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FINDING THE BEST LOCATIONS FOR PHOTOVOLTAIC PANEL
INSTALLATION IN URBANIZED AREAS

SUMMARY

Energy is an indispensable necessity in today's conditions. Social and economic
development is proceeding in parallel with energy production. At the same time, the
resource used in energy production also influences this progress. The air pollution is
created by the widespread use of highly efficient fossil energy fuels has negative
impacts on developments, especially social development. The use of renewable energy
sources should be increased by reducing the use of fossil fuels to achieve sustainable
development.

Electricity production can be divided into two according to their sources. Those are
renewable energy plants and fossil fuel plants. The use of renewable energy sources
should be increased to reduce the effects of greenhouse gases and to achieve
sustainable development. The urban area is places where the human population is
intensive, and therefore energy consumption is high. With the solar energy plants that
can be installed spare area of an urban area like rooftops, it is possible to reduce the
electric power transmission costs and the air pollution caused by carbon dioxide
emissions.

Rooftop solar photovoltaic applications are classified as a small-scale source of
electricity generation. Large-scale electricity plants are generally constructed outside
of the urban area. Hydroelectric plants need to be located near rivers with high water
flow velocity; nuclear stations need to be near huge water resources to provide cooling
of the system and wind turbines are required to be in upland locations with high wind
potential. Fossil fuel energy stations produce emissions so they might be located away
from residential area. As it is seen, there are binding barriers that prevent most power
plants from being installed into the urban area. Solar photovoltaic applications are
independent as to other electricity production plants. It is because of the source of
electricity production. The Sun is covering all around the Earth, and its efficiency of
incoming radiation depends on latitude. In the same latitude, the effect of solar
radiation might be considered the same as the center of the city or rural area. This
functionality of installation is essential to make use of an opportunity the spare area of
rooftops.

Geographic information systems have the ability to analyze spatial data by associating
it with attribute data. The ideal way expanding the use of solar energy in city centers
will be geographic information systems. In order to maximize utility from solar energy,
it is necessary to identify the location that can be used efficiently. This location can be
identified with orientation and tilt angle. Other factors affecting productivity are solar
radiation and photovoltaic type. Geographic information systems can combine all the
factors mentioned above to measure the most efficient location for the rooftop-PV
application. This study aims to come up with a Geographic information systems-based
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model to estimate the most efficient and usable idle locations of the rooftops to
generate electricity by photovoltaic panels.

The weighted overlay analysis is one of the Multi-Criteria Decision Making methods
used in this study. The Geographic Information Systems tools enabled the location-
based weighted overlay process. This analysis based on scores and weighted percent
of the factors. The primary factor as input for rooftop photovoltaic applications, slope,
aspect and solar radiation. The fundamental inputs for analysis were point cloud data
in ASCII format and rooftop area in vector format. The model is created with
ModelBuilder extension of ArcGIS 10.X. The used analyses were selected from the
toolbox and combined in ModelBuilder. There is an interface for the user to select
input and output locations. The moderate analyses stay in the background; only the
results share with the user. In the model, first, the roofs were classified two class
according to their average slope degree. The feasibility calculation includes only
pitched roofs. For pitched roofs, the slope, aspect and solar radiation analyses were
implemented and reclassified as their significance level. The results of reclassification
were processed weighted overlay with their influence percent. The flat roofs examined
only to find the plain regions. Only the slope analysis and the slope reclassification
was implemented to find suitability areas. The reason of the differences of the analyses
are the cost of installations. It is anticipated that extra cost will be required for
providing proper slope and aspect on flat roofs.

As feasibility analysis, according to the building ID and its suitability ranks, the
suitability areas were calculated. The 270 Wp photovoltaic panel was used for energy
calculations. The price of a single module has been learned from the manufacturer as
$ 146.1. The feasibility analyses were made considering that the panels were installed
in areas with the high rank of suitability. The results of suitability analysis made on
the pitched roof of 7 units; the total available space at high suitability rank is 653.25m?,
making up 24% of all eligible areas. The number of panels to be used is calculated as
335 pieces. 17% to 33% of each roof is in high suitability. The plain areas that can be
done installation different from the structural shape of rooftop in flat roofs are 60% -
70% of the surface. The feasibility results were shown, in one building with 105 m?
roof area, could cover 70% of electricity consumption from PV rooftop applications.
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KENTSEL ALANLARDA FOTOVOLTAIK PANEL KURULUMU iCiN EN
UYGUN KONUMLARIN BELIRLENMESI

OZET

Enerji devriminden beri enerjiye duyulan ihtiya¢ her gegen giin artmaktadir. Gelisen
toplumlarda yasam standartlarinda kaliteyi saglamak enerji ile tiretimi ile dogrudan
baghdir. Giiniimiizde enerji ihtiyaglarinin karsilanmasi komiir, dogalgaz gibi fosil
yakitlara dayanmaktadir. Fosil yakitlar tiiketime bagli rezervi azalan sonlu yakitlar
olarak tanimlanabilir. Bu yakitlarin {irettikleri enerji yiiksek ve goreceli olarak
kurulum maliyetleri yenilenebilir enerji sistemlerine gore uygundur. Fakat gevreye
olan olumsuz etkileri, olumlu olarak goriilen etkileri ile kiyaslanarak
degerlendirilmelidir. Havadaki sera gazi emisyonunu arttirarak kiiresel 1sinmaya ve
hava kirliligine etkisinin yadsinamayacak kadar c¢ok oldugu cesitli c¢alismalarda
belirtilmektedir. Sosyal ve ekonomik kalkinma teknoloji ve dolayisiyla enerji ile
baglantili olarak gerceklesebilmektedir. Kalkinmay1 durduramayacagimizdan, enerji
tiretim sekline doga dostu alternatifler kullanarak kalkinirken cevreye saygili,
stirdiiriilebilir kalkinma gergeklestirebiliriz. Strdiiriilebilir kalkinma, temiz enerji
denildiginde dereye yenilenebilir enerji kaynaklari girmektedir. Giines, riizgar,
jeotermal enerji, hidroelektrik, dalga, biyokiitle yenilenebilir enerji kaynaklar1 olarak
siralanabilir.

Bu calismada yenilenebilir enerji kaynaklarindan giines, dogrudan giines enerjisini
elektrige doniistiiren hiicrelerden olusan olan fotovoltaik teknolojisi ele alinmustir.
Fotovoltaik hiicreler yari iletken malzemeler olup, seri veya paralel baglanarak voltaj
ve akim {retirler. Monokristal silikon, polikristal silikon, silikon ve ince film
teknolojileri ticari olarak kullanilan fotovoltaik materyalleridir. Silikon temelli
hiicreler yaygin olarak kullanilmaktir. Bunu baslica nedenleri, silikonun kolaylikla
temin edilebilmesi ve yiiksek enerji doniisiimii yetenegine sahip olmasidir. Bu
calismada fizibilite analizleri yapilirken, hesaplamalarda silikon polikristalin panel
kullanilmistir.

Enerji liretimi gerek enerji kaynaginin yeri ve kurulmasi gereken tesisin biiyiikligi
bakiminda gerekse insan sagligina olan olumsuz etkileri azalmak adina sehir
merkezlerinden uzaga kurulmaktadir. Bu tesislerde iiretilen enerjinin iletim hatlariyla
taginarak kullanimi saglanmaktadir. Enerjiye en ¢ok ihtiyag¢ olan sehir merkezlerinde
ise esas sorun kurulum yapilacak alan kisitidir. Niifus artisina bagl bina yapiminin
arttig1 diisliniildiigiinde, bos alan olarak insaa edilmis binalar1 degerlendirmek
gerekmektedir. Binalarda goze garpan en atil alanlar ise catilar ve bina cepheleridir.
Fotovoltaik teknolojinin ve giinesin enerji kaynag: olarak kullanilmasiyla, bu alanlar
degerlendirilerek iiretilen enerjinin tretildigi yerde tiiketilmesi saglanabilir. Aym
zamanda fosil yakitlarin kullanimdan elde edilen enerji iiretimini diisiirecegi igin
cevreye olan zarar1 da azaltacaktir.

Catilarin panel kurulumuna uygun bos alan olarak alindigi bu calismada esas
deginilmek istenen nokta c¢atilardaki hangi bolgelerin ne kadar uygunluga sahip
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oldugunun derecelendirilmesidir. Boylece dogru yerlere kurulum yapilarak, pahali bir
teknoloji olarak goriilen fotovoltaik sistemlerden maksimum verimde fayda
saglanabilir.

Catilarin konumsal olarak degerlendirilmesi islemi, konuma dayali karar vermeyi
siireclerini destekleyici, depolama, analiz, veri toplama araglarini igeren Cografi Bilgi
Sistemleri’nden faydalanilarak yapilmistir. Cografi verilerin temel bilesenleri
mekansal veriler ve Oznitelikleridir. Mekansal veri, Diinya {izerindeki cografi
referansli veriler demektir. Oznitelik veri ise mekansal veriyle baglantili bilgi
anlamina gelmektedir. Mekansal verinin vektor ve raster olmak tizere iki tiir gosterimi
vardir. Raster veri, piksellerden olusur ve her bir piksel konumsal bilgiye sahiptir.
Vektor veri, nokta, ¢izgi ve poligon olmak {izere koordinatli geometrik unsurlardan
olusur. Bu cati alanlar1 vektor veri tipinde poligon olarak, raster veri tipinde
ortofotolardan sayisallastirilmistir. Vektor veri tipinde nokta bulutu verisinden, raster
veri formatinda Sayisal Yiizey Modeli (SYM) olusturulmustur. CBS'de uygulanan
mekansal analizler, ham verilerin faydali bilgiler haline getirildigi siireglerdir.
Kullanilan mekansal analiz islemleri; yeniden siniflama, ¢akistirma, komsuluk ve
yiizey analizleri olarak temel siniflara ayrilabilir. Yeniden siniflandirma islemi, hiicre
degerlerini alternatif degerlere gore yeniden siniflandirir veya mevcut degeri degistirir.
Cakistirma islemleri, mekansal ve 6znitelik verileri iki veya daha fazla uzaysal veri
katmani ile birlestirerek yeni unsurlarin olusturulmasini saglar. Cakistirma analizi,
belirli bir kullanima uygun yerleri veya risklere duyarli yerleri bolgeleri belirlemek
igin siklikla kullanilir. Komsuluk analizleri, belirli bir bolgedeki komsu alanlarin
ozelliklerini gbz Oniine alarak islem yapmay1 saglar. Bunlar tampon ve enterpolasyon
islemlerini igerir. Tampon islemi, orijinal nesnelerden belirli bir mesafede tampon
bolge olusturma islemi olarak tanimlanabilir. Yiizey analizleri, egim ve baki
islemlerini igerir. Egim analizi, arazinin egiminin biyiikliigiini belirtmek icin
kullanilir ve egimin yoniiniin belirlenmesi baki analizi ile gergeklestirilir.

Cok kriterli karar verme yontemleri uygulanabilir alternatiflerden ¢oklu kriterlere ve
celisen hedeflere dayali miimkiin olan en uygun alternatifleri se¢meyi saglayan bir
prosediirdiir. Karar verme mekanizmasi olarak ¢ok kriterli karar verme metotlarindan
agirlikli ¢akistirma yonteminden yararlanilmistir. Puanlama ve agirlikli yiizdelere
dayal1 bu sistemde, her bir faktore sonuca etkisine gore yeni degerler atanir. Atanan
bu degerler cografi bilgi sistemleri tabanl araglar yardimiyla, her bir faktdriin sonuca
etkisi yiizde olarak belirlenir ve ¢akistirma islemi gergeklestirilir. Sonug {iriin olarak
uygunluk derecelerine gore siniflanmis tek bir katman elde edilir.

Fotovoltaik sistemlerin kurulumu i¢in uygun yer se¢iminde hesaplanmasi gereken
faktorler; cat1 alani, ¢atinin egimi, bakisi ve giines radyasyonu. Girdi olarak kullanilan
temel veri ASCII formatinda fotogrametrik yontemlerle elde edilmis nokta bulutudur.
Cat1 alanlar1 ortofotodan sayisallastirilmis olup, her bir binaya bir ID atanmustir.
Analizler yapilirken girdilerin ve ¢aligma alaninin secildigi bir ara yiiz olusturulmus
olup, analizlerin her adimi ¢ikti olarak kullaniciya sunulmamaktadir. Amag
kullanicinin  sonu¢ iirlinii gdrmesi, ara analizlerin gosteriminin istege bagh
yapilmasidir. Model olusturulurken ArcGIS 10.2 yaziliminin analiz araglan
kullanilmigtir. Hesaplamalar1 yapmak i¢in kullanilmasi gereken analiz araglari zincir
seklinde birbirine eklenerek olusturulmustur. Bu islemler i¢in yazilimin ModelBuilder
aract kullanilmistir. ModelBuilder, mekansal analiz is akislari olusturmak i¢in gorsel
bir programlama dilidir. Model de ilk olarak nokta bulutu verisinden, ¢ati tipi
siiflamas1 yapmak i¢in egim analizi yapildi. Ortalama egimi 0-25 derece arasinda
olan catilar diiz, 25 dereceden yliksek olan ¢atilar egimli ¢at1 olarak siniflandirildi. Cati
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tipine gore analizler iki ayr1 koldan ilerleyip, iki ayr1 uygunluk haritasi olusturuldu.
Nokta bulutundan 2 farkli SYM olusturuldu. Egim ve baki analizleri i¢in ¢ati
alanlarina gore kesilmis SYM ile giines radyasyonu hesab1 yapmak igin tim veri
SYM’ne doniistiiriildii. Cat1 alanlar1 kadar kesilen SYM’lerden egim ve baki analizleri
yapildi. Egimli catilar i¢in, egim analizi sonuglar1 4 smifa ayrildi. Egimin en uygun
oldugu deger, calisma bolgesinin enlemidir. Bu nedenle, ¢alisma bdlgesinin enlem
derecesini i¢eren aralik en uygun deger olarak segildi ve bu araliga 4 degeri atandi. 60
dereceden yiiksek egimler kuruluma uygun degil seklinde siniflandi ve 1 degeri atandi.
0-30 derece aras1 3, 45-60 derece araligina ise 2 degeri atanarak yeniden siniflama
islemi gerceklestirildi. Baki analizinde catilarin yonelim yonlerine gore siniflama
yapildi. Gliney, giiney dogu, giiney bati yonleri en uygun yonler olarak segilirken,
kuzeye bakan yiizeyler en az uygun olan yonelimler olarak segilerek, baki analizi
sonuglart da 3 smifa ayrilacak sekilde yeniden siniflandirma islemi gergeklestirildi.
Egimli ¢atilarda karar verme analizi olan agirlikli cakistirma islemine girecek olan son
analiz olarak giines radyasyonu hesaplamalar1 yapildi ve analiz sonuglar1 3 sinifa
ayrildi. Bu calismada giines radyasyonun yiiksek oldugu bolgeleri hesaplamak igin
radyasyon analizi yapilmistir. Elektrik iiretime dogrudan etkisi hesaplanmayacaktir.
Agirlikli ¢akistirma isleminde, en yiiksek yiizde bakiya verilmis olup, egim ve giines
radyasyonu esit ylizde de degerlendirilmistir. Bakinin agirhigi %60 olup, egim ve
giines radyasyonu %20’ser agirligt paylasarak ¢akistirma  hesaplamasi
gerceklestirilmistir. Bu islemin sonucunda egimli ¢atilar icin uygunluk haritasi
olusturulmustur. Bir adet panelin alanmi yaklastk 2m?’dir. Kurulum alanlarmin
hesaplanmasi i¢in, alan1 panelin kapladig1 alandan kiiclik ¢ati segmentleri secilip
¢ikartilarak, her bir ¢at1 igin uygunluk derecelerine gore kurulum yapilabilir alanlar
belirlenmistir. Diiz ¢atilarda durum biraz daha farklidir. Diiz ¢atilarda sadece egim
analizi yapilmis olup, diiz alanlar belirlenmistir. Verimliligi arttirmak igin gerekli egim
ve yonelimin saglanmasi i¢in catinin halihazirdaki yapisinin disinda bir yerlesim
gerekecektir. Bu yiizden fizibilite analizlerinde diiz ¢atilar degerlendirilmeyecektir,
¢linkii panel yerlesimin nasil yapilacagina dair arastirma bu ¢alismanin kapsamina
girmemektedir.

Fizibilite caligmalarinda 270 Wp panel ilizerinde hesaplamalar yapilmis olup, tek bir
modiiliin fiyat1 146,1 $ olarak tireticiden 6grenilmistir. Panelin standart kosullardaki
elektrik tiretimi degerleri fizibilite caligmalarinda kullanilmistir. Bu yiizden uygunluk
derecesi yiiksek ¢ikan alanlara panel kurulumu yapildigi diisiiniilerek fizibilite
hesaplamalar1 yapilmistir. 7 adet binaya ait egimli ¢atida yapilan uygunluk analizi
sonuglarina gore; yiiksek uygunlukta toplam kullanilabilir alan 653,25m? olup, tiim
uygun alanlarin %24 {inii olugturmaktadir. Kullanilmasi gereken panel sayis1 335 adet
olarak hesaplanmigtir. Her bir catinin yiiksek uygunluga sahip alan1 %17 - %33
araliginda ¢ikmistir. Diiz ¢atilarda kurulum yapilabilecek diiz alanlar ¢atilarin %60 -
%70°ni kapsamaktadir. 65 daireden olugan bir bina i¢in diger binalara gére daha
detayl fizibilite hesaplamalar1 yapilmistir. Temmuz ayindaki elektrik tiiketimi 3208
kWh’dir. Temmuz aymdaki giineslenme siiresi 10,72 saattir. 105 m?’lik ¢at1 alindan,
52 tane panel yerlestirilecegi distintildiigiinde 25 kWp kurulu giiciin aylik iiretiminin
4515 kWh olacagi hesaplanmistir. Fakat unutulmamasi gerekir ki, panellerin
verimliligi, gelen glines radyasyonuna bagli giin igerisinde degismekte olup, iletimden
kaynakli olarak da kayiplar yasanmaktadir. Bunlar goz Oniine alinarak %50
verimlilikle elektrik {iretildigi diisiiniiliirse %70 oraninda binanin elektrik tiiketimini
karsilayabilmektedir.
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1. INTRODUCTION

The energy demand has been rapidly increasing all over the world since the industrial
revolution. The energy is essential for growing populations of the civilized cities to
maintain the quality of the living standards. The increasing energy demand has mostly
been supplied by finite energy sources such as fossil fuels as coal, oil or natural gas
reserves. However, the use of fossil fuels has the critical negative aspects to the
environment as accelerating global warming and air pollution due to increasing
greenhouse gas emissions. According to International Energy Agency (IEA), World
Energy Outlook Special Report (2015) “Greenhouse gas emissions from the energy
sector represent roughly two-thirds of all anthropogenic greenhouse-gas emissions and
carbon dioxide emissions from the sector have risen over the past century to ever
higher levels.” Another important point mentioned in the IEA report is “to preserve a
50% chance of limiting global warming to 2°C, the world can support maximum CO>
emissions “budget” of 3000 gigatonnes (Gt) (IPCC, 2014), of which an estimated 1970
Gt had already been emitted before 2014 (IEA, 2015).

Potential solutions to current environmental problems have identified along with
Renewable Energy Sources (RES) and technologies since they can provide a reliable
and sustainable energy supply almost indefinitely. RES is considered suitable for local
and regional applications. Therefore, RES is the economic power supply for small

isolated settlements and potentially available for use in urban areas.

Hydroelectricity, geothermal, solar photovoltaic, solar thermal, ocean, wave, wind,
solid biofuels, biogases, liquid biofuels, and waste are renewable energy products (IEA
2016). According to the Renewable Energy & Environmental Technologies
Investment report published by Investment Support and Promotion Agency of Turkey
(ISPAT), installed energy supply capacity of Turkey was 57,058 MW in 2012 and
renewables including waste, geothermal and wind accounted for only 5% of the
installed capacity, wind energy being the highest with 2,261 MW (ISPAT, 2013).

When the RES availability and use in urban areas is considered, it is obvious that one



of the most suitable potential source is the solar energy due to the available space

requirement.

Improvements of the solar photovoltaic system, the direct conversion of sunlight into
electric power by a solid-state device, has progressed rapidly since the launch of the
first satellite in the 1950s. Developments in Photovoltaic Technology paved the way
for usage of Solar Energy (Dincer, 2000). As a result, several types of energy
generation systems have been implemented for solar energy supply on building

rooftops and facades or at installed solar farms.

One of the most crucial concerns of RES management is selecting the sites available
for an efficient energy supply. In this context, site selection procedures are applied
including suitability analysis using a variety of data sources such as spatial data in
which weights are assigned to geographical criteria. The locations with the highest
solar energy potential are not always feasible sites for installing energy plants. The
efficiency of the installed plant is not only related to energy potential but also has a
strong relationship with the requirements of meteorology, economics, environment,
and society. The use of idle spaces in the roof is one of the advantages of small-scale
panel applications. This kind of panel installation is a practical solution not only to
reduce energy costs but also to produce electricity in a more sustainable way
(MacDonald, 2014).

Geographic Information System (GIS) integrates data acquisition, storage, analysis,
and management tools in applications that solve problems related to geospatial
information (Chen, 2010). GIS allows working with more than one spatially defined
variables and enables the use of Multi-criteria decision-making methods (MCDM).
The purpose of these methods is to analyze a number of alternatives in the light of
multiple criteria and conflicting objectives (Sanchez-Lozano et al., 2013). This study
focused on a model with the combination of GIS and MCDM in order to obtain the
optimal placement of rooftop photovoltaic systems.

1.1 Aim and the Scope of the Thesis

Power plants are often installed away from settlements, depending on the size of the
plant, human health, and source of energy. The in situ energy production is benignant
for the transmission expenditure. When the Sun is preferred as an energy source, the



idle areas within the urban could be included in energy production. At this point, it is
essential to highlight the fact that the Sun is an infinite energy source. Solar
photovoltaic panels and selecting suitable areas are the critical parameters in solar
energy production. Photovoltaics convert the sunlight into electric power by a solid-
state device (Dincer, 2000). Suitable area selection could be implemented adequately
with GIS. The purpose of this study is to create a Geographic Information System
(GIS) based-model that will enable the solar photovoltaics to be installed in the urban
areas and provide electricity generation with maximum benefit. The study also
includes the feasibility analysis of the selected area. Area calculations of the zones that
correspond the eligibility criteria are done and the number of panels to be installed is
calculated. Feasibility analysis is performed by calculating the electric energy that can

be produced under normal circumstances of the panels to be installed.

1.2 Research Outline

The ultimate need for renewable energy, the Geographic Information System (GIS)
technology, and the objective of this study was introduced in the first chapter. In the
second chapter, previous works of the scholars and the detailed information about the
GIS was stated. Moreover, an extensive amount of information was given about the
solar energy. The applied methodology was defined in section three, and in section
four, this methodology was implemented in the selected pilot area. In the last section,
the obtained results were analyzed, and the study was concluded by discussions and

suggestions.






2. SOLAR ENERGY AND GIS

2.1 Solar Energy

Sun is the primary energy source of the Earth, and solar radiation is utilized for
electricity generation and hot water production. Solar photovoltaic is used to generate
electricity by photovoltaic cells. Solar thermal is for hot water production by flat plate
collectors and electricity generation by solar thermal-electric plants (Renewables
Information, IEA 2016).

2.1.1 The situation of solar energy

Renewables are the world’s second-largest source of electricity supply after coal. The
renewable energy sector is 70% of total electricity generation investment in 2015 (IEA,
2016b). The investment was separated wind power (37%), solar photovoltaic (PV)
(34%) and hydropower (20%). “China led global investment in renewables-based
generation in 2015 ($90 billion, more than double its investment in fossil fuel-based
generation), followed by the European Union ($56 billion, led by wind), the United
States ($39 billion, led by solar PV and wind) and Japan ($30 billion, mainly solar
PV).” (IEA, 2016b).

In 2015, solar energy performed about 25% higher than the previous record year with
49GW. Germany had the most extensive installed solar PV capacity, but in 2015 China
added more than 15GW of installed solar PV capacity and surpassed Germany. In the
same year, The United States saw a significant increase in solar PV capacity (7.3 GW),
The government of Japan saw the addition of 11 GW of solar PV capacity, The United
Kingdom saw the highest increase in capacity in Europe with 3.7 GW. Germany, the
country set the global progression for solar PV expansion, was in a downtrend (IEA,
2016b).

As seen in Figure 2.1 Solar PV growth 44,1% per annum since 1990 to 2015 and the
second highest growth after liquid biofuels in the Organization for Economic Co-
Operation (OECD) includes Turkey. The OECD produced 174.5 TWh of PV
electricity in 2015, 7.1% of its total renewable electricity production. Leading



producers of solar PV electricity generation were Germany with 38.4 TWh, Japan with
36.0 TWHh, Italy with 25.2 TWh, the United States with 24.1 TWh, and Spain with 8.3
TWHh. This production is equal to 75.7% of the PV electricity in the OECD (IEA,
2016a).

Without a doubt, usage of solar energy creates new job opportunities. Around 8.1
million people will be employed in the world's renewable energy sector, and the largest
labor force in renewable energy is solar PV, then followed by biofuels and wind (IEA,
2016b)
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Figure 2.1 : Annual growth of renewable supply from 1990 to 2015 in OECD total
adapted from (IEA, 2016a).

Technological developments changed the idea about the costs of renewable energy
applications. In roughly five years, the global average capital cost has fallen
approximately 60% for solar PV. In 2015, global average capital costs for utility-scale
solar PV projects completed $1700/kW*. Germany, China, and India had the lowest
costs market while the United States, South Africa, and Japan had higher cost markets
(EIA, 2016b).

Solar availability in China is 2200 h of sunshine and annual solar radiation in excess
of 1627 kWh /m? (Senkal and Kuleli, 2009). As it is seen on the map Figure 2.2, China

1 Solar PV capital costs are submitted in direct current (DC) terms, referring to the rated capacity of the solar panel array.



has almost same solar radiation value with Turkey. On the contrary, Germany has
much lower radiation values. Overall, leading countries on the electricity generation

from solar energy are China and Germany.
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Figure 2.2 : Global horizontal irradiation map (Url-6).

2.1.2 Solar energy applications

Solar energy plants are installed as solar farms built on vast lands and rooftop
installations on the individual buildings in settlement areas. Photovoltaic (PV)
modules are feasible to use any surface of buildings due to the cells or a laminated
structure of the modules. PV in buildings is known as the acronym of Building-
integrated photovoltaics (BIPV). PV installations can be applied on be facades or
rooftops. The main barrier in front of the usage of PVs at buildings was the expensive
installation cost; one can expect if there is any decrease in cost, PVs in buildings will
be spread in the construction sector (Frontini et al., 2013). Solar farms are known as
the large-scale applications. The differences between rooftop applications and solar
farms are the generated energy capacity and installation parameters. The main
installation parameters are the buffer analysis in order to fulfill the security, social and
environmental requirement for solar farm applications (Uyan, 2013). Characterization
of the rooftop geometry is the fundamental requirement for rooftop PV site selection

process (Boz et al. 2015).

The thermal solar panels generate thermal energy from incoming solar radiation which
is common in Turkey (Melikoglu, 2013). The efficiency and price of thermal solar

panels are lower than PV panels.



The Concentrating Solar Power (CSP) systems include mirror or lenses and tracking
system. The incoming solar radiation is focused on one point to generate thermal heat.
The produced concentrated heat is the source of a conventional power plant (Sharma,
2011).

2.2 GIS in Theory and Practice

2.2.1 Data types of GIS

According to the National Center for Geographic Information and Analysis of the USA
(NCGIA) Geographic Information System (GIS) can be defined as a hardware and
software system, designed for the capture, storage, analysis, modeling and data
presentation, spatially referenced, for the resolution of complex problems of planning
and management (Sanchez-Lozano et al.,, 2013). Fundamental components of
geographic data are spatial data and their attributes. Spatial data indicates the
geographically referenced features on the Earth. Attribute data means, the information
linked to the spatial data. There are two types of spatial data representation, which are
vector data and raster data. Raster data is stored in a two-dimensional matrix of
uniform grid cells, all with the same size (Malczewski, 2004). Each cell is called pixel
and has specific geographic location information. Vector data format is represented by
geometric features of coordinates and comprised of data elements such as points, lines,

and polygons. The attribute data is defined as the text data linked to the vector data.

2.2.2 GIS operations and functions

The analyses applied in Geographic Information System (GIS) are considered as the
processes by which the raw data is turned into useful information. The fundamental
operations of GIS include operations on measurement, re-classification, overlay, and
neighborhood. Measurement operations include length, area, or shape properties of
objects and distance or direction relationships between pairs of objects. Raster-based
systems allow the user to generate measurements from a selected pixel. In vector

systems calculations are automatically generated in attribute tables.

Reclassify operation reclassifies or changes cell values to alternative values using a
variety of methods. This operation aims to simplify the output data to assist in
interpretation (Url-3)



Overlay operations result in the creation of new features with combining spatial and
attribute data with the two or more spatial data layers. Overlay operation is applicable
to vector and raster data types. Overlay operation might overlay multiple feature
classes to combine, erase, modify, or update spatial features, resulting in a new feature
class (Url-5). Overlay in the raster is the result of overlaid two raster layers with the
attributes of each cell are combined according to a set of rules. Map algebra is based
on overlay calculations include arithmetic expressions which classify spatial data into
basic classes (Longley et al. 2005). Overlay analysis is often used to find locations

suitable for a particular use or susceptible to some risk.

Neighborhood operations consider the characteristics of neighboring areas around a
specific location. They include buffering and interpolation. Buffering builds a new
object or objects zone around the features with a specified distance of the original
objects. Buffering is possible in both raster and vector formats. In the raster data set,
it is calculated that the classification of cells is outside of the buffer or inside of the
buffer. The buffering of the vector data set is created a new set of objects. Interpolation
is a prevalent method to estimate the value of a continuous area where the area has not

actually been measured (Longley et al., 2005).

Surface analyses include slope and aspect processes. Input data is Digital Elevation
Model (DEM) which is the most versatile and useful representation of terrain in GIS.
This is a raster representation, in which each grid cell had the elevation of the Earth’s
surface and used to derive a wealth of information about the morphology of a land
surface. Morphology information can be obtained contour lines, point data with
elevation values or point cloud data is derived from Light Detection and Ranging
(LiDAR) . Slope process is used to indicate the magnitude of steepest tilt of the terrain
and the direction of steepest tilt defines the aspect process. The slope can be measured
as an angle, varying from 0 to 90 degrees as the surface ranges from horizontal to
vertical (Longley et al., 2005) Aspect can be measured from north, it is usually

expressed clockwise from 0 to 360 degrees.

2.2.3 GIS as a spatial decision support system

The Multi-criteria decision making methods (MCDM) are a procedure that makes
choosing the most appropriate alternatives possible, based on multiple criteria and

conflicting objectives, from the feasible alternatives (Sanchez-Lozano et al., 2013).



Geographic Information System is a tool to solve the complicated decision-making
problems with MCDM methods which providing a systematic tool for decision makers
in selecting the best alternatives between different options (Aydin et al., 2013). The
implementation of the MCDM methodology through GIS makes it a significant tool
as the Decision-Support System (DSS) for the use of spatial decision making processes
such as site selection, resource management and etc. The weighted overlay analysis is
one of the MCDM purposes. In the analysis, the input layer with different scores
according to their influence is combined with a percentage weight in a single layer.
The sum of the total percentage of influencing weight values of all the layers in the
weighted overlay analysis must be equal to 100 %. The weight of multiple layers is

scaled based on relative importance (Kaliraj et al., 2015)

2.2.4 Use of GIS on solar energy management

Several types of research and application studies have been conducted for the
management of the Renewable Energy Source (RES) sources using Geographic
Information System (GIS) technology in order to plan the investments put into RES
field by accurately selecting the investment sites and applying feasibility studies.
Sanchez-Lozano et al. (2013) used a combination of GIS and Multi-criteria decision
making (MCDM) methods to find the optimal placement of photovoltaic (PV) solar
power plants in southeast Spain. A data set including the location-based environmental
(soil maps covering soil types), geomorphological (topography, slope, and orientation)
and climatic (solar irradiation potential and average temperature) data is used to select
the optimal location of the PV generation plants. Distances to road, power lines and

settlements are determined by the use of proximity analysis in GIS.

One of the significant GIS-based solar energy applications is SUN-AREA research
project implemented in Osnabriick, Germany (Ludwig et al. 2008, Ludwig et al. 2009).
SUN-AREA is a computer-aided analysis method to identify high potential areas for
the use of solar power by using GIS. The point cloud data provided by LiDAR
technology and plan view data was used in the project for characterizing the rooftops
in the urban areas. The method is based on the ArcGIS ModelBuilder from ESRI which
gives the user an interface to implement necessary data and tools to model solar power.

The result of the project outlined that 70% of the energy demand of Osnabriick can be
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covered by only using solar energy with PV installations on the roofs in the city (ESRI,
2010).

The similar methodology applied in SUN-AREA project proposed by Boz et al. (2015)
as an automated model for rooftop PV systems assessment. The proposed
methodology using Light Detection and Ranging (LiDAR) data and GIS technology
together was implemented by the use of Python programming language as an ArcGIS
model in ModelBuilder. In the city of Philadelphia in PA, U.S.A, 150 rooftops were
analyzed, and 48.6% rooftop areas were assigned as suitable for the establishment of

PV systems.

The other outstanding project was completed in the city of Seoul on the assessment of
solar potentials of the urban areas. The project used GIS technology and introduced
the potential to transform a megacity, which has nearly one-quarter of South Korea’s
population, into a solar city (Byrne et al., 2015). The complete census methodology,
which calculates through existing statistical data sets that contain building-based
information such as floor area, the number of floors, and the total number of buildings
(Schallenberg-Rodriguez, 2013). The results of the project proved that a potential
technical equivalent to almost 30% of the city’s annual electricity consumption could
be supplied by widespread deployment of rooftop-based distributed photovoltaic

systems.

Hofierk and Kanuk (2009) presented a methodology of a PV potential in urban areas
with an open-source solar radiation tool called r.sun. The results outlined that 8.1% of
urban areas can be directly used to produce electricity in eastern Slovakia. That is equal

to approximately 59% of the annual electricity consumption of Slovakia.

At the national level, a site selection research is performed by Uyan (2013) in Turkey
for solar farm site selection using GIS in Karapinar region, Konya. AHP methodology
is applied GIS application for MCDM of solar farms’ locations. Economic factors such
as distance from transmission lines and roads, slope and environmental factors such as
distance from residential areas and land use were taken into consideration. As a result
of which, the study area was categorized into four classes regarding their suitability

for the establishment of solar farms.
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3. METHODOLOGY

Photovoltaics (PV) transfer the energy of solar radiation into electric current (Voegtle
et. al., 2005). Some restrictions have been taken into consideration in order to use this
technology efficiently. First and foremost, the implementation should have enough
available space, a specific azimuthal orientation, and an efficient slope. In addition to
these, the application area should not be exposed to a shadow effect that would cut off
the sun's radiation which is caused by surrounding vegetation or buildings. Geographic
Information System (GIS) based methodology is designed to calculate the planning

purposes and estimation of financial support of rooftop PV applications.

3.1 Use of GIS for Site Selection of Rooftop PV Applications

Usable area for photovoltaic (PV) installations is limited by environmental
components, which are caused to set bounds to the attainment of full solar radiation.
Therefore, before the implantation of a PV application on the rooftop, appraising the
feasibility of system is important.

Urban area for PV applications has complex environmental patterns. Environmental
impacts of cities are due to shadows, vegetation, other man-made structural elements,
the different angle of surfaces or the lack of available area lead to finding new methods
to achieve the effective range of electricity productions by PV panels. Geographic
Information System (GIS) is a tool to let users find the suitable location of rooftop PV

applications in complex environmental patterns.

The fundamental requirements of the applied methodology are rooftop extraction,
slope and aspect analysis. The flow chart of the methodology is presented in Figure
3.1. The data source that will form the basis to obtain fundamental inputs can be
obtained in two ways. Remote sensing technology and photogrammetry can be used
to obtain the 3D point cloud data. Light Detection and Ranging (LIDAR) that stores

the geometrical information of a scanned surface as a 3D point cloud, with
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photogrammetry, pairs of geo-referenced photographic images allow creating a 3D
model of the surface (Freitas et al., 2015).
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Figure 3.1 : Flow chart of suitability analysis.
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Characterization of the rooftop geometry is necessary for the rooftop PV site selection
process. The type of rooftops is selected attribute data of the building footprint. Flat
and pitch roofs are required independent analyses of each other. If a roof is considered
pitched, slope and aspect analysis are required for calculating available areas, on the
other hand with the flat roofs; slope analysis is enough for calculating available areas.
Both types of roofs were analyzed without shading factor caused by surrounding
features. All of the output data is put together to analyze with decision support system

methods.

3.1.1 Solar radiation

Solar radiation data is available in several forms. The solar radiation intensity
receiving to a surface is called irradiance or insolation, and it is measured in W/m? or
kW/m?. Irradiance is the amount of solar energy incident per unit area per unit time
and the most suitable criteria in the assessment of the solar resource at a geographical
location (World Energy Council, 2016). Components of solar radiation are direct and
diffuse radiation. Diffuse Radiation means “the solar radiation received from the sun
after its direction has been changed by scattering by the atmosphere.” (Duffie and
Beckman, 2013). The sum of the beam and the diffuse solar radiation is total solar
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radiation or global radiation at the Earth’s surface. Direct beam radiation reaches the
surface of without any interactions with particles in the atmosphere (Figure3.2). For
different types of applications, solar radiation data is given as Global Horizontal
Irradiance (GHI) and Direct Normal Irradiance (DNI). The total amount of solar
energy incident to a horizontal surface is defined as GHI and DNI is the amount of
radiation incident on a surface that is perpendicular to the direct solar beam (World
Energy Council ,2016). Coupling solar radiation with Geographic Information System

(GIS) is improved accuracy of radiation calculations.

Atmospheric

cflected Scallering

Figure 3.2 : The components of incoming solar radiation adapted from (World
Energy Council, 2016).

Open-source technologies are an option to calculate solar radiation. GRASS GIS is an
open-source GIS software and provides a model called as r.sun. Conceptually the
model based on European Solar Radiation Atlas. The model calculates beam, diffuse
and reflected solar radiance for clear skies (Suri and Hofierka, 2004).

ESRI defines the solar radiation analysis tool as a method based on the hemispherical
view shed algorithm developed by Fu and Rich (2000, 2002). Tool accounts for
“atmospheric effects, site latitude and elevation, steepness (slope) and compass
direction (aspect), daily and seasonal shifts of the sun angle, and effects of shadows

cast by surrounding topography” (Url-2).

Solar radiation analysis tool can calculate for a particular location or selected area.
Generally, model inputs are the location (latitude), elevation, orientation and
atmospheric transmission (Freitas et al., 2015).
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The calculation of direct, diffuse, and global insolation is for each feature location or
every location on the surface, producing insolation maps for an entire geographic area
(Url-2).

Area solar radiation (ASR) tool of ArcGIS software is selected to calculate the GHI as
an input for solar radiation data, and the fundamental equation which is the background
of ASR is considered below (Url-2).

The sum of direct (Dirwt) and diffuse (Difiot) radiation of all sun map and sky map

sectors are Global radiation (Globalt)
Globalit = Dirtot + Diftot 1)

The sum of the direct insolation (Diw,) from all sun map sectors give results as Direct

solar radiation (Dirwt) for a given location is;
Diret =2 Dire,a (2)

The equation below is to calculate the direct insolation from the sun map sector (Diro,q)
with a centroid at zenith angle (0) and azimuth angle (o)

Dirf,0. = Sconst * P™® * SunDurg . * SunGapo, * cos(Anglne,q) (3)
where:

Sconst — Solar constant is the solar flux outside the atmosphere at the mean earth-sun
distance. The solar constant used in the analysis is 1367 W/m? (World Radiation
Center (WRC))

B — The transmissivity of the atmosphere for the shortest path. Averaged over all

wavelengths and in the direction of zenith.

m(0) — Measured as a proportion relative to the zenith path length is the relative optical

path length
SunDure, — The time duration represented by the sky sector.
SunGape,. — The gap fraction for the sun map sector.

Anglne, — The angle of incidence represented between the centroid of the sky sector

and the axis normal to the surface.
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Relative optical length, m(0), is calculated with the solar zenith angle and elevation
above sea level. For, the following equation is for the calculation of zenith angles less
than 80°.

m(0) = EXP(-0.000118 * Elev - 1.638*10° * Elev?) / cos(0) 4)
where:

0 — The solar zenith angle.

Elev — The elevation above sea level in meters.

The effect of surface direction is used with by multiplying by the cosine of the angle
of incidence. The angle of incidence (AngInSkys ) is between the intersecting surface
and a given sky sector with a centroid at zenith angle and azimuth angle which is

calculated using the following equation:

Anglngq = acos( Cos(0) * Cos(Gz) + Sin(0) * Sin(G;) * Cos(a-Ga) ) (5)
where:

G; — Zenith angle of the surface.

Ga — Azimuth angle of the surface.

The diffuse (Dif) radiation at its centroid, for each sky sector, is calculated, integrated
over the time interval. The correction is done by the gap fraction and angle of incidence
with the following equation.

Dife,. = Rgib * Pdit * Dur * SkyGape,. * Weighte * cos(Anglne,q) (6)
where:
Rgin — The global normal radiation

Pdit — The proportion of diffuse global regular radiation flux. Commonly it is

approximately 0.2 for very clear sky conditions and 0.7 for very cloudy sky conditions.
Dur — The time interval for analysis.
SkyGape,. — The gap fraction (proportion of visible sky) for the sky sector.

Weighte,, — The proportion of diffuse radiation originating in a given sky sector

relative to all sectors
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AngIn6,0. — The surface angle of incidence is an angle between the centroid of the
sky sector and the intercepting.

The global normal radiation (Rgiw) can be calculated with an addition summing the
direct radiation from every sector (including obstructed sectors) without correction for
the angle of incidence, later on correcting for the proportion of direct radiation, which
equals 1-Pgif:

Rgib = (Sconst Z(B™®)) / (1 - Paif) (7)

The output radiation raster will always be the floating-point type, and the unit of output
will be units of watt-hours per square meter (Wh/m?). The direct duration raster output

will be an integer with unit hours.

3.1.2 Rooftop extraction

Three-dimensional (3D) models are the primary data for the rooftop detection. 3D
point cloud data can be provided by photogrammetric techniques or light detection and
ranging (LIDAR) sensors. LIDAR is a remote sensing technology, based on active
sensors, to characterize surfaces with high precision (Lukac et al., 2014). In the context
of a project done on campus, 3D point cloud was obtained with air photogrammetry
and this source of this data was used in study. According to the building rooftop outline
data digitized from orthophotos or building footprint, rooftop extraction can be clipped
from the point cloud. Building footprints represent the outline of a building, and
generally, they are compatible with the outline of its roof. The building outline is an
easy method to determine the roof area that is exposed to the sun. If the building
footprint data is to be used, a buffer distance should be calculated taking into account
the surrounding factors for an accurate calculation (Kodysh et al., 2013). If the roof
outline data is obtained from orthophoto, buffer distance can be ignored. Then,
clipping process is performed with a 1m buffer distance of footprint vector data, or
extract rooftop polygon can be used without any buffer to select the rooftops. The
obtained data is used for slope and aspect process.

3.1.3 Orientation

The power contained in the sunlight and the angle between the module and the sun are
important points for the energy collection of solar photovoltaic (PV) panels hence, the

optimum tilt angle (Bopt) plays an important role. In generally, rooftop PV systems are
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fixed-tilled that means they do not track the path of the sun. In the northern hemisphere,
the optimum orientation is south facing. The south-facing slopes receive the best sun
expose (MacDonald, 2014). Gunerman and Hepbasli (2007) are made a study for
Izmir. The results of the study showed that; the optimum tilt angle changes according
to the latitude and the days of a year. If the system will be fixed-tilled and utilize solar
energy throughout the year, the optimum tilt angle can be taken to be equal to the
latitude(p) of the location. For different seasons of the year, optimum tilt angle will
differ by up to 15° from latitude for in summer is Bopt = ¢ + 15° and for in winter Bopt
= ¢ — 15° (Gunerman and Hepbasli, 2007). The study mentioned above will be the
reference to accept the optimum angle equals to latitude for the application of the
methodology. The south-facing roofs and the slope that is equal to the latitude angle
will represent the best suitable area to establish PV application. The rank is assigned

with this situation.

3.2 Use of GIS for Feasibility Analysis of Rooftop PV Applications

Feasibility analyses include the initial cost, potential savings, annual income and
expenses, depreciation (Batman et al., 2012). The recent studies showed that energy
depreciation time of commercial photovoltaic (PV) systems under the meteorological
and environmental circumstances in the Southern Europe is 0.7 to 2.5 years (IEA,
2014). Additionally, Bhandari outlined the economic lifetime of PV systems as around
30 years (Bhandari et al., 2015).

The suitable area calculations and classifications, which are required for feasibility
analysis, are made with Geographic Information System (GIS) analyses. The results
obtained from the suitability area calculation are used as input data for the feasibility

analysis. The feasibility analysis calculations are shown in Figure 3.3.
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Figure 3.3 : The flow chart of feasibility analysis.
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3.2.1 Types of Photovoltaic

Solar photovoltaic (PV) panels are the key to developments in solar energy production.
PV cells are a semiconductor material, and they are connected together in series and
parallel to obtain a desired operating voltage and current. Mono-crystalline silicon,
multi-crystalline silicon, silicon (Si), and thin film technologies, such as cadmium
telluride (CdTe) are the materials of commercial PV. The most developed technology
is silicon-based cells. Due to the readily availability of silicon, crystalline Si thin films
are great interest. Another reason of interest is the high conversion efficiency of Si
solar cells which is close to 25% (Yilmaz et al., 2015). Polycrystalline PV panel type,
which is a kind of the silicon-based photovoltaics, will be examined for the feasibility
analysis. The model of the polycrystalline panel is CWT270-60P 270W. The price
offer and technical information are received from the manufacturer of the PV panel.
The unit price of the panel CWT270-60P 270W is specified as 143,10 USD. Technical

specifications are explained with details in Table 3.1 and 3.2.

Table 3.1 : Mechanical specifications of solar PV panel.

Mechanical Specifications

Cell Type 156,75mm x 156,75mm
Number of Cells 60 (6X10)
Weight 19.5 kg
Dimension 1648x995%35mm
Max Load 5400 Pascal

Table 3.2 : Electrical specifications of solar PV panel.

Electrical Specifications

Peak Power (Wp) 270W Short Circuit Current (Isc) 9.06A
Module Efficiency 16.47% Power Tolerance +5%
Maximum Power Voltage (Vmp)  31.2V Maximum System Voltage VDC 1000V

Maximum Power Current (Imo)  8.65A  Nominal Operating Cell Temperature  -40 ~ +85°C

Open Circuit Voltage (Voc) 38.6V Maxiumum Series Fuse Rating) 15A
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4. IMPLEMENTATION

4.1 Study Area

The Ayazaga Campus of Istanbul Technical University, Sariyer district, Istanbul
Turkey, is the study area. Specially, the housing area of Istanbul Technical University
was chosen as the region for model implementation implementation (Figure 4.1). The
different structural kind of roofs was selected as sample rooftop to implement the
model. The location maps clarified the implementation area with the location in the

province, district, and campus.
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Figure 4.1 : Study area.

4.2 Data

Building rooftop outline and 3D point cloud data were the inputs of the model. Rooftop
data was a vector layer in shape file format. The rooftop data was digitized from

orthophoto. 3D Point cloud data was provided by the Geomatics Engineering
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Department as an output of a Design Project Submission focusing on 3D modelling of
ITU Ayazaga Campus. The stated data acquired using Unmanned Aerial VVehicle as an
aerial photogrammetry application. 3D point cloud data were converted from ASCII
format to feature. Point cloud data enables to derive a digital surface model (DSM).
Surface model of rooftops and terrain can be obtained by DSM. The stated data sources
were referenced in Transverse Mercator grid zone with central meridian 30 based on
the International Terrestrial Frame 1996 datum. All inputs were summarized in Table
4.1.

Table 4.1 : Data specifications.

Name of Dataset File Format File Extension Spatial Formant
Building Rooftop Outline Shapefile .shp Vector
Point Cloud Data ASCII xt Vector

4.3 Applied Methodology

The methodology estimates the available and effective area of the rooftops for
photovoltaic (PV) application. The main parameters affecting the suitability analysis

are:
e Rooftop size
e Rooftop slope
¢ Rooftop aspect
e Incoming solar radiation

The workflow of the model is shown Figure 4.2. The ArcGIS 10.X software is used
for all the geo-processing. The ModelBuilder extension allows combining the
individual process to create a new tool. ModelBuilder can be defined as a visual
programing language which allows creating own tool (Url-3). The ModelBuilder
diagram is visualization in Figure 4.4. When the required data added as inputs and the
output location identified, the model implements the intermediate steps until it
produces the final product. The user interface of the model is shown Figure 4.3.
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The analysis is based on digital surface model (DSM) which is obtained from 3D point
cloud data. The DSM was used in two ways. In a first way, DSM was specified with
clip process to perform analysis only the rooftop area. In the second way, the same

DSM data was used without clipping process to calculate the solar radiation.

The pilot area contains two types of roofs (Figure 4.4). Pitched roofs have an average
slope greater than 25° and flat roofs have less slope degree than 25° (Alexander et al.,
2009). This classification was calculated with zonal statistic tool. (Figure A.3) The
inputs of the tool were the slope of the rooftops and building rooftop polygons. The
mean statistic was implemented, and then the selection was made after the

reclassification process was applied one by one the outputs of the pitched and flat
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Figure 4.2 : The interface of model.
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Figure 4.3 : The rooftop classification of the pilot area.
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The analysis proceeded from two separate ways and calculated two separate suitability
for two different roof types. While analysis of the aspect, slope and solar radiation was
required for the pitched roofs, only slope analysis was performed for the flat roof. The
reason of the differences are the cost of installations. It is anticipated that extra cost

will be required to provide proper slope and aspect on flat roofs.

The results of spatial analyses were reclassified. The reclassification values assigned
relative importance of each factor. The classification range is between 1-4. The higher
weight value was assigned as 4 with maximum potential magnitude. 1 value was
assigned as inapplicable area, and it was not considered in weighted overlay process.
The remaining values were assigned according to the effects of the factors. Then, the
weighted overlay process was performed by accepting the resultant effects at different
percent. The sum of the total percentage of the weight of all parameters must be equal
100% in the weighted overlay process. The reclassification outputs of slope, aspect
and solar radiation were used as inputs of weighted overlay process. The influence
percent was selected 20%, 60% and 20%, respectively. The overlay analysis result was
converted from raster to feature, and spatial join process was done to attend the
building ID. Building ID is necessary to combine the segments which are the same
roof and the same suitability value. After the process, the area of rooftops is less than
2 m? are eliminated because of the panel area. The average area covered by a panel is
2 m?. The final implementation area for PV panels is calculated to use in feasibility

analyses.

The main purpose of the feasibility analysis is to establish the relationship between the
available space and the energy to be produced. By determining the number of panels
to be placed at the suitable areas, profit and loss balance can be established by
calculating panel cost and electricity generation. Assuming that the system is on-gird,
the amount of consumption can be compensated and accordingly the system's self-
depreciation time is calculated. Only the cost of the panel was calculated as the cost

and Wp value of the PV panel was used the calculation of the electricity generation.
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5. RESULTS

5.1 Suitability Analysis

When the suitability analysis was implemented, the Geographic Information System
(GIS)-based multi-criteria decision making (MCDM) process was used to solve
decision problems and evaluate the alternatives. One of the MCDM, the weighted
overlay analysis was implemented. Architectural and environmental factors were
integrated to identify the location selection using raster weighted overlay analysis.
Slope, Aspect and Solar Radiation Analysis are the principal factors of the finding
suitable location for the rooftop photovoltaic application. Thirteen buildings were
calculated. The analysis output was reclassified into four classes (Figure5.1).

When the first three classes show the suitability with the rating, the last class shows
the areas where the installation cannot be done. The reason for the unsuitable locations
is based on high slope values. The whole model diagram was shown in Figure A.1.
The description of each step will be made the next titles.

o .&“
418850 418900 418950

Figure 5.1 : Raster format of results of the model.
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Another significant result to be obtained by classifying the roofs according to their
suitability is to find the answer to the how much space covers each group. For area
calculation, the raster data converted to vector data format. As a PV panel had an
average coverage of 2m? smaller pieces of the area than 2m? were extracted
(Figure5.2). By joining building ID, the areas were calculated for each building with
suitability rating. The area calculation results were shown in Table 5.1. These
calculations will be evaluated for energy production calculations in the feasibility

analysis section.

Table 5.1 : Suitable area calculation results.

Rating Building ID  Area (m?) Rating Building ID  Area (m?)
Pitched Roof Flat Roof
High 1 182 High 8 56
Medium 182 Low 3
Low 132 Not Available 16
Not Available 60 High 9 23
High 2 53 Low 10
Medium 91 Not Available None
Low 51 High 10 22
Not Available 27 Low 10
High 3 56 Not Available 3
Medium 105 High 11 75
Low 52 Low 34
Not Available 19 Not Available 12
High 4 170
Medium 82
Low 156
Not Available 87
High 5 105
Medium 330
Low 7
Not Available 147
High 6 96
Medium 345
Low 8
Not Available 129
High 7 16
Medium 45
Low 15
Not Available 19
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Figure 5.2 : Vector result map with area calculation.
5.2 Slope analysis

The slope is the inclination of the surface. In the model, the slope analysis was done
after the clipping process of 3D point clouds and the conversion process of the feature
to raster (Figure A.3)

The clipping process was done for flat and pitched roofs, separately. The slope was
calculated with the extracted rooftop of the digital surface model. The most suitable
rooftop angle equals latitude of the application area (Gunerman and Hepbasli, 2007).
The latitude of the study area is 41 degrees. The 0-15 degree is accepted as plain and
high usable regions of pitched roofs. The most suitable degree is accepted between 30-
45, because of the latitude degree for the pitched roofs. For flat roofs, slope analysis
was performed to find the precise available area on the roof due to eliminate the
structural components. Between 0-15 degree was accepted suitable. Values higher than
60 degrees were considered unsuitable for flat and pitched roofs (Alexander et al.,
2009). The new values were assigned from high suitability to low suitability, from 4

to 1, respectively.

29



Table 5.2 : The assigned values of slope

Slope Degree Assigned Value Slope Degree Assigned Value
Pitched Roof Flat Roof
0-15 4 0-15 4
15-30 3 15-60 2
30-45 4 60-90 1
45-60 2
60-90 1

Which region of rooftops have which slope suitability class can be seen in slope
analysis map that is one of the model's moderate outputs (Figure 5.4). If the slope
analysis is examined closely before the reclassification, it is likely that the 5 and 6
rooftops are very close to being taken to the flat roof class. However, they were taken
to the pitched roof class because their average slopes were below the threshold.

418850 418900 418950

4552450

4552400

418850 418900 418950
Figure 5.3 : The results of slope reclassification for pitched rooftops.
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Figure 5.4 : The results of slope analysis for pitched rooftops.

5.2.1 Aspect analysis

Aspect refers the slope direction. The result of analyses, reclassification was
implemented according to the table 5.3. N, NE, NW are less suitable directions, E and
W directions are medium and S, SE, SW are the most suitable directions (Bayrakci
Boz et al., 2015). This analysis was implemented only in pitched roof since flat roofs
have not any value of aspect. The aspect analysis inputs are the same with slope
analysis. In the decision-making process, the percent of aspect was taken higher than
the other factors in the weighted overlays process. The slope of the panel can be
changed with extra cost, but the aspect of the building will be stable.

Table 5.3 : The assigned values of aspect

Slope Direction Assigned Values
Pitched Roof

N
NE

w
NN WBEMADMWODNDDN
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According to rooftops orientation, the classified aspect map is shown in Figure 5.6.
When compared with the final suitability map, the effect of the aspect analysis can be
seen due to the high percentage of weighted overlap process.
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Figure 5.5 : The results of aspect reclassification for pitched rooftops.
5.2.2 Solar radiation analysis

Solar radiation was calculated with Area Solar Radiation (ASR) took which is the tool
of ArcGIS. Time configuration was selected “Whole year with a monthly interval.”
The hour interval was selected 0.5 hours. In addition, the standard parameter was
chosen to derived slope and aspect which the ASR tool required. The global solar
radiation was calculated. Solar radiation data was used to classify regions where the
radiation is high. It is not taken into account in the electricity generation. Tablo 5.4
shows the solar radiation values and the newly assigned values. The point cloud data
was used to a derived digital surface model which was used as an input in the model .
Solar radiation analysis performed all the area (Figure 5.7), but it was only used for
pitched rooftops because the ASR tool includes as a fundamental process slope and
aspect analysis.

32



418850 418900 418950

4552450

4552400

418850 418900 418950
Figure 5.6 : The results of solar radiation reclassification.

In this study, the plain areas were selected on the flat roof to find the The results of
solar radiation reclassification installation regions of the photovoltaic (PV) with an
aspect and slope different from the rooftop structures. The calculation of slope and

aspect of the installed PV will not be taken into the analysis.

Table 5.4 : The assigned values of solar radiation.

Solar Radiation (kWh/m?) Assigned Values
1-250 2
250-500 2
500-800 3
800-1100 3
1100-9999 4

5.3 Feasibility Analysis

Photovoltaic (PV) power plants can be mounted fixed angle facing the Equator or two
axes solar tracking device to follow the sun position. The system includes power
condition appliances, mainly inverters which convert the DC generated by PV into AC
suitable to be fed into the grid and batteries (Martin-Chivelet, 2016).

CWT270-60P 270W polycrystalline panel was used to estimate feasibility. The peak
power of the system is the nominal power of every module. Nominal power is rated at
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standard test conditions are 1 kW/m? solar irradiance, 1.5 air mass, cell temperature of
25°C. Module efficiency, size and number effect the peak power of PV system. The
PV module's efficiency is the ratio of power density supplied by the module to the
solar irradiance it receives. Peak power and nominal power severalize with a symbol
a, p or AC subscript, as kWp or KWAC. Technological developments of the module
are necessary to obtain higher efficiency at the relatively small spaces (Martin-
Chivelet, 2016).

The peak power of the panel was taken consideration, so the high-value regions of the
roofs were put in practice. The area covered by one module is average 2m?2. Therefore,
Areas under 2 m?were extracted from the suitability map. After this, the suitable areas
of the rooftops were determined and decided to the number of panels. The number of
panels to be installed was decided only for pitched roofs. The analyses were carried
out considering the architectural structure of the roof for PV installation without
adding any additional constructional elements. For flat roofs, only suitable plain areas
were estimated. The calculated area is not suitable for feasibility analysis because the
installation area will change due to the slopes and the views of the panels to be

installed.

The cost of the CWT270-60P 270W was required from the production company. The

average price of a single module was given 143.1$.

The average sunshine duration of Sariyer was taken from the Solar Energy Potential
Atlas (GEPA) (Url-7). The sunshine values were shown in Table 5.5. The average

sunshine duration was used to calculate daily electricity production.

The module counts, available area, energy production values are shown in Table 5.6.
The production of the electricity depends on panel module count. The other
components of PV system, inventers, support equipment, cables, were not taken into
account. So the cost can be considered as minimum installation cost. The cost of panel

changes the purchase amount of panels, production density and transportations type.
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Table 5.5 : Sunshine duration of Sariyer Istanbul (Url-7).

Month Sunshine Duration (h)
January 3.39
February 4.26
March 5.20
April 6.57
May 8.31
June 10.19
July 10.72
August 9.71
September 7.86
October 5.05
November 3.78
December 2.99
Average 6.50

Table 5.6 : The feasibility results of highly suitable areas.

Building ID  Area (m?)  Number of Panels kWh kWh/day kWh/month Panel Cost($)

1 182 91 25 160 4791 13022
2 53 26 7 46 1369 3721
3 56 27 7 47 1422 3864
4 170 84 23 147 4423 12020
5 105 52 14 91 2738 7441
6 96 48 13 84 2527 6869
7 16 7 2 12 369 1002
Total 678 335 90 588 17638 47939

The electricity consumption of building 5 was used at the detailed feasibility
calculations. Building 5 has 65 apartments. The electricity consumption in July 2016
was 3208 kWh. As seen in Table 5.5, the sunshine duration in July is 10,72 h. If the
calculation was made according to the sunshine of July, the monthly electricity
generation related to the installed capacity would be 4515 kWh. However, it should
not be forgotten that the panels can not work with 100% efficiency, that the production
changes according to the incoming solar radiation and those energy losses due to the
transmission are experienced. Even if it is thought that the production of these losses
is around the 50%, it is possible to cover the 70% of the electricity consumption of the

building 5 from the roof PV panel systems.

When the calculations of buildings according to the yearly average electricity
consumption of the building number 5 are made, the annual electricity consumption is
46 116 kWh and the invoice amount paid is 12 420 TL approximately 3 253 dollars. It
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is estimated that the annual electricity generation of the installation at most suitable
locations, which is supposed to be built at building number 5, is 32 853 kW/h. When
averages are taken on a monthly basis, the electricity consumption is 3843 kWh, the
paid amount is 1035 TL, about 271 $. It is seen that the production produces more than
the annual value, and if it is considered that the system sells electricity depending on
the network, on-grid PV system, electricity sales of 13 260 kWh per year can
procurable. The distinction between consumption and production is equivalent to
about 4 months of electricity consumption, it can be considered that 4 bills and the
income per year earned will be 4 140 TL, about $ 1 084. Only the cost of purchasing
the panel is $ 7 441, and the period of depreciation time can be calculated as 28 months.
Calculations was calculated as profit on invoice and costs might be changed depending
on the on-grid or off-grid installations. It should be remembered that, costs that will
arise outside of the panel cost as, inventor, installation, transportation, official
permission, maintenance, and in the necessary cases the storage costs were not into

taken consideration.
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6. CONCLUSIONS AND DISCUSSIONS

This study aims to increase the usage of renewable energy in the spare region of the
urban. The method extracts the suitable rooftops based on slope and aspect analyses.
While this analysis, the point cloud data was the primary input. ArcGIS 10.2 was used
to implement GIS operations and the combining all the analyses tools in one model.
ModelBuilder with python programming background made the all steps one user-
friendly interface. The implementation area was the Istanbul Technical University,
Ayazaga Campus. In the pilot area, 11 buildings were analyzed, and 7 of them was
pitched roof, 4 of them was a flat roof. In the panel setup, it was accepted that the
installation process would be done without changing the orientation. So,the feasibility
studies were carried out on the pitched roofs. Ludwig et al., (2009) is mentioned, the
roof size should be at least 15m? to be suitable due to economic reasons and according
to Bayrakci Boz et al., (2015) the minimum area of rooftop depends on the total roof
area commonly acceptable area is 10 m?. However, when examined the panel
dimensions, it is seen that the single bridging module occupies about 2 m?. Unlike the
studies mentioned above, areas larger than 2 m? were included in the calculation. In
order to see the results from the usage of even one PV panel module, the area
calculation was preferred different from the common acceptance. The total available
area is 678 m?, and the total panel module count is 335. If the daily sunshine duration
was accepted the average of the year, 6.5 h, the total energy production is calculated
653.25 kW/day.

The high-rate suitable areas constitute 25% of the total suitable area (Figure 6.1) The
reason why the highest percentage comes out of the medium-rate areas is that the slope
converges near the plain. The flat regions of the rooftops have not been taken to a high-

rate class because of the extra cost of installation in flat areas.
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Figure 6.1 : The percent of total sutabilty ratings.

The distribution of rooftop suitability across the building ID and suitable area in
percent is shown Figure 6.2. When the results of pitched rooftops are assessed, it is
seen that the high-rank areas are between 17%-33% of the suitable regions on a

rooftop.
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Figure 6.2 : The distribution of sutabilty ratings of pitched roofs.

The results for flat rooftops are examined for the suitability of the installation in plain

regions; it is seen that between 60-70 percent is achieved (Figure 6.3).
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Figure 6.3 : The distribution of sutabilty of flat roofs.

The results of the slope analysis, for the pitched roofs, the most suitable rating 4
corresponded, apart from 4 and 5 rooftops, the suitability is observed to be below 30
percent (Figure 6.4). The reason why the results of 4th and 5th floors so different from
others are that the average slopes are very close to the flat roof class.

70%

60%
S 50%
<
2
S 40% .t
E
+= 30% "2
= 3
S 200
5 20% m4
o

- I I I I I I I I

efl TN AeEm D IR Al W

1 2 3 4 5 6 7

Building ID

Figure 6.4 : The distribution of the slope reclassification ratings based of pitched
roofs.

The highest suitability class accounts for 38% of the slope of the calculated total

pitched roof area (Figure 6.5).
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Figure 6.5 : The total distribution of the slope reclassification ratings.

The aspect percentages for each of the roof orientations are shown in Figure 6.6. The
rooftops have an aspect in all directions of the rooftops; there is no much difference
between these values. So, instead of commenting on this chart, it would be
straightforward to comment on total percent of each direction.
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Figure 6.6 : The distribution of the aspect reclassification ratings.

When the graph was examined the total area where the aspect calculation was made,
it has seen that the orientation of the north direction is the highest (Figure 6.7).
Considering that the main factor influencing productivity in the orientation is to the
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south, more energy can be generated from solar energy if the south direction is taken
into consideration in new buildings.
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Figure 6.7 : The total distribution of the aspect reclassification ratings.

There are a number of deficiencies in the development of the model at the next stage
of this study. One of the fundamental deficiencies of the model, which can not be
realized in this study, is shadow analysis. The environmental impact of the shadow
should be considered as a weighted overlay factor. The other rooftop components as

chimney can be extracted before the special analysis.

While calculating the number of panels needed for energy production, the calculations
such as the payload of buildings should be considered as well. Therefore a control
regulation should be provided in order to organize such installations based on such

considerations.

The model and the results can be seen as a support for the widespread use of renewable
energy sources that are constantly discussed in development plans. That can be
assessed to lead the way installation specialties, policy-makers, city dwellers who want

to evaluate own rooftop.
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Figure A.1 : Model diagram.
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Figure A.2 : The blue section of the model diagram.
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Figure A.3 : The red section of the model diagram.
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