 

𝑑𝑖𝑣 (𝜌𝑛𝑓�̅�𝐶𝑝,𝑛𝑓�̅�) = 𝑑𝑖𝑣(𝑘𝑛𝑓 𝑔𝑟𝑎𝑑 (�̅�) −

𝜌𝑛𝑓𝑇 ′̅𝐶𝑝,𝑛𝑓𝑉′̅̅ ̅) (5) 

 

where, T is the temperature, knf is the effective thermal 

conductivity (mixture conductivity) and Cp,nf is the 

effective specific heat (mixture specific heat) of the 

nanofluid. 

 

Boundary conditions 
 

Considering the physics of the problem described above, 

the boundary conditions can be expressed as follows: 

 The velocity at the inlet is only in axial direction 

and uniform.  

 Inlet temperature is uniform and constant (293 

K). 

 Uniform heat flux is applied along the surface 

of the tube (10,000 W/m2). 

 The exit gage pressure is zero. 

 
Further explanations regarding boundary conditions are 

found in the following parts. 

 

Properties of nanofluid 

 

The properties of the nanofluid are calculated using the 

equations proposed by different researchers in the 

literature.  

 

Calculation of nanofluid density is carried out using the 

correlation proposed by Cho and Pak (1998) as below: 

     𝜌𝑛𝑓=(1−𝜑)𝜌𝑏𝑓+𝜑𝜌𝑛𝑝
 (6) 

 

where φ, is volume concentration of the nano particles, 

the subscripts bf and np refer to base fluid and 

nanoparticles, respectively.  

 

The effective specific heat of the nanofluid (Cp)nf can be 
calculated based on the expression proposed by Xuan and 

Roetzel (2000): 

 

(𝐶𝑝)𝑛𝑓 =
(1−𝜑)(𝜌𝐶𝑝)𝑏𝑓+ 𝜑(𝜌𝐶𝑝)𝑛𝑝

𝜌𝑛𝑓
 (7) 
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The Maxwell’s model (1954) is used for evaluation of the 

thermal conductivity as shown below: 

 

𝑘𝑛𝑓 =  
𝑘𝑛𝑝+2𝑘𝑏𝑓−2𝜑(𝑘𝑏𝑓− 𝑘𝑛𝑝)

𝑘𝑛𝑝+2𝑘𝑏𝑓+ 𝜑(𝑘𝑏𝑓− 𝑘𝑛𝑝)
𝑘𝑏𝑓  (8) 

 

where knp, kbf and φ are the thermal conductivity of 

nanoparticles, thermal conductivity of the fluid and the 

volume concentration, respectively. 

 

For the calculation of the effective viscosity, expression 

developed by Pak and Cho (1998) is used. 
 

μnf = μbf (1 + 39.11φnp + 533.9φ2
np) (9) 

 

Important Flow Parameters 

 

Reynolds number is one of the important parameters used 

to characterize fluid flows. For the problem under 

consideration, Reynolds number is defined in terms of 

mixture properties as: 

 

Re =  
ρ𝑛𝑓UDh

μ𝑛𝑓
 (10) 

 

where ρnf is the nanofluid density, U the average velocity, 

Dh the hydrodynamic diameter (for circular tube Dh being 

the same as the tube diameter) and µnf is the dynamic 

viscosity of the nanofluid.  

 

Nusselt number quantifies the convection heat transfer 

relative to conduction heat transfer within a fluid layer 

(Cengel, 2014). The average Nusselt number is defined 

as 

 

Nu =
ℎ𝐷ℎ

𝑘𝑛𝑓
 (11) 

 

where h, knf and Dh are the average heat transfer 

coefficient, thermal conductivity of nanofluid and 

hydraulic diameter of the tube, respectively. 

 

The average friction factor for the plain tube and capsule 
dimpled tube are calculated using the Darcy equation as 

(Cengel, 2014): 

 

𝑓 =
2𝐷ℎ∆𝑝

𝜌𝑛𝑓𝐿𝑈2 (12) 

 

To ensure that the flow is hydrodynamically fully 

developed before entering the dimpled tube, it is 

important to have the necessary entrance length. To meet 

this requirement, the tube is extended by a plain section 
at inlet end as seen in Fig. 1.  

 

Heat Transfer Enhancement and Performance 

Evaluation Criteria 

 

Contribution of the dimples to the heat transfer rate is 

determined by comparing the Nusselt number with the 

Nusselt number for non-dimpled plain cases. For the 

estimation of the enhancement, heat transfer 

enhancement ratio (ER), which is the ratio of the Nusselt 

number in an enhanced case (dimpled tube) to the Nusselt 

number in the plain tube case (plain tube) 
(Kukulka et al., 2013), i.e. 

 

𝐸𝑅 =  
Nud

Nup
 (13) 

 

Since the geometrical modification at the heat transfer 

surface may cause an increase in the pressure drop 

(friction coefficient), a performance criterion combining 

the Nusselt number and friction coefficient (pressure 

drop) is defined. This criterion is known as Performance 

evaluation criteria (PEC), and different expression are 

proposed. PEC is the ratio of heat transfer enhancement 

to the hydraulic losses. Expression used for PEC 

proposed by Gee and Webb (1980) is given as: 
 

𝑃𝐸𝐶 =  

𝑁𝑢𝑑
𝑁𝑢𝑝

(
𝑓𝑑
𝑓𝑝

)

1
3

                    (14) 

 
In this study the performance evaluation criterion (PEC) 

is used to estimate the performance of the different cases 

considered. 

 

Turbulence Equations 

In the current study, laminar, transient, and turbulent 
flows were considered. Literature review shows that for 

low Reynolds number flows (one considered in this 

study) the realizable k-ε model yields better predictions 

in near wall flows in comparison to other turbulence 

models (Alshehri et al., 2020). Hence, the realizable k-ε 

turbulence model was chosen for the numerical 

simulations.   

For turbulent kinetic energy k, the transport equation is; 

 
𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
] + 𝐺𝑘 − 𝜌𝜖 − 𝑌𝑀 (15) 

 

Where Gk, YM and σk represent the generation of turbulent 

kinetic energy due to the mean velocity gradient, the 

contribution of fluctuating dilatation in compressible 

turbulence to overall dissipation rate and a turbulent 

Prandtl number for k, respectively. 

 

In addition, the transport equation for the turbulent 

kinetic energy dissipation rate (ϵ), is written as: 
 
𝜕(𝜌𝜖𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑖
] + 𝜌𝐶1𝑆𝜖 − 𝜌𝐶2

𝜖2

𝑘+√𝑣𝜖
 (16 ) 
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where; 

 

C1 = max [0.43,
η

η+5
], η =

k

ϵ
 √2SijSij                          (17) 

 

The constants are: C2 = 1.9, σk = 1.0 and σϵ = 1.2. 

 

The eddy viscosity μt is calculated as 

 

μt =  ρCη
k2

ϵ
                 

(18)   
Cη is calculated as 

 

Cη =
1

A0+As
kU∗

ϵ

                   

(19) 
 

where 

U∗ =  √SijSij + Ω̃ijΩ̃ij, A0 = 4.04, As =

√6 cos ∅   (20)      

  ∅ = 3 cos−1 √6W and W =
SijSikSki

S̃3                 

(21) 

and   

 

S̃ = √SijSij ,     Ω̃ij = 0.5 (
∂uj

∂xi
+

∂ui

∂xj
)               

(22)  

 

NUMERICAL SOLUTION 

 

ANSYS Fluent software is utilized to solve the nonlinear 

governing equations presented in the previous part for the 

described physical problem of steady, incompressible, 

turbulent flow and heat transfer in a capsule dimpled tube 

with water and nanofluid as the working fluids. 

 

The pressure and velocity coupling the Semi-Implicit 
Method for Pressure Linked Equations (SIMPLE) 

algorithm is used. Momentum and energy equations are 

discretized by the second order upwind scheme. For the 

convergence criteria, the residuals for all the variables are 

set to 10−6. 

 

Mesh Generation and Mesh Independence Study 
 

To ensure the reliability and compatibility of the 

numerical results, a good computational mesh should be 

generated. As seen in Fig. 3, a quarter sector of the pipe 

enclosing one row of the dimples was considered as the 
computational field. Due to the 3-dimensional capsule 

geometry, a 3-dimensional mesh is formed. (For the 

simulations in plain pipes a 2-D mesh system is used.)  

To resolve the sublayer regions developed near the tube 

wall, a fine mesh structure usually with y+≅1 is 

implemented. The tetrahedral mesh structure was used, 

and it was produced using ANSYS meshing tool. 

 
Figure 3. Mesh structure of capsule dimpled tube. 

 

To verify the validity of the simulation results and 

keeping the computational costs as low as possible, a 

mesh independence study was conducted. For the mesh 

independence study, case with Reynolds numbers 14,000 
is considered and computations were repeated with 

different mesh sizes. To determine the optimum mesh 

size, Nusselt numbers obtained with different mesh sizes 

for different dimple depths were compared. The average 

Nusselt numbers calculated from the numerical results 

with different meshes are shown in Fig. 4 and Fig. 5 for 

plain and dimpled tubes, respectively. 

 

Analysis of Fig. 4 shows that a mesh 700,000 with nodes 

yields mesh independent results for plain pipe flows 

considered. Also, from Fig. 5 conclude that a mesh of 3.0 
million nodes is good for mesh independent results for 

different dimple depths considered. Hence, for all the 

plain tube simulations and dimpled tube cases, mesh size 

of 700,000 and 3.0 million was used, respectively.   

 
Figure 4. Variation of Nusselt number obtained with mesh 
number for the plain tube. 
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Figure 5.  Variation of Nusselt numbers obtained with mesh 
sizes for dimple depths of 1.0, 1.5, 2.0 and 2.5 mm. 

 

Comparison of Turbulence Models 

 

To assess the suitability of the turbulence model used, a 

sequential study was conducted for flows with different 
Reynolds numbers using different turbulence models 

(realizable k-ε, standard k-ε with enhanced wall 

treatment for the near wall flow and the SST k-ω). The 

Nusselt numbers and friction factors are obtained with 

different models and compared with the Petukhov 

correlation given below (Cengel, 2014): 

 

Nu =
(

f

8
)(Re−1000)Pr

1+12.7(
f

8
)

0.5
(Pr

2
3−1)

                (23) 

 

This correlation is valid for the ranges of 
3,000 < Re < 5×106 and 0.5 ≤ Pr ≤ 2,000. 

 

Figure 6. Comparison of Nusselt Numbers obtained using 

different turbulence models with the Petukhov correlation 

As seen in Fig. 6, Nusselt numbers for the realizable k-ε 

model has a better approach than the other models for all 

Reynolds numbers being considered. Based on that, the 

realizable k-ε turbulence model is selected. 

Validation of Numerical Results 

To validate the numerical method and computer program 

used in the present study, a verification study was carried 

out considering the flow of water in the plain and dimpled 

tubes separately.  

 

Numerical computations were performed for flows with 

different Reynolds numbers. The Nusselt numbers 

calculated from the numerical results and Nusselt 

numbers calculated from Petukhov correlation were 

calculated and compared in Fig. 7. As seen in Fig. 7, the 

results show a good agreement. For the case of a fully 
developed laminar flow, Nusselt number was calculated 

as 4.29, which is excepted when compared with the 

literature (Cengel, 2014).  

 

 
 

Figure 7. Comparison of numerically calculated Nusselt 
numbers with Petukhov correlation in plain tube. 

 
The friction factor calculated from the numerical results 

in the plain tube also shows good agreement with the 

Petukhov correlation given below, with an average value 

of 0.03 and the errors fall within the acceptable range.  

 

f = (0.790 lnRe – 1.64)−2                       

(24) 

 

Validity range of this expression is 3000 < Re < 5×106. 

 

To demonstrate the validity of the numerical results in the 

dimpled tubes, a verification study was carried out based 
on the study by Sabir et al. (2020) in ellipsoidal dimpled 

tube. The tube used in the study has a diameter of 17.3 

mm, dimple diameter and depth are 3.9 mm and 1.17 mm, 

respectively with a pitch of 10 mm. A constant heat flux 

of 10,000 W/m2 was applied. 

 

The Nusselt numbers are compared in Fig 8. Maximum 

difference in the Nusselt numbers is calculated about 

10%. The average friction factor is calculated as 0.06 and 

compared with the results given by Sabir et al. (2020) a 

15% difference is observed.   These differences are 
considered in the acceptable ranges.  
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Figure 8. Comparison of numerically calculated Nusselt 
numbers with study of Sabir et al. (2020) for dimpled tubes. 

 

RESULTS AND DISCUSSIONS 

 

The objective of the study is to investigate the heat 

transfer enhancement for a tube flow using dimpled tube 

surface and nanofluid. For this purpose, numerical 

simulations were performed in plain and dimpled tubes. 
To investigate the effects of dimple depth on the heat 

transfer rate, the computations were performed with 

dimple depths of 1, 1.5, 2 and 2.5 mm for pure water flow 

and nanofluid flow with nanoparticle volumetric 

concentrations of 1%, 2% and 3%. The values of 

geometrical parameters of the tube and dimples are given 

in Table 1. The computations were performed for 

Reynolds numbers 2,000, 4,000, 6,000, 8,000, 10,000, 

12,000 and 14,000. 

 
Table 1. Values of tube and of dimple geometric parameters.  

Tube Diameter  𝑫𝒕  18 mm 

Length of dimpled section 𝑳𝒅 440 mm 

Dimple length 𝒅 12/13/14/15 mm 

Pitch 𝐏 15 mm 

Dimple Depth  𝒉 1/1.5/2/2.5 mm 

Center to center length w 10 mm 

Entrance Length 
12,000 mm (Laminar) 
200 mm (Turbulent) 

 

As the nanofluid, water-Al2O3 mixture is used. 

Thermophysical properties of the Al2O3-water nanofluid 

are calculated using the expressions given in Section 2 

and given in the Table 2 for different volume 

concentrations (Minea, 2017). 

 

Table 2. Thermophysical properties of Al2O3-water nanofluid 
for different nanoparticle volume concentrations 

Volume 

Concent

ration 

(%) 

ρ 

(kg/m3) 

µ  

(Pa.s) 

cp   

(J/kgK) 

k  

(W/mK) 

1 1,026.2 0.001444 4,048.8 0.63 

2 1,056 0.001996 3,924.2 0.649 

3 1,085.7 0.002654 3,806.3 0.667 

 

The simulations were performed first for plain tube cases 

using pure water and nanofluid as working fluid. Then 

for dimpled tubes again for pure water and nanofluid as 

working fluid. The effects of Reynolds number, dimple 

depth and nanoparticle volumetric concentration on 

Nusselt number and friction factor are calculated.  To 

characterize the heat transfer enhancement, the 

performance evaluation criteria (PEC) is also calculated 
for all the cases considered. The results are presented as 

graphs and analyzed below.   

 

Effects of Capsule Dimples  

 

Fully developed flow enters the dimpled tubes. Due to 

the dimples on the surface, considerable changes take 

place in the velocity and temperature fields, especially 

near the tube wall.  Velocity increases and drops form 

because of the change in the flow cross sectional area due 

to the dimples.  

 
Figure 9. Velocity contours at a section of dimpled pipe for the 
flow of pure water flow with Re=10000 and dimple depth of 2 

mm. 

  

For the flow of pure water with Re=10000 and dimple 
depth of 2 mm, velocity contours for the dimples at the 

middle of the pipe on z direction along the flow are given 

in Fig. 9.  As seen in Fig. 9, over the dimples, boundary 

layer thickness decreases while some recirculation forms 

between the dimples at downstream face of the dimples. 

 
From the temperature field calculated, the average heat 
transfer coefficients and then average Nusselt numbers 

were calculated for the flow of pure water at different 

Reynolds numbers in tubes with different dimple heights. 

These Nusselt number results are shown in Fig. 10.  
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Figure 10. Variation of Nusselt number with Reynolds 

numbers at different dimple depths for pure water flows. 
 

One can observe from Fig. 10 that both with increasing 

Reynolds number and the dimple depth, the Nusselt 
number increases. It is also seen in this figure that the 

increase in Nusselt number is more pronounced as flow 

regime changes from laminar regime (Re = 2000) to 

turbulent regime (Re=4000). This behavior is seen in 

both plain and dimpled tubes. In this transition region, it 

is seen that the rate of increase of the Nusselt number is 

higher in plain pipe flows than that of dimpled pipes. The 

reason for this phenomenon is that, for low Reynolds 

number flows, the presence of dimples in a tube surface 

affects the flow domain by generating vortices which 

disturb the flow and allow the flow to reach a turbulent 
state even at lower Reynolds numbers where the flow is 

considered to be laminar in a plain tube. 

(Suresh et al., 2011). In the fully turbulent flows, the 

increase in the Nusselt numbers is almost linear for both 

plain and dimpled pipes. Increasing the dimple depth also 

increases the tube surface area accordingly and in 

contrast, allow the convective heat transfer to occur far 

more efficiently, thereby increasing the Nusselt number 

(Firoozi, 2020).  

 

In Fig. 11, variations of friction factor with Reynolds 

number in dimpled pipes with different dimple depths 
and plain pipe for pure water flow are given. In this figure 

it is clearly seen that dimples cause an increase in the 

friction factor compared to the plain tube as expected. In 

the transition region, as in the Nusselt number variation, 

the variation of the friction factor in plain pipe is also 

high compared to the dimpled tube flows. For the laminar 

flows, increase in the friction factor is much higher with 

increasing dimple depth.   

 

 
Figure 11. Variation of friction factor with Reynolds numbers 
at different dimple depths for water. 

 

The performance evaluation criteria (PEC) which is an 

important tool to study the heat transfer and pressure drop 

within the capsule dimpled tubes calculated and plotted 

in Fig. 12. With the aid of PEC, performance of the 
dimpled tube can be evaluated considering both Nusselt 

number and friction factor effects. 

 

 
Figure 12. Variation of PEC with Reynolds numbers for 

different dimple depths for water. 

 

As can be seen in Fig. 12, PEC values are decreasing with 

Reynolds number and dimple depth. For the transitional 
flow, (Re=4000-6000) 1.5 mm depth yields the best 

performance. However, as Re increases and flow 

becomes more and more turbulent, the dimples with 1 

mm depth give better performance. It can be seen that, 

increasing dimple depth increases the performance till an 

optimum depth value. After that, especially in the 

turbulent region, PEC starts to drop. So when 2 mm 

dimple depth is used in the tubes, for the lower Reynolds 

Number flows (laminar and transition) it gives better 

performance, but when flow velocity increases and 

turbulence dominates, the friction factor does not fall, on 
the contrary it increases because of the dimples and 

performance decreases When the graphic is further 

examined, it can be seen that, 2.5 mm dimple depth has 

the worst characteristics since the friction factor 
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increases dramatically and flow becomes blocked due to 

decreased flow area for high dimple depths.   

 

The effects of nanofluid  

 

To investigate the effects of nanofluid on heat transfer 

enhancement, the simulations were performed for flows 

of Al2O3-water nanofluid with volumetric nanoparticle 

concentrations of 1%, 2% and 3% for different dimple 

depths (1.0, 1.5, 2.0 and 2.5 mm) and different Reynolds 

numbers. Again, from the simulated temperature, 
velocity, and pressure fields, Nusselt numbers, friction 

factors and performance evaluation criterion were 

calculated. For Nusselt number variation, it is noted that, 

increasing capsule depth increases Nusselt number more 

than the water flow in capsule dimpled pipes. In Fig. 13, 

PEC variation for 1% nanofluid is given as an example. 

Trends for all concentrations are similar.  

 

Figure 13. Variation of (PEC) with Reynolds numbers for 
different dimpled depths for Al2O3-water nanofluid with 1% 
concentration.  

 

The variations of PEC with dimple depths at different 

Reynolds number and nano particle concentrations are 

shown in Fig. 14. As seen in these figures, at all lower 

Reynolds numbers (Re<8000) considered, PEC increases 

with increasing nano particle concentration. However, as 

Reynolds number increases, the effects of nano particles 

diminish.    

 

In low Reynolds number flows, the presence of dimples 

affects the flow field by generating vortices which disturb 
the flow and allow the flow to reach a turbulent state even 

at lower Reynolds numbers where the flow is considered 

to be laminar in a plain tube. Hence, in the laminar region 

PEC increases with both increasing dimple depth and 

nanofluid concentration. This can be seen in Figure 14.  

PEC values for the laminar region are very high 

compared to transitional and turbulent flows. 

 

 

 

 

 

 

 

 

 
 
Figure 14. Effect of increasing dimple depth on PEC for 
different Reynolds Numbers for different nanofluid 
concentrations. 

 

For the transition region, increase in volume 

concentration of nanofluid increases the PEC. On the 

other hand, as dimple depth increases, especially beyond 

1.5 mm, it causes a reduction in performance for all cases.  

It should also be noted that with the increasing dimple 
depth, the blockage effects of the dimples increase which 

can cause and increase in friction coefficient. This may 

be because of the unpredictable flow phenomena that 

relates to the transition region.  

 

On the early formation of turbulent flow around 

RE=6000, an increasing pattern in the PEC and a sudden 

drop can be seen around the 2 mm depth of dimple depth. 

In this region, 1 % in nanoparticle concentration of 

nanofluids shows best performance among all cases. 

 

For a higher Re, (12000 for instance) The dimple depth 
adversely affects the performance since the friction 

factors are very high. The PECs drop dramatically with 

increasing depths. Moreover, the best performance is 

found for 1% nanofluid and a tube with a dimple depth 

of 1 mm. 
 

CONCLUSION 

 

A numerical investigation was carried out to investigate 

the heat transfer, pressure drop characteristics and 

performance evaluation criteria (PEC) for newly 

0,90

0,95

1,00

1,05

1,10

1,15

1,20

4000 6000 8000 10000 12000 14000

P
EC

Re

1mm 1.5mm

2mm 2.5mm

3,0

4,0

5,0

6,0

1 1,5 2 2,5

P
EC

Dimple Depth, mm

Re = 2000

1,10

1,15

1,20

1,25

1 1,5 2 2,5

Dimple Depth, mm

Re = 4000

1,03

1,04

1,05

1,06

1,07

1,08

1,09

1,10

1 1,5 2 2,5

P
EC

Dimple Depth, mm

Re = 6000

0,94

0,96

0,98

1,00

1,02

1,04

1 1,5 2 2,5

Dimple Depth, mm

Re = 12000



  

279 
 

proposed capsule dimpled tubes with pure water and 

Al2O3-water nanofluid as the working fluids. The study 

was performed for fully developed laminar, transition 

and turbulent flow conditions with uniform heat flux 

through the tube surface. The simulations were 

performed using ANSYS Fluent. For capsule dimpled 

tubes, three-dimensional; and for plain tubes, 2-D 

simulations were performed for steady state flow 

conditions. 

 

Effects of Reynolds number, dimple depth, nano particle 
volumetric concentration on Nusselt number, friction 

factor and PEC were analyzed. The dimple depths 

varying between 1 and 2.5 mm, Reynolds numbers 

ranging between 2000-14000, nano particle 

concentration varying between 1% and 3% are 

considered in the numerical simulations.  

The findings of the study can be summarized as 

following:   

 

 For water as the heat transfer fluid, the Nusselt 

number increases with increasing dimple depths at all 
Reynolds numbers considered. Unfortunately, the 

friction factor also increases with increasing dimple 

depth. Hence, as PEC shows a significant increase in 

the laminar region, it starts to decrease gradually in 

the transition and then in the turbulent regions.  

 For Al2O3-Water nanofluid as the heat transfer fluid, 

the trend of variation of Nusselt number, friction 

factor and PEC with Reynolds number is similar to 

those of pure water. Furthermore, for each dimple 

depth considered, as the nanoparticle concentration 

increases, Nusselt number and the friction factor 

increases significantly compared to plain tube.  

 For small Re (laminar flow), higher depths of dimples 

seem to have a better performance due to the increase 

in Nusselt number for dimpled tube compared to plain 

tube.  

 In high Reynolds numbers, the nanoparticle 

concentration has less effect on increasing PEC, since 

deeper dimples causes the friction factor to increase 

very much. 

 A blockage phenomenon is observed when dimple 

depths become deeper. This acts as barrier against 

fluid flow, which in turn results in an increase in the 
friction factor and a decrease in PEC. This also 

depends on the Reynolds Number.  

 

When considering PEC, the best performance among the 

cases studied are found as follows: 

 

 For laminar region, 2.5 mm dimple depth and 

3% nanoparticle concentration.  

 For transition region, 2 mm dimple depth and 

3% nanoparticle concentration.  

 For early turbulence region (Re=6,000), 2 mm 
dimple depth and 1% nanoparticle 

concentration.  

 For turbulence region (Re≥8,000), 1 mm dimple 

depth and 1% nanoparticle concentration.  
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