
 

 

 

TECHNICAL POTENTIAL OF ROOFTOP SOLAR PHOTOVOLTAIC FOR 

ANKARA: A PRELIMINARY STUDY  

 

 

 

 

 

 

A THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

 

 

 

 

BY 

 

ELĶF CEREN KUTLU 

 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR 

THE DEGREE OF MASTER OF SCIENCE 

IN 

EARTH SYSTEM SCIENCE 

 

 

 

 

 

 

 

SEPTEMBER 2020





 

 

 

Approval of the thesis: 

 

TECHNICAL POTENTIAL OF ROOFTOP SOLAR PHOTOVOLTAIC 

FOR ANKARA: A PRELIMINARY STUDY  

 

submitted by ELĶF CEREN KUTLU in partial fulfillment of the requirements for 

the degree of Master of Science in Earth System Science, Middle East Technical 

University by, 

 

Prof. Dr. Halil Kalēp­ēlar  

Dean, Graduate School of Natural and Applied Sciences 

 

 

Prof. Dr. B¿lent G¿ltekin Akēnoĵlu 

Head of the Department, Earth System Science 

 

 

Prof. Dr.B¿lent G¿ltekin Akēnoĵlu  

Supervisor, Physics, METU  

 

 

Prof. Dr. Uĵur Soytaĸ 

Co-Supervisor, Business Administration, METU  

 

 

 

Examining Committee Members: 

 

Prof. Dr. Ramazan Sarē 

Business Administration, METU 

 

 

Prof. Dr. B¿lent G¿ltekin Akēnoĵlu 

Physics, METU 

 

 

Asst. Prof. Dr. Talat ¥zden 

Electrical Engineering G¿m¿ĸhane University 

 

 

 

Date: 21.09.2020 

 

 



 

 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 

presented in accordance with academic rules and ethical conduct. I also declare 

that, as required by these rules and conduct, I have fully cited and referenced 

all material and results that are not original to this work. 

 

  

 

Name, Last name :  Elif Ceren, Kutlu 

Signature : 



 

 

v 

 

ABSTRACT 

 

TECHNICAL POTENTIAL OF ROOFTOP SOLAR PHOTOVOLTAIC 

FOR ANKARA: A PRELIMINARY STUDY  

 

 

 

Kutlu, Elif Ceren 

Master of Science, Earth System Science 

Supervisor: Prof. Dr. B¿lent G¿ltekin Akēnoĵlu 

Co-Supervisor: Prof. Dr. Uĵur Soytaĸ 

 

 

September 2020, 145 pages 

 

 

Cities are responsible for over two-thirds of total energy consumption due to the 

population's externalities. The buildings in the urban areas cause half of this energy 

consumption. 250 cities have 100% renewable energy target worldwide, including 

nineteen metropolitans such as London, Los Angeles, Tokyo, and Paris. Besides, 

these metropolitans aim at zero emissions in new buildings by 2030 and in the 

existing ones by 2050. By year of 2018, as a developing country, Turkey has a 

dependency ratio of 73.8 % for overall energy and 51.11% for electricity. In order to 

overcome problems like population-based pressure in cities and energy security, 

Turkey requires effective and realistic renewable energy solutions that can combat 

climate change. As policymakers emphasize, more decentralized solutions as city-

wide and municipality-based policies, would provide faster and more effective 

results to reach renewable energy targets. The renewable energy potential is not the 

same for all cities. Although there are some rooftop technical solar PV potential 

studies in country-wide, one of the main motivations of this study is to focus on both 

building types and roof types to generalize for a city. We develop an accurate 
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methodology to determine the rooftop technical PV potential reliable and applicable 

to every type of roofs. City of Ankara is a convenient starting point for this study 

due to its relatively high solar irradiance, high number of public buildings and 

increasing energy demand. In the study, buildings in Ankara divided into three 

categories: residential, public, and commercial (shopping mall). After the manual 

selection, the methodology is applied using a well-known Helioscope software 

program and suitable area constants (access factors) are determined for the three 

categories. Constant value method was used to generalize the constants to all 

buildings. The results indicate that the Mono-Si module application is the optimum 

one for both pitched-roof and flat-roof apartments. Bifacial modules have better 

results for detached houses, public buildings, and shopping malls, and the amount of 

energy production might be increased by row-spacing arrangement specifically to 

the building. 

 

Keywords: Rooftop PV, solar energy, solar potential, building solar potential, 

bifacial 
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ķehirler, n¿fus kaynaklē toplam enerji t¿ketiminin ¿­te ikisinden sorumludur. ķehir 

merkezlerindeki binalar ise bu enerji t¿ketiminin yarēsēnē oluĸturur.  D¿nya 

genelinde, Londra, Los Angeles, Tokyo ve Paris gibi on dokuz metropoliten ĸehrin 

de i­inde bulunduĵu iki y¿z elliden fazla ĸehir %100 yenilenebilir enerji hedefi 

koymuĸtur. Bu metropoliten ĸehirler, 2030 itibariyle yeni binalar i­in, 2050 itibariyle 

de var olan binalar i­in 0 emisyon hedefi koymuĸtur. 2018 yēlē itibariyle, geliĸmekte 

olan ¿lkelerden olan T¿rkiye, toplam enerjide %73.8, elektrikte ise %51.11 dēĸa 

baĵēmlēdēr. Hem ĸehirlerdeki n¿fus artēĸēnēn yarattēĵē enerji baskēsēnēn hem de enerji 

arz ve g¿venliĵinin ¿stesinden gelebilmek i­in T¿rkiye iklim deĵiĸikliĵiyle 

m¿cadele ederek etkili ve ger­ek­i yenilenebilir enerji ­ºz¿mleri geliĸtirmelidir. 

Politikacēlarēn da vurguladēĵē gibi, ĸehir ve belediye bazlē politikalar yenilenebilir 

enerji hedeflerine ulaĸmada lokal yapēlaĸmalarē sayesinde daha hēzlē ve etkili 

­ºz¿mler saĵlamaktadēr. Her ĸehrin yenilebilir enerjisi potansiyeli eĸit deĵildir. Bu 

­alēĸmanēn en ºnemli motivasyonlarēndan biri ­atē ¿st¿ g¿neĸ fotovoltaik teknik 

potansiyeli i­in T¿rkiye geneli ­alēĸmalar olsa da bina ve ­atē tiplerine gºre 

genellemeye odaklanan ĸehir bazlē bir ­alēĸma yapēlmamēĸtēr. Bu ­alēĸmada ­atē ¿st¿ 
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teknik PV potansiyelinin belirlenebilmesi i­in her ­atē tipine uygulanabilir ve 

g¿venilir bir metot geliĸtirilmiĸtir. G¿neĸ ēĸēnēmēnēn T¿rkiye ortalamasēndan y¿ksek 

olmasē, baĸkent olmasē nedeniyle y¿ksek oranda kamu binasē bulundurmasē ve artan 

enerji ihtiyacēnē gidermek i­in doĵal motivasyonunun olmasē Ankaraôyē baĸlangē­ 

i­in uygun bir ĸehir kēlmaktadēr. Bu ­alēĸmada Ankaraôdaki binalar konut, kamu ve 

ticari binalar (alēĸveriĸ merkezleri) olarak ¿­e ayrēlmēĸtēr. Se­ilen binalara manuel 

ºrnekleme metoduyla Helioscope programē uygulanmēĸ olup, elde edilen FV mod¿l 

uygulanabilir alan oranē (eriĸim katsayēlarē) sabit deĵer metoduyla diĵer binalar i­in 

genellenmiĸtir. Sonu­lar hem eĵik ­atēlē hem d¿z ­atēlē apartmanlar i­in Monokristal 

panellerin daha verimli olduĵunu gºstermiĸtir. ¥te yandan, m¿stakil binalar, kamu 

binalarē ve alēĸveriĸ merkezleri i­in ise ­ift taraflē paneller daha iyi sonu­ vermiĸtir. 

Aynē zamanda, paneller arasē boĸluk hesaplarēnēn o binaya ºzel olarak 

ayarlanmasēnēn, ¿retilen enerji miktarēnē y¿ksek oranda artērabildiĵi 

gºzlemlenmiĸtir.  

 

Anahtar Kelimeler: ¢atē ¿st¿ FV, g¿neĸ enerjisi, g¿neĸ enerjisi potansiyeli, bina 

g¿neĸ potansiyeli, ­ift taraflē panel  
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CHAPTER 1  

1 INTRODUCTION   

Cities are responsible for over two-thirds of total energy consumption due to the 

population's externalities. Furthermore, it is stated that the buildings in urban areas 

cause half of this energy consumption (Couture et al., 2019). Worldwide, 250 cities, 

which nineteen of them metropolitans, including London, Los Angeles, Tokyo, and 

Paris have 100% renewable energy target. Besides, these metropolitans aim at zero 

emissions in new buildings by 2030 and, for the existing ones by 2050 (Scott, 2018). 

As a developing country, Turkey is a net fossil fuel-dependent country. By year of 

2018, Turkey imported its 73.8 % of the overall energy (Eurostat, 2020) and 51.11% 

of its electrical energy (TEIAS, 2019). 

Moreover, as the rate of urbanization is above the world average, the energy pressure 

in the cities is increasing. Fossil fuel dependency, high urbanization rates, and their 

externalities push Turkey to make sustainable solutions. To overcome problems such 

as population-based pressure in cities, energy security and climate change, Turkey 

requires effective and realistic renewable energy solutions to combat also global 

warming. As policymakers emphasize, city-wide, municipality-based policies that 

refer to more decentralized solutions provide faster and more effective results to 

reach renewable energy targets. The renewable energy potential is not the same for 

all cities; Turkey needs to shift the decentralized solution to supply the increasing 

electricity demand in urbanized areas. As the capital of Turkey, Ankara receives 

considerable solar energy, in this study, the rooftop PV Potential of Ankara is 

calculated as divided into three types of buildings: residential, public, and 

commercial (shopping mall).  
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1.1 Background of the Study  

As the end of 2018, Turkeyôs electricity production was sourced 20.67 % by 

imported coal, 30.34% natural gas, 14.79% lignite, 0.11 % fuel oil, 1.70 % coal and 

asphaltite, 13.44 % hydro with a dam, 6.54% wind, 6.22% lake and river, 2.56% 

solar, 2.44 % geothermal, 1.19 % renewable waste and total electricity production 

was 304801.9 GWh. In terms of renewable energy, hydro with dams was leading 

with 41.90 % and followed by 20.40% wind, 19.39% lake and river, 7.98% solar, 

7.60% geothermal, and 2.73 % renewable waste (TEIAS, 2019). In 2000, the part of 

fossil fuels in gross available energy was 80.6% for EU-28 countries and 86.6% for 

Turkey; in 2018, the part of the amount decreased to 72.4% in EU-28 countries; 

however, it increased to 87.2 % for Turkey, respectively. Moreover, although Turkey 

had a better part of the amount of renewable energy with 24.9 % while EU-28 

countries had 13.9% in 2000, Turkey  increased to 32.2 % in 18 years, whereas EU-

28 countries reached to 32.4% (Eurostat, 2020). Turkey has huge geological and 

technical potential of solar energy compared with other European Countries. This 

advantage is now used to install photovoltaic (PV) power plants in the last few years. 

 

Figure 1: Solar PV Installed Capacities (MW) in Turkey according to years  (TEIAS, 

2020) 
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Figure 1 shows the increasement of Solar PV installation in Turkey for the years 

between 2015 and 2020 July. After 2016, installations increased faster. For solar 

sourced electricity generation according to primary sources of Turkey for the end of 

July 2019 and the end of July 2020, there is also an increasement from 5837 GWh 

to 6866 GWh and installed capacities for the same period are 5513 MW and 6166 

MW, respectively. With the increased ratio of 17.63% in electricity production, solar 

has the highest rate (GUYAD, 2020). 

As mentioned above Turkey and henceforth Ankara have high solar potential. Figure 

2 shows the global horizontal irradiance (KWh /m2) of some cities, which are mostly 

mentioned in the Literature Review part. It shows that the global horizontal 

irradiation of Ankara is higher than the European cities. 

 

 

Figure 2: Global Horizontal Irradiance (KWh /m2) of selected cities (Global Solar 

Atlas, 2020) 
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1.2 Background of Energy Policies in Turkey 

Turkey has a different statue since the Kyoto Protocol in 2004. Although Turkey was 

included in both Annex 1 and Annex 2 countries list, she tried to be removed from 

both of the lists, because she is not a developed country for providing financial 

support for non-Annex 1 countries and also she is a non-industrialized country that 

doesnôt have an emission reduction target because of her historical responsibility. 

However, the name is only deleted from Annex 2 countriesô list, and it has a different 

statue from other Annex 1 countries. Hence, it is not clear that Turkey must need 

emission reduction targets. 

Furthermore, although the renewable energy policy is relatively young, it aimed to 

set strategic and ambitious goals for implementation in Turkey. The law on 

Utilization of Renewable Energy in Electricity generation was enacted in May 2005, 

and after that, amendments were made in January 2011. Following these 

amendments, The Ministry of Energy and Natural Sources and Energy Market 

Regulatory Authority (EMRA) promulgated new regulations which are the one on 

Certification and Support of Renewable Energy Support Mechanism and the other, 

on Domestic Manufacturing of Components used in Renewable Energy Electricity 

Generation Facilities (Basaran S.,Dogru A.,Balcik F.,Ulugtekin N.,Goksel C.,Sozen 

S., 2015). Moreover, the amended law includes increasing the scale of unlicensed 

projects, higher tariffs, and enlarging the guarantee period to ten years and varied 

tariffs according to different sources (Ari  & Yikmaz, 2019). 

In April 2016, Turkey signed but not ratified the Paris Agreement. However, through 

the Paris Agreement, Turkey announced its INDC (Intended National Determined 

Contributions), and it is stated up to a 21% decline in Green House Gas (GHG) 

emission from Business as Usual scenario by 2030. Moreover, as stated in INDC, 

GHG emissions could be reduced to 926 million tons of CO2 equivalent by 2030 

sources (Ari & Yikmaz, 2019). 
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Turkey has 2023 targets in renewable total installed capacities as: 1 GW Geothermal 

Power, 34 GW Hydropower, 5 GW Solar PV (which is already reached) and 20 GW 

Wind Energy (Couture et al., 2019). 

Recent regulations of solar energy are entered into force by the Regulation of 

Unlicensed Electricity Production in Electricity Market #30772 in May 2019. In this 

regulation, only rooftop and fa­ade Solar PV applications were included and opened 

the way for selling of excess electricity production without any license and 

compulsory of incorporation. By limitation of 10 KW for residential and 5 MW for 

public and businesses, production and consumption are going to be measured hourly, 

and net-metering will be applied monthly. Furthermore, the previous 1 MW 

limitation for industry, commercial, and lightening consumers is also removed from 

rooftop and fa­ade solar PV applications (EPDK, 2019). 

1.3  Significance of the Study 

In 1970, the net electricity consumption was 7,308 GWh, and it increased to 46,820 

GWh in 1990, 98,296 GWh in 2000, and 258,232 GWh in 2018. Because of the 

electricity demand and consumption increases swiftly, Turkeyôs fossil fuel 

dependency increases. Between the years of 2004 and 2014, energy imports include 

21% of total imports. Moreover, between these years, energy import constitutes 85% 

of the current account deficit (Uysal, Yēlmaz, & Taĸ, 2015). Both the economic and 

environmental situation is a natural incentive for Turkey for a transition to renewable 

energy. 

Furthermore, Figure 3 shows the sectoral sharing of energy consumption for the 

years 1997-2018. Households have between 20-25 % of this consumption, public 

buildings have 3-5% in the last 30 years, and commercials have % 9-20.5 in the 

previous 20 years. For Ankara, the best option is solar energy due to geological 

position. However, in solar energy terms, for the installment of 1 MW, 10,098 m2 

area is required (Karaveli, 2014), and the land requirement has externalities such as 
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finding a suitable location and land cost.  Hence, in this study, it is aimed to calculate 

the potential of electricity produced in rooftops of buildings since consumption and 

production will take place within the same building (prosumer). 

 

Figure 3: The Ratio of Net Electricity Consumption by Different Sectors in Turkey 

for the years 1970-2018 (TUIK,2019) 

Moreover, Figure 4 and  Figure 5 show that Turkey has the 3rd place in solar water 

heating collector capacity and also after China has the highest rate in solar water 

heating collector installations. 
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Figure 4: The Rank of Total Capacity as of End-2018 (Couture et al., 2019) 

 

 

Figure 5: Solar Water Heating Collector Additions, Top 20 Countries for Capacity 

Added (Couture et al., 2019) 

As can be seen in  Figure 6, municipal and city-wide applications are more powerful 

to set targets and applicability. They have a direct mechanism to reach energy 

consumers, energy producers, regulators, facilitators, and urban planners. Cities' 

actions might provide significant information and impact national-level decisions 

while providing essential case studies for cities (Couture et al., 2019). 
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Figure 6: City Roles in Advancing Renewables Across Different Levels of 

Governance (Couture et al., 2019) 

In this concept, this study focused on city-wide applications for Ankara. There is no 

previous study in the literature that focuses on rooftop PV potentials directly in 

Turkey's city level. Although there are some studies country-wide, there is no 

specific study to focus on building types and generalization. This study aims to 

develop and propose a free, reliable, open-sourced, and applicable methodology for 

everybody.  

1.4  Studied City: Ankara 

Ankara is the capital city of Turkey, which is located at 39.93 ÁN and central 

Anatolia. Ankara has more than 5 million capita, and the annual population growth 

rate is reached to 2.45% between 2018 and 2019.  
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Figure 7: Electricity Consumption per Capita in Ankara between the years 2007-

2018 (TUIK, 2020b) 

Figure 7 shows an increasing trend in electricity consumption per capita in Ankara. 

After 2016, the rate of increase is higher; hence energy demand is increasing. Ankara 

belongs to the 3rd Climate Region in Turkey.  

 

Figure 8: Total Solar Irradiation (KWh/m2.year) of Ankara according to districts 

(YEGM, 2020) 

Figure 8 shows the total solar irradiation of Ankara districts. Although irradiation 

varies between south and north districts, solar irradiation values are between 1400 

KWh/m2.year and 1650 KWh/m2.year, which is higher than the average of the 

European cities. Although in YEGM (2020) report yearly solar irradiation values are 
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as above, in Figure 2, the Ankara city's value is given as 1655 kWh/m2.year as it is 

stated before. In this thesis, 1650 kWh/m2.year is used.  

 

 

Figure 9: Ankara Sunshine Duration 

(hr) (YEGM, 2020) 

 
Figure 10: Ankara Global Horizontal 

Irradiation (KWh/m2. day) (YEGM, 

2020) 

 

Figure 9 shows the average sunshine duration of Ankara according to months, and 

December is the least with 3.35 hours. July has the highest duration, with 11.06 

hours.  Figure 10 shows Ankaraôs daily average global horizontal irradiation 

monthly. In June, Ankara has the highest irradiation amount, and the value in July is 

also so close to the June amount. (Melikoglu, 2016) states that Turkey receives 

around 3.6 KWh/m2.day. On the other hand, Ankara receives around 4.04 

KWh/m2.day hence, higher than the average of Turkey. 

KO¢ER, ķevik, & G¦NG¥R (2016) found that the optimum tilt angle is 1Á in June, 

67Á in December and also between 15Á and 56Á in six-month terms in Ankara. Hence, 

in this study, 32Á is selected as an optimum tilt angle for Ankara.  

Ankara is an appropriate choice for the starting location to identify rooftop solar 

technical potential due to its relatively high solar irradiance, owning many public 

buildings for being a capital city, should meet the increasing energy demand.  
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1.5  Applied Software Selection 

PV modules are the main components of PV Power systems, which convert Sunôs 

energy to electricity directly. However, since the Sunôs energy is intermittent and 

varies over time, how the amount of solar irradiation is converted into electricity 

efficiently should be estimated. These estimations can be made by software programs 

which use surface irradiation measurements or satellite data and calculate 

performance estimations (¥zden, Karaveli, & Akēnoĵlu, 2020). In this study, 

software results are applied to all the same categorized buildings. Hence, to select 

the best suitable software option is highly important to reach better results. (Ceylan 

& Taĸdelen, 2018) made a comparison of software programs PV*SOL, Helioscope, 

PolySun, and PVGIS by on-site measurement in Isparta, Turkey. Helioscope 

application is selected as the most accurate software, with a 1.2% standard deviation. 

Also, it is stated that Helioscope has advantages such as flexibility, considering the 

technical features of selected modules, the changeability of alignment and 

orientation of modules and allows inverter interference. Furthermore, in (¥zden et 

al., 2020), a comparison is carried out for different software using on-site 

measurements in Ankara. They found that although PV*Sol and PVsyst estimates 

are acceptable, the best performance is provided by Helioscope. 

Since different PV sub-technologies are also compared for the same building in this 

study, technical features of modules are also important. Helioscope is selected in this 

study both of its flexibility and previous study results for the same city.  

1.6  Module Selection  

Solar PV systems are attractive for investors due to recent increases in efficiency, 

increased unit electricity price of conventional power plants, and a decrease in cost 

due to the latest developed technologies and economic scale effect. In the laboratory, 

for Mono-Si Crystalline Cell 26.7% is reached, and for the Mono-Si Crystalline 

module, 24.4 % efficiency is measured. Also, for Multi-Si Crystalline cell 22.3%, 
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for Multi-Si Crystalline Module 19.9% is reached, respectively (Fraunhofer Institute 

for Solar Energy Systems, 2020). 

 

Figure 11: Percentage of Annual Production of Modules (Fraunhofer Institute for 

Solar Energy Systems, 2020) 

Figure 11 shows the sharing percentages of the annual production of three different 

PV technologies as thin-film, Multi -Silicon Crystalline, and Mono-Silicon 

Crystalline Panels. As can be seen, although their sharing ratio varies according to 

years, Silicon Crystalline Modules dominates. Hence, both Mono-Si and Poly-Si 

modules are applied in this study for the same building. 

 

Figure 12: Ankara PV Potential based on the area (KWh /year) (YEGM,2020) 
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Furthermore, Figure 12 shows the estimated energy production per m2 according to 

different module types for Ankara. Mono-Si and Poly-Si are determined to have the 

highest energy production, as stated in (YEGM, 2020). 

 
Figure 13: Market share ratio of Bifacial 

Modules in Years (ITRPV, 2019) 

 

 
Figure 14: Market share comparison of 

Bifacial Modules and Monofacial  

Modules in Years (ITRPV, 2019) 

 

Moreover, Figure 13 and Figure 14 show how the bifacial module increases its 

market share. It is projected as the market share of bifacial modules will continue to 

increase in the 2020s. Thus, bifacial modules are also considered in this study. 
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CHAPTER 2  

2 LITERATURE REVIEW  

Figure 15 shows the hierarchical order of the estimation of renewable energy 

potentials. In this study, the city-based technical potential of rooftop PV is estimated. 

Brief definitions can be followed by the insets of the figure. 

 

Figure 15: Types of Renewable Energy Potentials (Gagnon, Margolis, Melius, & 

Phillips, 2016) 

2.1 Similar Studies in Literature 

As described in the above figure, system and topographic constraints, land-use 

constraints, and system performance should be known to reach technical potential. 

ñAccess Factorò is a term that includes land-use constraints like shadings and 

orientation. In this section, different terminologies are used for constants. NREL 

(2008) used the ñPV access factorò for different shadings and orientation (Paidipati, 

Frantzis, Sawyer, & Kurrasch, 2008). For the same calculation, Ord·¶ez, Jadraque, 

Alegre, & Mart²nez (2010) used the ñRelation coefficientò term and Izquierdo, 

Rodrigues, & Fueyo (2008) used ñavailable roof area.ò On the other hand, in this 
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study, besides shading and orientation, module space, space for access wiring, and 

inverters are also considered and defined as ñsuitable area constant.ò For this term, 

M. Khan, Asif, & Stach (2017) and Mainzer et al. (2014)  used ñUtilization constant 

/factorò  and Tripathi (2014) used the ñUseful area constantò term. Furthermore, in 

NREL (2008) report, it is stated that to reach a suitable area constant, the PV access 

factor is combined with Packing Factor, which is calculated as 1.25 for residential 

and commercial (Paidipati et al., 2008). On the other hand, (Lise et al., 2018) defined 

two constants as ñ weighted average ratio of usable areaò and ñpenetration factorò to 

reach usable area constant.  

 

Figure 16: PV Access Factor for Residential Buildings in Warmer Climates 

(Paidipati et al., 2008) 

 

 

Figure 17: PV Access Factor for Residential Buildings in Cooler Climate (Paidipati 

et al., 2008) 
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Figure 16 and Figure 17 show PV access factors for residential buildings in a warmer 

and cooler climate, respectively. In both of the climate types, pitched roofs are 

assumed as 92% of the total buildings. The average PV access factor is estimated as 

27 % of total roof area for warmer-climate residential and 22% for cooler-climate 

residential. 

 

Figure 18: PV Access Factor for Commercial Buildings in Warmer Climate 

(Paidipati et al., 2008) 

 

Figure 19: PV Access Factor for Commercial Buildings in Cooler Climate (Paidipati 

et al., 2008) 

Moreover, Figure 18 and Figure 19 show the same study for commercial buildings, 

which is assumed as all flat roofs. The PV access factor is estimated as 60% of total 

roof area for the warmer climate and 65 % for cooler climate one, respectively. On 

the other hand, the packing factor, which is estimated as 1.25 for residential and 

commercial buildings, modifies the suitable area constant by taking into account 

space required for the system like space for wiring, inverters and access between 

modules.  Also, it is stated that the technical potential of the rooftop PV potential 
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increases because of two reasons: the increasement in system efficiency and growing 

of the rooftop area over time (Paidipati et al., 2008). 

Melius, Margolis, & Ong (2013) stated that the methods to estimate the suitable 

rooftop area have both advantages and disadvantages. Firstly, although the constant 

value method is good as a starting point since it is quick and easy to compute, results 

are difficult to validate. Secondly, despite the manual selection methods being detail-

specific and making more realistic assumptions, it is a time-intensive method that is 

not applicable for wide and multiple regions. Thirdly, GIS-based methods are also 

detail-specific and applicable for wide/ multiple regions, yet it is time-intensive and 

intense computer-resource required. Furthermore, according to revised studies by 

constant value method, suitable PV area varies between 15-30% for residential, and 

15-65% for commercials. It varies between 1.31-33% for pitched roofs and 1.31-

55% for flat roofs when the manual selection method is selected. The suitable area 

constant varies between 6.5-59% by GIS-based method used studies. Moreover, in 

constant-value method studies, 8% of all residential buildings and 63% of all 

commercial building rooftops are assumed as flat for the U.S. In the validation part, 

it is stated that although GIS tools like Solar Analyst underestimates the solar 

potential, constant-value methods overestimate the energy potential. 

 Vardimon (2011) studied Israel's photovoltaic electricity production based on a 

complete GIS dataset for the whole country. By analyzing the orthophotos of all 

town's buildings, buildings were classified according to the usage of purpose, and 

ArcGIS software is applied. After calculating the total roof area by GIS application, 

a PV access factor is calculated using constant-value methods based on literature 

values. The results are calculated in 2 scenarios: "Total Potential Scenario" and 

"Economic Scenario" where all rooftops are accounted in the total potential scenario 

and the PV access factor is assumed as 30% for all rooftops; on the other hand, in 

Economic Scenario, only the roofs which are larger than 800 m2 are taken into 

account. For this scenario, the PV access factor is assumed as 50%. The module 

efficiencies are taken as 16% for Total Potential Scenario and 10% for Economic 
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Scenario. Yearly production potential is calculated as 15.9 TWh for Total Potential 

and 3.3 TWh for Economic Potential. 

Ord·¶ez, Jadraque, Alegre, & Mart²nez (2010) analyzed the photovoltaic solar 

energy capacity of residential rooftops in Andalusia (Spain) by starting from usage 

of gross roof surface area statistics for each building type from the Spanish Ministry 

of Development. Buildings are divided into three parts: detached/semi-detached 

houses, town/row houses, and high-rise buildings. To reach a suitable roof area, 

urban maps are provided from Google Earth and scaled with the AutoCAD. Obstacle 

constants such as HVAC system, antennas, shaded area calculated by AutoCAD 

application. Two types of installation are done, and different modules from the same 

brand are applied. Relation coefficients for the suitable area, free of obstacles, 

calculated as 0.740 for flat roof and 0.974 for the pitched roof in detached and semi-

detached houses, 0.796 for flat and 0.983 for pitched roofs in town/row houses and 

0.654 for flat, 0.789 for the pitched roof in high-rise buildings. After installations, 

coefficients are decided for flat roofs: 54.9% in detached houses, 53.72% in 

townhouses, 51.83% in high-rise buildings, then it is found as 21.12% detached 

houses, 20.19% for townhouses and 16.83% in high-rise buildings with pitched 

roofs.  

Izquierdo, Rodrigues, & Fueyo (2008) emphasized that no study includes the rooftop 

area as direct input data; hence there should be a method to estimate the roof area, 

which is reliable, low cost, efficient, and flexible for unforeseen aspects. The formula 

is suggested to calculate the available roof area, including the built-up area, the void 

fraction coefficient, the shadowing coefficient, and the facility coefficient. The 

method is applied for 8320 municipalities with 40,727,624 capita in Spain, and the 

portion of the coefficient is calculated as 19.45% for Spain. Moreover, it is indicated 

that some cities have higher potential, although the lower solar irradiation, because 

of the availability of the roof area.  

Khan, Asif, & Stach (2017) studied the rooftop PV Potential in the Residential Sector 

of the Kingdom of Saudi Arabia by different methods. In this paper, the mean floor 
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area of different residential types is analysed, then the total rooftop area is calculated 

by multiplying average area with the number of buildings. For usable area, balustrade 

shadows, the inter-row gap between the modules and other obstacles such as satellite 

dishes and air-conditioning units, staircase room, and commercial shadows are also 

considered. To calculate the utilization constants, The King Fahd University of 

Petroleum and Minerals (KFUPM) is carried out a case study. It is stated that all of 

the roofs are flat, and the total roof area is calculated by ArcGIS software and 

utilization constant is estimated as 30%. They calculated, 30% of total residential 

electricity demand can be met.  

Yuan, Farnham, Emura, & Lu (2016) studied potential of rooftop photovoltaic power 

generation in Osaka City, Japan, by using aerial photo data of Osaka and pixel 

analysis techniques with the C++ Program. In the study, 24 regions, which are 1 km2, 

selected, and their annual solar radiation is calculated. Then, a suitable area for PV 

installation is estimated for all the samples. After estimating the average annual PV 

power generation of samples, it is applied to the whole city. It is assumed that all 

useful roof area can be utilized. Suitable area ratios are calculated according to the 

selected region, not according to the roof. 

 

Figure 20: Scheme of the hierarchical methodology to obtain the theoretical PV 

Potential (Bergamasco & Asinari, 2011) 
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Bergamasco & Asinari (2011) studied photovoltaic solar energy potential assessment 

based on available roof surface areas in the Piedmont Region (Italy). Figure 20 shows 

the suggested methodology for obtaining the theoretical PV Potential and maps 

studied by ESRI ArcGIS 9.3 and then performed in MATLAB. In Piedmont Region, 

the slope varies 30-45%; hence inclination angle of pitched roofs is assumed as 20Á. 

Then, for a suitable area, constants are determined. It is assumed as only one side of 

pitched roofs are usable; hence roof-type coefficient assumed as 0.5, corrective 

feature coefficient, consider occupied area by a chimney, windows, antennas, etc., 

assumed as 0.7, solar thermal coefficient assumed as 0.9, covering index coefficient, 

the ratio of module surface divided by the total suitable roof area, assumed as 0.45 

and shadowing coefficient assumes as 0.46. While considering the inclination angle 

20 Á for residential and 30 Á for industrial buildings, the total coefficient is found to 

be 0.065 for residential and 0.304 for industrial buildings. The results are analyzed 

in 3 scenarios: different module technologies, mono-crystalline only, and thin-film 

only and applied all municipalities. 

Both Izquierdo, Rodrigues, & Fueyo (2008) and Bergamasco & Asinari (2011) 

indicated that some cities have higher potential although having lower solar 

irradiation, because of the availability of the roof area. 

 Huang, Mendis, & Xu (2019) studied the urban solar utilization mapping of Wuhan, 

China, via deep learning technology. In this study, instead of LIDAR or CAD open-

source satellite imagery is used for 2D information for the rooftop area and it is stated 

that there is an insignificant error in roof recognition because of machine learning 

recognition, shadings and reflections due to neighboring building and Python is used 

as a programming language. Although urban density results are parallel with real 

urban density, solar irradiation results show 9.51 % error, and it is stated that future 

research should be focused on determining the shading factor. 

 Jahanfar, Sleep & Drake (2017) analyzed net energy and emission factors for green-

roof, PV, and GR-PV roof systems. To overcome the uncertainty in design 

parameters, a probabilistic approach is applied. For comparison, embodied energy, 
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energy savings, and energy production are estimated for GR, PV and their 

combination. Then, it is stated that the GR-PV roof system has much higher energy 

reduction than separate GR or PV systems. In the conclusion part of the study, it is 

predicted that the installation of combined systems can reduce electricity demand by 

28 %.   

Mainzer et al. (2014) studied the technical potential for residential roof-mounted PV 

systems in Germany and compared the results with previous ones for the same 

federal states. To calculate the technical PV potential, firstly a suitable area, then a 

combination of suitable area, local solar radiation, and the energy conversion 

processes' efficiency are applied. For single-family buildings average available roof 

area is assumed as 141.4 m2 for flat roof and 113.7 m2 for pitched roof, for double-

family buildings 143.9 m2 for flat roof and 130.2 m2 for pitched roof and for multi-

family buildings 135.7 m2 for flat roof and 207.3 m2 for a pitched roof. The 

utilization factor is estimated as 27% for flat roof and 58% for a pitched roof. 

However, it is stated that the utilization factor for pitched roofs (58%) is around twice 

the previous studies. Previous studies in Germany estimated the utilization factors 

between 23-33% for flat roofs and between 15-34% for a pitched roof.  

 Tripathi et al. (2014) studied India's technical and economic potential and first 

calculated the land use ratios. It is estimated that 40% of the land is used by 

residential, 2% by commercial buildings and 3% by industrial buildings. They 

reached the useful rooftop area constants using 3 scenarios: Pessimistic, realistic, and 

optimistic. According to these scenarios, the pessimistic constant is estimated at 

10%, the realistic constant estimated at 20%, and the optimistic constant is estimated 

as 30% for residential buildings. Furthermore, commercial buildings constants are 

estimated at 20%, 30% and 40%, respectively.  

(Lise et al., 2018) published a report Rooftop Solar PV Market assessment of Turkey 

and calculated the usable rooftop areas of seven cities of Turkey and 909 polygons 

selected in these cities. The total area for rooftop PV is estimated as 1.1 billion m2 

which includes 596 million m2 for residentials, 499 million m2 for commercial and 
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industrial buildings and 42 million m2 for public buildings by a weighted average 

ratio of usable area is which is 47% for residential, 57% for commercials, 45% for 

public buildings. Then, to reach the technical potential useful area is reached by 

applying penetration factor, which is 0.39 for residentials, 0.43 for commercial and 

industrials, and 0.49 for public buildings. Solar potential (GW) is reached 23.3 for 

residentials, 21.46 for commercials, and 2.06 for public buildings. To validate, 18 

building samples are used, and 8 of the samples located in Ankara.  Table 1 shows 

the selected samples and their features from Ankara. 

Table 1: Selected Ankara Samples and their features  (Lise et al., 2018) *  

The Samples 
Building 

Type 

Roof Angle 

(Á) 

Total Area 

(m2) 

Useful 

Area 

(m2) 

Useful 

Area Ratio 

(%) 

Angora A2 

Block 

4-Floor Multi -

Dwelling 

Residential 
20 450 150 33 

Angora 
Detached 

House 
25 450 150 33 

Atlantis City 

(Batikent) 

24 floors 

Multi -

Dwelling 

Residential 

0 700 560 80 

Atlantis AVM 

 
Commercial 0 12,000 6000 50 

Ulusoy Plaza 

 
Commercial 5 900 720 80 

Ikizler 

Building 

Technocity 

Commercial 0-10 3450 2800 81.16 

Angora Fine 

Arts High 

School 

Public 10 4000 1600 40 

METU EEE 

 
Public 0 2000 1600 80 

*Table 4-2 and Table 4-3 obtained from (Lise et al., 2018) and combined, and the ratio is added 

after calculation. 

Acar et al.,(2020) published a very new report which focused on Rooftop PV 

Potential in Buildings in Turkey. In the study, the buildings built after 1970 are 

considered, and building numbers according to building types are analysed. To 

estimate the useful area, average building areas are used. In consequence of 

Stakeholder interviews, for multi-family residential building area estimated as 150-
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250 m2, for one-dwelling residentials 80-120 m2, for commercial and public 

buildings the value estimated as 350-650 m2 and for shopping malls it is estimated 

as 1100-1500 m2; also it is stated that for all building types 25% of roof area is 

suitable for PV installations. It is stated that if modules are settled only in south-

faced roof segments, the technical potential is calculated as 55 GW; on the other 

hand, if modules are settled using a PV access factor of 0.25, the technical potential 

is estimated to be 14.9 GW. According to technical potential results, multi-dwelling 

residentials have a higher share with 13.2 TWh/year. Commercial, public and 

Industrial buildings follow this with 5.1 TWh/year and one-dwelling residentials 

have 2 TWh/year potential. 

2.2 City Applications 

As mentioned before, a lot of cities and municipalities make a regulation in city 

based. In this section, literature about some of these cities will be given. 

2.2.1 Vienna (Austria) 

The new roof program is understated in the Governmental Agreement between the 

Green party ¥PV for the years 2020 to 2024, and it is stated that 1 million 

photovoltaic roofing will be added inclusive of the program. Any kind of properties 

such as car parking units will be funded, and it is stated that 27 TWh additional 

energy production is possible from renewables. 11 TWh of this production is 

assumed to come from photovoltaics until 2030.  Today, Austria produces 1.4 TWh 

from renewables, which covers 2.5% of Austrian energy demand (Emanuela 

Barbiroglio, 2020). 

The capital city of Vienna is planning a CO2- neutral city as soon as possible. 

Industrial buildings in Vienna already have a photovoltaic obligation, and now the 

municipality expands these regulations as adding obligation to new residential and 

educational buildings. One and two-dwelling buildings will be excluded from the 



 

 

25 

new PV system obligation. By this regulation, schools and other educational 

buildings and multi-dwelling residentials will be equipped with solar PV systems. In 

this concept, to produce more green electricity will be encouraged to feed the part of 

the Vienna power grid's electricity. The limit of installation amount of obligation is 

calculated according to electricity produced and consumed in residential buildings, 

directly (SPIEGEL, 2020). The obligation will be applied from 2021 for new 

buildings, and also along with new obligations, Vienna municipality invests 1.2 

billion euros for the expansion of renewables until 2030 (KONTRAST, 2020). 

2.2.2 Freiburg (Germany) 

Germany has one of the biggest solar PV markets, and around 65% of this capacity 

comes from Rooftop Solar PV (RSPV). Germany promotes the Self-Consumption 

model for RSPV in the national solar market. There is no requirement for local 

permits, inspections, and no permit fees for small residential RSPV systems (Lise et 

al., 2018). 

Freiburg is a solar city that is leading the green energy of revolution in Germany. In 

1986, after Chernobyl, Freiburg focused on solar energy as the main energy source. 

By 2010, Freiburg put on regulation that required the city to obtain 10% of electricity 

from renewable energy, and for all new residential, energy standard is required 

(Evans, 2015). Furthermore, Freiburg contains the Vauban district, which is the most 

sustainable town in Europe. Vauban's settlement is the first community globally as 

an amount of produced energy more than the consumed amount. As shown in Figure 

21 and Figure 22, these buildings generate more renewable energy than others, 

known as plus-energy buildings. This energy is mostly sourced by the rooftop solar 

panels on residential and municipal buildings. Moreover, the rooftop PV panels are 

combined with the local biomass plant, and excess energy is sold back to the 

municipality's utility company (Braff, 2020). 
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Figure 21: Residential in Vauban City 

 

Figure 22: Residential in Vauban City 

 

2.2.3 Dezhou (China) 

The local government of Dezhou announced a Development Plan which centralizes 

solar technology research and development in 1997. After the developed solar energy 

industry, The National Renewable Energy Law entered into force by establishing the 

Dezhou Solar City Plan. The local government reduced the barriers to entry of new 

solar initiatives. In 2008, The Million Roof Project was launched, aiming for all new 

residential buildings in urban to be equipped with solar thermal facilities. This 

project stated that residential buildings with less than 12 floors should install thermal 

rooftop facilities, and higher than 12 floors should install wall-mounted or 

centralized solar thermal equipment. Furthermore, in the context of this project, the 

renovation of existing buildings is also included. On the other hand, for rural 

residential, The Thousand Bathroom Project was launched in the same year to supply 

a solution to the scarcity of hot water in winter (Yong, 2012). 

2.2.4 Barcelona 

Barcelona is the first EU city that establishes a Solar Thermal Ordinance (STO). By 

this ordinance, the obligation of using solar energy for the supply of 60% of hot water 

in all new buildings, renovated commercials and renovated more than 16 dwellings 
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residentials are applied. The application is carried out as a part of Barcelona Energy 

Plan and adopted by the municipality. This application between the 2000-2011 solar 

thermal collectors' surface increased from 1.1 m2 /1000 capita to 59 m2 /1000 capita 

(Schio, 2012). After this success, more than 70 municipalities have also followed the 

Barcelona case for theirs. In 2006, Spain came the first country to enact building 

codes that included solar water heaters by installing solar panels of both electricity 

and hot water in new buildings and renovating large buildings. As a consequence of 

these policies, the number of solar water heaters has increased to forty-fold 

(Jacobson, 2012). 
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CHAPTER 3  

3 METHODOLOGY  

3.1  Data Collection 

There is no direct recorded data for the rooftop area for Turkey. Hence, as a starting 

point, TUIK data are used to reach the buildings' number and floor base for 

residential buildings. Google Earth is also used to calculate the total roof area of 

selected samples, all public and commercial buildings. In this study, by the Manual 

Selection Method, access factor in selected buildings is determined, and then, by 

Constant Value Method, access factors are applied for all buildings. However, it is 

necessary to make assumptions since there is a lack of information. 

Assumptions and Limitations 

Á Since there is no additional information about apartments and detached 

houses, buildings with one and two dwellings are assumed as detached 

houses. 

Á Since TUIK data classified according to floor numbers and the buildings with 

ten floors and higher labeled as 10+, these buildings assumed ten floors. 

Á Because of the floor base area used as a roof area, all terraces are assumed as 

closed terraces.  

Á Although all public building addresses are checked from official web pages, 

since there are a lot of changes between public buildings, such as the 

transferring of The Ministry of Health from Mithatpasa Street to Eskisehir 

Road and the transferring of Governorship of Ankara to the old Ministry 
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building or closure and transferring of Prime Ministry, there might be a 

mistake in naming if not updated. 

Á As shown below, Figure 23, Figure 24 and Figure 25 show the rooftops of 

different parts of Ankara. Hence, roof directions in Ankara are accepted as 

random. 

 
Figure 23: Etlik 

Rooftops 

 
Figure 24: Buyukesat 

Rooftops 

 
Figure 25: Erdemkent 

Rooftops 

 

Á According to Ankara Building Bylaws (Ankara B¿y¿kĸehir Belediyesi, 

2013.), roofs' slope cannot exceed 40%. Hence the angle of the roofs is 

assumed as constant and 20 ϲ. 

Á Some of the public buildings have both flat-roof and pitched roof buildings 

on their campus. e.g., MIT building has 44392.7 m2 pitched roof and 45578.5 

m2 flat roof; hence to ease of calculation, all roofs are assumed as a flat roof 

(the one which has a higher ratio). 

Á As can be seen in Figure 26, Google Earth cannot find some addresses 

accurately. These addresses are mentioned as ñn.f.ò (not found).   

Á Also, some roofs are measured roughly because of the low resolution of 

Google Earth in some regions, such as Figure 27. 
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Figure 26: Haymana Teacherage and 

Evening Art School 

 
Figure 27: Camlidere Government 

Office 

 

3.1.1 TUIK D ata Revision 

In this thesis, residential buildings are studied in three categories: Pitched-roof 

apartments, flat-roof apartments, and detached houses. For all residential types, 

TUIK building data for the years between 2000 and 2019 is used because of the 

Communique of Mandatory Standards put in force in 2000.  

Table 2: Apartment Building Data of 2019 (TUIK, 2020) 

Number 

of floors 
2 3 4 5 6 7 8 9 10+ Total  

Number 

of 

buildings 

7 46 121 662 640 261 136 114 513 2500 

Total 

area 

(m2) 

5939 28136 120492 922456 1165306 580336 366739 427453 3603094 7219951 

Base area 

(m2) 
2970 9379 30123 184491 194218 82905 45842 47495 360309 957732 

 

As shown in Table 2, the total base area is reached by dividing the total area (m2) by 

the number of floors for applying all numbered floors. Also, the same calculation 

applied for detached houses is shown in Table 3. 

 

https://tureng.com/tr/turkce-ingilizce/administrative%20procedure%20communique
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Table 3: Detached House Data of 2019 (TUIK, 2020a) 

Number 

of floors 
1 2 3 4 5 6 7 Total 

Number 

of 

buildings 

176 335 480 20 1 0 0 1012 

Total 

area (m2) 
26669 96060 171750 12298 847 0 0 307624 

Base 

area (m2) 
26669 48030 57250 3074.5 169.4 0 0 135192.9 

 

Table 4: Apartment data for the years between 2000-2019 (TUIK, 2020a) 

                    Apartments                     

Years 

Total Number of 

Buildings 

Total Floor Base Area 

(m2) 

2019 2500 957731.73 

2018 3522 1224816.00 

2017 3753 1368806.28 

2016 3609 1184517.45 

2015 4070 1332671.10 

2014 4608 1624286.34 

2013 4873 1647141.06 

2012 4235 1325785.33 

2011 4362 1339204.00 

2010 4021 1274079.51 

2009 3894 1164194.13 

2008 3315 954253.54 

2007 3972 1183340.32 

2006 4297 1226124.94 

2005 3994 1188127.28 

2004 2103 592208.89 

2003 2051 584517.04 

2002 2085 570502.54 
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Table 4: Apartment data for the years between 2000-2019 (TUIK, 2020a) (contôd)  

2001 3194 678062.24 

2000 3449 648267.71 

Total 71907 22068637 

 

Table 5: Detached house data for the years between 2000-2019 (TUIK, 2020a) 

                Detached House      

Years 

Total Number of 

Buildings 

Total Floor Base Area 

(m2) 

2019 1012 135192.90 

2018 1599 223195.24 

2017 1596 219998.00 

2016 1750 246428.23 

2015 1610 211142.58 

2014 2273 295073.67 

2013 2704 310234.05 

2012 1442 154285.07 

2011 1757 227142.90 

2010 1957 169511.63 

2009 1069 121184.62 

2008 1107 111164.18 

2007 1501 171541.75 

2006 1265 117889.53 

2005 1188 115297.93 

2004 817 94159.40 

2003 1212 116550.65 

2002 818 84075.33 

2001 1797 120065.15 

2000 1001 69032.28 

Total 29475 3313165 
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Table 4 and Table 5 show the total floor base area (m2) based on years, which are 

assumed as floor area is equal to the roof area. According to these tables, the total 

roof area (both apartment and detached houses) is found as 25,381,802.53 m2 for 

19 years. 

3.1.2. Google Earth Data Revision 

In this thesis, Google Earth Pro polygon ruler is used to measure the roof area of 

residential samples, all public and commercial buildings (shopping malls), by 

considering ñAssumptions and Limitationsò part. 

3.2 Application of Helioscope 

3.2.1 Application in Residential Buildings 

For calculation of the suitable area coefficients, the Helioscope software program is 

used. 14 apartment-type houses with different floor numbers and different locations 

and 3 detached houses are selected as a sample. 

Table 6: Selected Residential Buildings 

Samples Location 
Roof 

Type 

Number of 

Floors 

Number of 

dwellings 

Roof Area 

(m2) 

(Google 

Earth)  

#1 Yesiloz 

Apt. 
Pursaklar Pitched 3 12 470.62 

#2 Hacē Tahsin 

Apt. 
Etlik Pitched 3 14 656.72 

#3 Kocak Apt. Etlik Pitched 3 8 384.6 

#4 Kilic Apt. Birlik  Pitched 4 8 340.84 

#5 Beyler Apt. Kecioren Pitched 4 (3+1) * 9 379.06 

#6 Iĸēk Apt. Etlik Pitched 5 (4+1) * 18 527.28 

#7 Beyaz Apt. Ovecler Pitched 6 (4+2) * 16 461.74 






























































































































































































































