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 This study investigated the suitability of rooftops in Istanbul for solar panels using a GIS 
(Geographic Information Systems) based approach. The characteristics of the roofs of 
approximately 1.3 million buildings in Istanbul, such as slope, area and orientation, solar 
radiation, were calculated with ArcGIS by Esri software, and the electrical energy they would 
generate and the carbon footprint (CFP) they would prevent if solar panels were placed on the 
roof of each building were calculated. Various scenarios were created for the years 2030, 2040, 
and 2050, and the change in the amount of carbon footprint over the years was analyzed. 
Istanbul's solar energy potential is 258.59 TWh, and the electricity generation if 
monocrystalline silicon solar panels are used on rooftops is 29.72 TWh. Since the effect of roof 
obstructions on the efficiency of solar panels is not considered, PV power generation may be 
overestimated. Istanbul's total rooftop electricity production has the potential to meet 70% of 
the total electricity consumption for the year 2023. In addition, a solar building information 
system has been established to help citizens and policymakers in the future and to raise 
awareness, including various data such as the solar potential of buildings, the amount of 
electricity generation, and how much carbon emissions will be prevented, and will be available 
online soon. This study can contribute to Istanbul reaching its carbon neutrality goals and 
producing effective results on a global scale. 

Research Article 
 
Received: 
Revised:  
Accepted: 
Published: 
 

 

 
 
 

1. Introduction  
 

Industrialization over the past 200 years has resulted 
in urban growth, with more people living in urban areas 
than in rural ones. By 2030, it is anticipated that 5 billion 
people will live in towns and cities [1]. Cities may account 
for 40 to 70% of human-induced (or anthropogenic) 
greenhouse gas (GHG) emissions [2]. Urban life is 
significantly impacted by the worldwide phenomenon 
known as climate change [3] and creates many 
environmental, economic and social impacts worldwide, 
and the role of local governments or other public 
organisations in the management of these impacts is very 
important [4]. Local governments, usually responsible 
for urban policies, are key actors in the fight against 
climate change [5]. Due to the fact that the adverse effects 
of climate change are becoming more noticeable at the 
local level, they must incorporate climate adaptation 
procedures into their planning procedures [6]. 
Municipalities, as the smallest organization with 
decision-making authority on energy planning, have an 

important role to play in reducing energy dependence on 
fossil fuels. Most government incentives and investments 
are directed toward addressing our growing energy 
needs in light of population growth, industrial expansion, 
and technological advancements [7]. Renewable energy 
is a key component in lowering emissions from the 
electrical supply. It is projected that greater use of wind 
and solar energy will increase the share of renewable 
energy in global electricity generation to over 90% in 
2050 and 60% in 2030 [8]. Solar energy is the best 
renewable energy source for a household, even though 
other renewable energy sources are found to offer 
comparable benefits [9]. The potential for rooftop solar 
in metropolitan areas is the cornerstone of renewable 
energy strategies and action plans for sustainable energy 
at the local or national levels [10]. 

In 2019, buildings accounted 21% of global GHG 
emissions [11]. As a renewable energy source, solar 
buildings have been an important milestone in reducing 
carbon emissions [12]. Building energy use has become a 
major worldwide concern, and various design strategies 
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have been developed to increase energy efficiency across 
several countries [13]. Solar energy generated from 
individual buildings could have a major impact on 
country policies to reduce carbon emissions [14]. 
According to Turkey's National Energy Plan, 25.5% of 
final energy consumption was in residential buildings in 
2020, and this is expected to decline to 20.7% in 2035 
[15]. Therefore, reducing greenhouse gas emissions and 
the environmental impact requires lowering building 
energy consumption [16]. The electrical energy obtained 
from buildings with solar panels will also contribute to 
the achievement of development goals 7, 11 and 13 of the 
sustainability goals determined by the United Nations 
[17]. As the demand for clean energy increases 
worldwide, zero-energy and zero-emission buildings 
that do not pollute the environment are becoming 
increasingly important [18]. Energy is necessary for all 
crucial facets of life, including trade, industry, housing, 
and transportation. But the world's leading energy 
supplies, like water and fossil fuels, are constantly 
running out. Managing natural resources and planning 
for the future is the biggest challenge facing society [19]. 
Groundwork for sustainable development can be 
established by identifying fundamental and universal 
solutions applicable in urban areas [20]. Municipalities 
and other public organisations can develop and 
implement various strategies to combat climate change.  

Many different applications for Geographic 
Information Systems (GIS) deal with location data. A lot 
of applied professions have begun to use GIS as a key 
common concept [21]. GIS is used in solar cadastral 
surveys to assess the solar photovoltaic potential of 
building facades and roofs [22]. Solar cadastres are a 
valuable tool to promote rooftop PV installations among 
city and municipal residents. Furthermore, to support 
the development of district energy supply programmes, 
it is important to calculate local PV potentials [23]. 
Several investigations have been carried out by various 
researchers worldwide that apply various algorithms 
and models to estimate roof-top PV potential using GIS 
tools and techniques. Melius et al. determined that fixed 
value, manual selection, and GIS-based methods were 
used to determine the suitability of rooftop solar panels 
and also found that most solar roof analyses were 
estimated using GIS-based methods [24]. 

Stack and Narine [25], conducted a study in Auburn 
University, which has a campus area of 1875 acres, as the 
study area. They used Light Detection and Ranging 
(LiDAR) data to create a digital surface model (DSM), and 
then used GIS to calculate the DSM's slope, aspect, and 
total solar radiation. They determined that 323 of the 
443 buildings on the campus are suitable for solar panels 
and that these selected roofs can generate 27,068,055 
kWH of energy per year. Adjiski et al. [26], used 1m 
resolution LiDAR data to determine the latent features of 
roofs such as their areas, aspects, slopes and shadings 
etc. The annual maximum solar capacity on the selected 
roofs was determined and the evaluation of roof areas 
was investigated with publicly available big data. Koster 
et al. [9], conducted a study by using open source data, 
determines the solar potential of buildings with the help 
of GIS, and in addition to decarbonizing the building 

sector, it also leads to mapping the solar energy potential 
for countries that have difficulty accessing data. They 
also made a comparison that includes socio-economic 
factors in determining the solar potential. Domínguez et 
al. [27] aimed to develop solar maps in rural areas using 
GIS in Cuba. The aim of these maps is to encourage the 
use of sustainable and renewable energy. 

Martín et al. [28], by applying LiDAR data and GIS-
based models to determine the solar potential in urban 
areas, they have carried out studies for solar radiation 
analysis, creation of solar potential maps and 
investigation of photovoltaic potential of the study area. 
Muhammed et al. [29], investigated a study in Egypt, it 
was aimed to determine the solar energy potential by 
modelling solar radiation with GIS, Solar Analyst tool and 
to determine the potential of PV panels mounted on roofs 
for the whole study area. Dodig and Djapic [30], used a 
DSM was created from LiDAR data, solar radiation was 
calculated with ArcGIS Solar Analyst, suitable roofs were 
found where solar panels could be placed, and how much 
electricity could be produced per year from the panels on 
suitable roofs was investigated. Macancela et al. created 
a three-dimensional model of the rooftops in Santa 
Isabel's (Azuay, Ecuador) downtown using LiDAR 
technology. The area, slope, orientation, and amount of 
solar radiation on the rooftop were calculated to 
estimate its theoretical, technical, and financial 
photovoltaic potential. They found that 68.8% of the 
roof's surface can be used for PV panels, meaning that 
62.39 GWh of photovoltaic potential is theoretically 
possible [31]. Using building footprints, digital elevation 
models, GIS, and high-resolution satellite imagery, 
Mondal et al. assessed Chennai's potential for solar 
rooftop installations by identifying the best rooftop 
locations for solar panel installations while taking aspect, 
slope, and solar radiation into account. The findings 
indicate that the total suitable roof area of Chennai is 
approximately 140,674,391.4 m², with the potential to 
produce 35,936 GWh of electricity per year [32]. 

In this study, a city-scale dynamic model is proposed 
to reduce the CFP in Istanbul, one of the world's largest 
metropolises. Based on the CFP mitigation scenarios 
published by Istanbul Metropolitan Municipality (IMM), 
the modeling study investigates the impact of electricity 
generation on CFP by reducing the city's dependence on 
the electricity grid if solar panels are installed on building 
roofs. The solar potential of the roofs of approximately 
1.3 million buildings in Istanbul was calculated with 
ArcGIS software by Esri and the electrical energy 
generation from solar potential was calculated. With 
various scenarios created according to the electricity 
energy targets to be obtained from renewable energy 
sources specified in the national energy plan, the short, 
medium and long term impact of electricity energy to be 
generated only from buildings on the city's CFP was 
modelled. In addition, in order to help citizens and policy 
makers in the future and to raise awareness, a solar 
building information system, including various data such 
as the solar potential of buildings, the amount of 
electricity to be generated and how much carbon 
emissions will be prevented, has been established and 
will be serve online soon. 
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2. Method 
 

By committing to becoming carbon neutral by 2053, 
Turkey signed the Paris Agreement. The activities that 
increase carbon emissions the most are caused by oil and 
its derivatives. From a global and local perspective, 
buildings are known to significantly increase CFP, as 
previously mentioned in the literature. Therefore, the 
fact that a significant portion of energy is consumed in 
buildings and fossil fuels will one day be depleted plays 
an important role in using buildings effectively.  

Türkiye, a developing nation where the study region 
is located, contributed 1.2% of the world's greenhouse 
gas emissions, which increased to 1.3% in 2023 [33,34]. 
According to the Business as Usual (BAU) scenario, which 
uses 2012 as the base year, Turkey has committed to 
reducing its greenhouse gas (GHG) emissions by 41% by 
2030 (695 MtCO₂e in 2030) as part of the Paris 
Agreement, which went into effect in 2021 [35]. As 
shown in Figure 1, 42% of the electricity generated in 
Türkiye is from renewable energy sources [36], which is 
above the global average of 39% [37]. 

 

 
Figure 1. Distribution of electricity generation by 
renewable energy sources 

 

2.1. Study Area 
 

Istanbul province, Türkiye was selected as the study 
area. The province of Istanbul accounts for 18.34% of 
Turkey's population, with a population of 15 million 655 

thousand 924 people as of 2023 [38], and Istanbul's total 
electricity consumption is equal to 16.67% of Turkey's 
total electricity consumption [39]. Strategically located 
at the intersection of Europe and Asia, Istanbul’s diverse 
urban landscape offers vast rooftop areas suitable for 
solar photovoltaic installations. The city is bisected by 
the Bosphorous Strait, with the Sea of Marmara to the 
south and the Black Sea to the north, creating distinct 
climatic and solar exposure conditions. The study area is 
shown in Figure 2. 

 

 
Figure 2. Study area, Istanbul 

 

In order to reduce CFP, a model was designed and 
inputs and outputs were determined. In this designed 
model, the activities that cause CFP and the activities that 
reduce them are shown in Figure 3 [40]. Within the scope 
of this study, it is investigated how much of the electricity 
consumption will be met with the electricity generation 
to be obtained if solar panels are installed on the roofs of 
all buildings in study area, which is one of the mentioned 
mitigation activities. In addition, according to the 
scenarios created, it is also determined how much it will 
reduce the carbon footprint in the short, medium and 
long term. This model is a dynamic system suitable for 
adding new inputs. 

 
 
 
 

Figure 3. Emission sources and decarbonization activities for study area 
In the Istanbul Sustainable Energy and Climate Action 

Plan (SECAP) prepared by IMM, the total CFP is 
approximately 50.9 MtCO2e and 3.3 tCO2e per capita 
according to the greenhouse gas inventory calculated 
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based on 2019 for Istanbul. 49.20% of the emissions in 
the stationary energy sector come from residences and 
commercial buildings, and 99% of the emissions in the 
transport sector come from road transport [40]. 

 

2.2. Methodology 
 

The methodology that is used in this study is 
graphically shown in 4 steps in Figure 4.  

The main steps in this diagram are: 
- Step 1: Creating solar radiation map. 
- Step 2: Identifying suitable roofs. 
- Step 3: Calculation of electrical energy from solar 

radiation values and creating a web-based solar 
potential map. 

- Step 4: Creating various scenarios to reduce CFP. 
 

These steps are explained in the following chapters. 
 

 
Figure 4. Workflow of this study 

 

Step 1: 
Although there is much commercial software for 

determining solar potential, ArcGIS software by Esri was 

used in this study. A geometric solar radiation model was 
created as part of the Solar Analyst Tool to compute 
direct and diffuse solar radiation from digital elevation 
models (DEMs) [41]. Global radiation is the total of direct 
and diffuse radiation of all sun and sky map sectors 
(Globaltot) [42]. Solar radiation analysis tools assess the 
sun's impact on a specific region at different times by 
considering various factors. These include the terrain's 
steepness (slope), altitude and latitude, atmospheric 
effects, and compass direction (aspect). They also 
consider changes in the sun's angle throughout the day 
and season, as well as the shadows created by the 
surrounding terrain [43]. 

The Field Solar Radiation tool requires the user to 
select input parameters to make the application [44]. 
These parameters were chosen to provide the best 
compromise between an acceptable computational time 
and the accuracy of the results. The parameters selected 
in the input settings are given in Table 1. 

 

Table 1. Input settings for the solar analysis 
Input settings for the solar analysis Value 
Sky size/Resolution 200  

Time configuration Whole year (2023) 

Hour interval 1 hour 
Z factor 1 

Slope and aspect input type 
From the input surface 
raster 

Calculation directions 16 
Sky zenith divisions 8 
Sky azimuth divisions 8 
Diffuse model type Uniform overcast sky 

 

The Solar Radiation tool requires raster or vector data 
inputs as it is a GIS-based application. In particular, a 
DEM is required as an input by the Area Solar Radiation 
tool in order to model solar radiation over geographic 
areas. To generate high-resolution temperature maps, 
high spatial resolution and high-quality DEMs need to be 
used [45]. In this study, the Digital Elevation Model 
(DEM5-L0) produced by the General Directorate of 
Mapping of the Ministry of National Defense by 
automatic matched from 30 cm resolution stereo aerial 
photographs with 5 m grid spacing was used (Figure 5a). 
To evaluate the effect of spatial resolution on the outputs 
generated, irradiance calculations were also performed 
utilizing a DEM of 5 m. Although various methods have 
been proposed to automatically obtain the roofs of 
buildings [46-48] the footprints of all buildings within 
the scope of this study were taken from Istanbul 
Metropolitan Municipality (IMM) in the form of polygons 
in shape format (Figure 5b). The solar radiation values of 
the roofs of all buildings in Istanbul were obtained with 
the parameters in Table 1 by the Area Solar Radiation 
Tool module of the ArcGIS. 

 



International Journal of Engineering and Geosciences, 2026, 11(1), 64-77 
 

68 
 

 
Figure 5 (a). Digital Surface Model 

 

 
Figure 5 (b). Buildings footprints 

 

Step 2 
After determining the solar radiation levels of the roof 

of each building, it was seen that there are some criteria 

for determining solar roofs. In order to determine 
suitable roofs for solar panels, some desired features 
need to be specified. As indicated in Figure 4, suitable 
orientation, suitable slope and high radiation roofs have 
been determined [49]. Solar panels are usually mounted 
in the same plane as the surfaces of pitched roofs, the 
slope of the roofs is determined to estimate the PV 
accurately [31]. Roofs with a slope less than 45° are used 
as the slope parameter in this study [50]. Each cell's 
values in the output raster indicate the compass 
direction that the surface faces at that point, when the 
downslope direction is identified using aspect analysis 
[51]. In the northern hemisphere, north-facing surfaces 
(0-22.5° and 337.5°-360°) are less suitable for solar 
panels as they receive less solar energy [49]. Therefore, 
north-facing roofs are not taken into account. If a 
building's suitable roof surface is less than 30 m² [52], it 
is generally not suitable for solar panel installation, but 
some studies in the literature indicate that 10 m² is also 
sufficient [53]. Since the obstacles on the roofs are 
ignored, a minimum of 30 m² is assumed as a suitable 
area. It is assumed that the solar panels are placed on the 
roofs according to their slope and that the panels' angle 
is constant throughout the day. The solar radiation map 
was obtained by creating a hill shade raster from DSM 
and masking it with the footprints of the buildings using 
ArcGIS software by Esri. Then, slope raster and aspect 
raster were created to analyze suitable roofs for PV 
installation. Figure 6 displays maps that were created by 
Esri using the ArcGIS program. 
 

 
Figure 6. Workflow of identifying suitable roofs 
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Step 3: 
Using the solar potential values obtained after 

determining the suitable roofs and multiplying the 
available solar radiation values with efficiency (η) and 
performance ratio (PR) values, the electricity generation 
was determined for each building in this step. The solar 
potential to be obtained from solar radiation is calculated 
according to the formula in Equation 1 [54]. 

 

Solar Potential (SR)=A*I                                                        (1) 
where A = Total solar panel area (m2) 
I = Annual average solar radiation (kWh/m²) 

 

The electricity generation is calculated according to the 
formula in Equation 2. 
 

Electricity Generation (E)= SR* η *PR                               (2) 
 

Where η = Solar panel efficiency (%) 
PR = Performance ratio (%) 
E = Energy (kWh) 
 

Gazbour et al. determined the average efficiency of 
monocrystalline silicon solar panels to be 14.37%. They 
observed that the PR range of these panels varied 
between 0.75 and 0.80 [55]. In this study, the average 
efficiency for the monocrystalline silicon solar panel 
selected as the solar panel type is 14.37%, and the PR is 
assumed to be 80%. 

In this step, aimed to transfer the solar potential map 
produced in the Step 3 to a web-based environment so 
that citizens and policy makers have a preliminary 
knowledge about the solar potential of buildings. The 
web-based map was developed with ArcGIS Web 
AppBuilder. WebGIS makes geospatial data available to 
everyone. It produces a quick and sophisticated 
environment without regard to time, location, or the 
constraints of powerful computers and processing power 
[56]. In addition, information such as the area of each 
building, average solar potential value, solar potential, 
electricity generation, and information such as how 
much CFP will be prevented and for example, how many 
trees will be saved if its electrical energy potential is 
utilised have been added to the database to raise 
awareness. 

 

Step 4: 
This step examines the environmental benefits of 

implementing the power generation system discussed in 
the previous section, using the scenarios that were 
created. The CFP in Istanbul was calculated as 50.89 
MtCO2e for 2019. Private, public and commercial road 
transport (28.1%), housing (27.8%), commercial and 
institutional buildings (21.4%) and industry (12.9%) 
sectors are responsible for the majority of the city's 
emissions. The population of Istanbul is predicted to 
grow by 22% in 2030 to reach 17.9 million, 35% in 2040 
to reach 19.7 million, and 46% in 2050 to reach 21.3 
million, compared to 2015 [40]. Within the scope of this 
study, scenarios were developed for the years 2030, 
2040 and 2050 to reduce the CFP from buildings.  

As the city's population and economy continue to 
grow, greenhouse gas emissions are predicted to surpass 
76 MtCO2e in 2030, get close to 95.22 MtCO2e in 2040, 

and reach 115 MtCO2e in 2050 [57]. Table 2 shows the 
CFP values of Istanbul in the upcoming years. 

 

Table 2. Istanbul CFP by year 

Year 
Population 

(Million) 
CFP (MtCO2e) 

CFP per Capita 
(tCO2e/person) 

2019 15.5 50.9 3.30 

2030 17.9 76.80 4.29 

2040 19.7 95.22 4.83 

2050 21.3 115.25 5.41 

 

In this model, the activities to be carried out in order 
to reduce the CFP of Istanbul, which is selected as the 
study region, have been calculated one by one by creating 
various scenarios for the years 2030, 2040 and 2050 
according to the mitigation strategies specified in IMM's 
SECAP report and their effects on CFP have been 
investigated. With this study, short, medium and long-
term policies were developed to reduce the CFP of 
Istanbul and to guide policy makers in the future. 
According to the Turkish National Energy Plan, the target 
set for the Share of Resources in Electricity Generation 
for solar energy increases by approximately 5% annually 
every 5 years [15]. With this assumption, it is expected 
that 10% of the buildings will use solar energy in 2030, 
20% in 2040 and 30% in 2050. The policies produced 
were taken from the SECAP report published by IMM and 
the scenarios are given in Table 3. 

 

Table 3. Istanbul CFP mitigation strategy 
Scenario Year Mitigation Strategy 

Scenario 1 2030 By 2030, 10% of buildings will 
generate electricity from solar power 

Scenario 2 2040 By 2040, 20% of buildings will 
generate electricity from solar power 

Scenario 3 2050 By 2050, 30% of buildings will 
generate electricity from solar power 

 

To calculate the CFP, the common theoretical method 
is to multiply the activity data by the activity emission 
coefficient. The basic equation is as shown in Equation 3 
[58]: 

 

Emissions = AD*EF                                                                  (3) 
 

where EF is the emission factor and AD is the activity 
data. Activity data shows how much human activity 
results in emissions or removals over a given time period 
[59]. 

Although electricity consumption point emission 
factors vary depending on the connection point, The 
Turkish National Electricity Grid Emission Factor 
includes factors for calculating GHG emission reductions 
to be achieved through renewable energy-sourced 
electricity generation. For every MWh of electricity 
generation by solar or wind power, 0.6261 tons of CO2 
emissions will be avoided, according to the emission 
factor. For this purpose, this coefficient is used to 
calculate the tons of CO₂ emissions to be avoided [60]. 
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3. Results  
 

The electricity generation from the roof of buildings 
is the province of Istanbul has been investigated and 
studied with larger scale data. The study's findings, when 
applied to building solar roof suitability criteria, indicate 
that about 1.2 million building roofs are appropriate for 
the installation of solar panels. This corresponds to 
approximately 90% of the total number of buildings. The 
average annual solar radiation for 2023 was determined 
to be 1,170 kWh/m² and the total solar potential to be 
obtained from the roofs of the buildings was found to be 
258.59 TWh.  

Dust and dirt, reflection, irradiation, spectral losses, 
array mismatch, thermal losses, DC cable losses, inverter 
losses, and AC cable losses are some of the factors that 
impact the efficiency of solar panels [61]. The production 
capacity of solar panels decreases over time due to 
degradation [62]. In this study, the degradation of the 
panels over the years is neglected when calculating the 
electricity generation. Electricity generation was found 
to be 11.35 TWh on the Anatolian side and 18.37 TWh on 
the European side. The total electricity generation to be 
produced by all buildings was calculated as 29.72 TWh. 
This shows that the actual electricity generation of each 
building is on average 25 MWh.  

The solar potential information from the entire city of 
Istanbul has been assembled over 219.83 million square 
kilometers of roof space covered by the nearly 1.2 million 
buildings whose solar PV potential was simulated as seen 
in Table 4. 
 

Table 4. Solar potential data of Istanbul 

 
Number of 
Buildings 

Roof 
Space 
(km²) 

Solar 
Potential 

(TWh) 

Electricity 
Generation 

(TWh) 

Anatolian Side 448,685 83.59 98.76 11.35 

European Side 727,635 136.24 159.83 18.37 

Total 1,176,320 219.83 258.59 29.72 

 

The Turkish Energy Market's report claims that, the 
annual electricity consumption of Istanbul province for 
2023 is 42.51 TWh. It has been determined that the 
electricity generated from building roofs could meet 
approximately 70% of Istanbul's total electricity 
consumption in 2023. Similar to this study, in the 
research conducted for Istanbul, Yıldırım et al. [63], a 
three-dimensional city model was used to determine 
solar radiation and the total electrical energy produced 
by PV panels. A mobile vehicle metering system 
measured these variables over 410 days at eight different 
points across the city. Determined that if solar panels 
were added to the roofs of approximately 1.3 million 
buildings in Istanbul, they would meet approximately 
67% of Istanbul's electricity consumption, with the 
electrical energy to be obtained for 2019.  

Following the calculation of each building's solar 
radiation values and the amount of electricity it will 
generate, the Istanbul Province Solar Map, a web-based 
application, was developed with ArcGIS Web AppBuilder 
by Esri and made available to everyone, as shown in 
Figure 7.  

 

 
Figure 7. Web based Istanbul Solar Potential Map 

 

This online map provides citizens, policymakers and 
local government in Istanbul with an invaluable first 
estimate of PV panels installed on buildings, including in-
formation such as the area of each building, average solar  

 
 

potential value, annual average solar potential, solar 
energy and electricity generation and how many tons of 
carbon emissions 1 MWh of electricity generated from 
solar panels will prevent for each selected building and 
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how many trees will be saved. Thanks to this user-
friendly interface, investors and property owners will be 
able to see the energy efficiency potential of their real 
estate, contributing to the formation of an energy-
efficiency market [64]. 

From an environmental perspective, to reduce CFP 
city-wide, as seen in Figure 8, while the CFP per capita 
estimated for Istanbul in 2030 is 4.29 tCO2e/person, this 
value decreases to 4.19 with installing solar panels on 

only 10% of the buildings and obtaining electricity. While 
the CFP per capita estimated for 2040 is 4.83 
tCO2e/person, this value decreases to 4.64 with solar 
panels installed on 20% of the buildings. In 2050, it was 
found that the per capita CFP decreased from 5.41 to 
5.15. Even if the targeted mitigation strategy is 
implemented only for buildings, there is a decrease in the 
CFP per capita.  

 

Figure 8. Modelling results of CFP in Istanbul. 
 

Another critical issue in PV installation is the 
investment cost [65]. The installation cost of solar power 
plants is one of the factors influencing the installed 
capacity situation globally from an economic standpoint; 
however, the cost per unit of energy produced is steadily 
declining [66]. Achieving cost-effectiveness and 
shortening the time it takes for investors to receive their 
money back is essential for expanding the use of solar 
energy. Solar PV power generating prices ranged from 
€42 to €168/MWh, with 75% of results falling below 
€101/MWh [67]. Assuming an average annual 
generation of 25 MWh for a building, the cost of rooftop 
PV installations is approximately €2,525 using a value of 
€101/MWh. Therefore, the investment cost of installing 
solar panels on 10% of buildings to reach the 2030 
decarbonisation target is expected to be at least €315 
million. 

One of the most common methods in economic 
evaluation is the payback period method. This method 
gives investors a clear return expectation by calculating  

 
 

how long it will take for a project to recoup its initial 
investment [68]. The payback period is determined by 
taking into account the electricity tariff, and can be 
expressed using the Equation 4 [69]: 

 

Payback Period= 
𝐶𝐴𝑃𝐸𝑋

𝐸.𝑇−𝑂𝑃𝐸𝑋
……………………………………(4) 

 

where CAPEX = Installation cost of solar power plants 
E= Electricity generation 
T= Electricity tariff (€0.13/kWh [70]) 
OPEX = Operational and maintenance costs (1.1% of 
capital cost [71]) 
 

4. Discussion  
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This study investigates how tracking and modelling 
city-wide emissions can change carbon emissions. The 
findings obtained within the framework of the results 
obtained from the study are discussed below.  
 

4.1 Summary of Findings 
 

When the literature studies are analysed, it is seen 
that the usability of solar energy, its effect on CFP per 
capita has not been investigated and a web-based solar 
energy map has not been developed. In this research, 
which was carried out with large-scale data, it was aimed 
to develop a CFP monitoring and tracking model 
proposal at the city level and to fill some gaps in the 
literature. 

This study contributes to the help the decision maker 
or mayor how to do something when deciding on 
something, planning a city or revising existing buildings. 
The inputs of this system, which consists of inputs and 
outputs, are the factors that cause the CFP, and the 
outputs are the monitoring of the change in the CFP 
according to the modelling results. Therefore, answers 
are sought to questions such as whether the selected 
activity should be changed, reduced or, if there is no 
chance of reduction, whether it is necessary to switch to 
a new technology. The purpose of this system is to add 
new inputs to the system to reveal each of the activities 
to be selected according to the CFP mitigation strategies. 
 

4.2 Contributions to the Field 
 

By 2050, electricity consumption will increase to 43% 
in transport and 68% in buildings, and 86% of this 
electricity need is expected to be provided from 
renewable sources [72] and due to the lack of land uses 
for PV electricity generation, using building rooftops is an 
extremely attractive choice [73]. The total number of 
buildings in Istanbul is nearly 1.3 million and buildings 
have a share of 27.8% in the total CFP. If no mitigation 
strategies are taken to reduce carbon emissions in 
Istanbul, the CFP is expected to increase in 2050 with the 
increasing population [40]. To reduce the carbon 
footprint (CFP) from buildings is crucial to tackling 
climate change, which is why net zero emission buildings 
(NZEB) are of great importance [74]. Considering the 
seismicity of Istanbul, it is expected that an average of 
300,000 houses will be transformed by 2026 as a result 
of urban transformation practices. New buildings to be 
built within the scope of urban transformation should be 
designed as NZEB buildings. 

A plan for transitioning the nation's building stock to 
zero-emission structures by 2050 and for phase-out of 
fossil fuels for heating and cooling by 2040 at the latest 
should be part of National Building Renovation Plans if 
they are completely included into National Energy and 
Climate Plans [75]. In the building sector, building-
integrated solar panels also need to be taken into account 
in long-term policy formulation [76]. As new city blocks 
are being constructed, new systems should be designed 
to be used efficiently solar energy [77]. According to 
Turkey's National Energy Plan, 25.5% of final energy 
consumption was in residential buildings in 2020, and 
this is expected to decline to 20.7% in 2035 [15]. 

Macancela et al. stated that the panels producing 23 GWh 
of electrical energy per year will prevent 6,805 tonnes of 
CO₂ emissions during their 25-year economic life, taking 
into account the deterioration of the panels [31]. In 2010, 
Sun et al. pointed out that generating electricity from 
solar panels could reduce about 3.8 million tonnes of CO₂ 
per year in built-up areas in Fujian [78]. 
 

4.3 Implications for Policy and Practice 
 

Municipalities play a critical role in combating climate 
change. Local-level policies can significantly contribute 
to the achievement of global climate goals. Creating a 
web-based information system for building stock can 
greatly enhance the management process. This system 
will include a web-based map that policymakers, 
planners, investors, and the general public can use as a 
decision-making tool for local renewable energy 
initiatives [79]. The potential of the buildings should be 
determined by establishing a GIS-based Solar Building 
System, which includes the following items:  

1. Creating a Geographic Information Building System 
and giving each building a unique number like its own 
identification number, 

2. Obtaining real electricity / water / heating data 
from relevant institutions (creating a database for 
buildings and adding the energy consumption of 
buildings to this system),  

3. Calculating the CFP of each building after obtaining 
the relevant consumption, 

4. Investigating the energy potential of roofs, 
5. Demonstrating a comparative example of using 

solar panels in buildings for renewable energy, 
6. Long-term benefit/cost analysis of systems such as 

solar panels to be added to buildings to produce their 
own energy. 

A detailed building information system covering all 
the above items should be designed and all buildings 
should be monitored and analysed. Therefore, a 
neighbourhood-based and district-based carbon 
information system is suggested here to show decision 
makers what they need to do within an information 
system. The database created can be integrated into the 
relevant municipalities' systems, and the buildings can 
be monitored on a local basis. By adding the buildings' 
consumption data to the system, the amount of carbon 
emitted to the environment can be determined, and if 
solar panels are installed in the buildings, the system can 
be updated to monitor whether the CFP is reduced. When 
new information arrives, a tree is planted in the district, 
a building starts using solar panels, or a building is 
demolished and rebuilt, the dynamic model will be 
completely updated and the CFP will be tracked. With 
more people living in cities worldwide, developing 
sustainable living environments has been a top concern 
[80]. To meet the carbon neutrality target while 
constructing new housing and lowering the carbon 
footprint of existing housing, concrete measures should 
now be taken to address the climate crisis and reduce the 
CFP, mainly in the short term by 2030 and in the long 
term by 2050. When all legal bases, regulations and 
action plans are examined, it has been determined that 
the problem of establishing a building information 
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system and monitoring and analysing them should be 
solved. 

Due to the net zero commitment given in the Paris 
Agreement, when developing a city or designing a new 
building, modelling should be done according to daylight 
to get the maximum efficiency from solar energy; CFP 
should be taken into account when transforming an 
existing structure, the system should be considered as a 
whole, and the future scenario should be taken into 
account. For example, when urban transformation is to 
be carried out, questions such as how many buildings 
existed before, how many households lived there, etc., 
should be calculated, and how they will affect the CFP in 
the future should be planned accordingly. The current 
urban arrangement activities in terms of sustainability 
principles realisation is an inevitable necessity [81]. 

Although electricity generated from solar panels is 
seen as an opportunity to access renewable energy and 
reduce CFP, it is theoretically a difficult process to 
implement. Within the framework of the laws and 
regulations in force in Turkey; according to the Law on 
Condominiums, roofs must be common areas and the 
approval of all owners must be obtained, the roofs of the 
buildings must be statically suitable, the legal process for 
unlicensed electricity production is long, the system to be 
installed must not disrupt the aesthetics of the building, 
the economic cost, as well as the inadequacy of credit 
incentive mechanisms and the lack of sufficient public 
awareness, obstacles can been countered. 

 

4.4 Limitations 
 

This study also had some limitations. In the 2030, 
2040, and 2050 projections, the electricity generation 
from solar panel panels is assumed to be constant. But it 
should be known that, the production capacity of solar 
panels decreases over time due to degradation [62]. The 
roofs of existing buildings often require various 
installation features, such as air conditioning vents, 
chimneys, overhangs, and antennas. These elements may 
have an impact on rooftop solar panels' ideal positioning 
and effectiveness [82]. It is assumed that there are no 
obstructions on the roofs, and the potential impact of 
roof obstructions such as air conditioning equipment and 
chimneys on the available roof area is not discussed, so 
PV power generation may have been overestimated. In 
future studies, the physical properties of roofs can be 
analyzed with more detailed data using LiDAR 
technology [83]. Furthermore, in addition to the general 
developments in atmospheric science and climate 
modelling, more targeted research, such as simulation 
studies, measurement campaigns, and enhanced 
renewable energy models, can be carried out in the 
future to investigate the effects of solar radiation 
modification on renewable energy [84].  

Since ArcGIS is a commercial software, it cannot be 
used without purchasing a license. Access to data is the 
primary constraint for GIS research [85]. To generate 
high-resolution temperature maps, high spatial 
resolution and high-quality DEMs need to be used [42]. 
One of the most critical problems in creating a solar map 
is the excessive calculation time, which can last day [86]. 

 

4.5 Suggestions for Future Research 
 

In future studies, the effects of fluctuations in solar 
energy due to weather and seasonal changes should also 
be considered to predict solar energy and it is 
recommended to conduct sensitivity analysis. Another 
suggestion is to investigate the impact of transportation, 
which causes the highest carbon emissions after 
buildings, on the CFP in Istanbul by creating various 
scenarios according to the mitigation activities specified 
in the SECAP report. And also, solar parking lots can also 
be considered as an alternative to reduce carbon 
emissions. By using these areas in cities for energy 
generation, carbon emissions can be reduced by using 
the electricity generated here while charging electric 
vehicles [87]. 

 
5. Conclusion  

 

With this study, a dynamic CFP model was developed 
for the first time on a city scale in Istanbul, one of the 
world's most populous metropolises. A significant part of 
the CFP in Istanbul comes from buildings and 
transportation. Energy efficiency, renewable energy 
sources, and sustainable urbanisation are critical to 
reduce carbon emissions. This dynamic model is very 
suitable for improvement and adding new inputs. Energy 
efficiency and sustainability of buildings stand out as 
fundamental strategies to reduce CFP. The measures to 
be taken by decision-makers in this process are very 
important in terms of developing effective policies. In 
addition, it is anticipated that creating a dynamic model 
and transferring it to mobile platforms will be beneficial 
in increasing social awareness.  

Various policies have been developed in the short, 
medium, and long term to reduce the CFP, and attention 
has been drawn to the change and reduction in the CFP if 
these policies are implemented. Therefore, to achieve the 
zero-emission city target, various policies need to be 
developed and implemented. It should not be forgotten 
that reduction efforts made at the local level will have a 
major impact globally. 

This study can contribute to Istanbul reaching its 
carbon neutrality targets and producing effective results 
on a global scale. Creating a solar building information 
system can monitor buildings responsible for 21% of the 
worldwide CFP. CFP can be modelled and monitored for 
existing or newly constructed buildings using this model. 
Although this model proposal was made for Istanbul, it 
can be applied to all of Türkiye or other cities in the world 
in future studies. 

 
Acknowledgement 

 

This research is a part of Doctoral Dissertation of first 
author carried out at Istanbul Technical University, 
Graduate School. The authors would like to thank the 
Republic of Turkey's Ministry of National Defense 
General Directorate of Mapping for providing the DSM 
data used in the study. The corresponding author is 
deeply grateful to her supervisor, Prof. Dr. Reha Metin 
Alkan for his guidance. 
 



International Journal of Engineering and Geosciences, 2026, 11(1), 64-77 
 

74 
 

Author contributions 
 
Büşra Kartal (Ph.D. Candidate): Conceptualization, 
methodology, resources and data acquisition, software 
and analysis, writing-original draft Reha Metin Alkan: 
Investigation, data curation, supervision, verification of 
results, writing-review and editing. 
 
Conflicts of interest 
 

The authors declare no conflicts of interest. 
 
References  

 
1. Hakovirta, M. (2024). Socioeconomic aspects of 

climate change in cities and municipalities. In 
Carbon Neutrality: Follow the Money (pp. 143-
156). Cham: Springer Nature Switzerland. 

2. World Bank. (2025). Cutting Global Carbon 
Emissions: Where Do Cities Stand?, 
https://blogs.worldbank.org/en/sustainablecit
ies/cutting-global-carbon-emissions-where-
do-cities-stand  

 
3. United Nations Environment Programme. 

(2025). Cities and Climate Change, 
https://www.unep.org/explore-
topics/resource-efficiency/what-we-do/cities-
and-climate-change 

4. Fila, D., Fünfgeld, H., & Dahlmann, H. (2024). 
Climate change adaptation with limited 
resources: adaptive capacity and action in 
small-and medium-sized municipalities. 
Environment, Development and Sustainability, 
26(3), 5607-5627. 

5. dos Santos, A. P. S., & de Oliveira, J. A. P. (2024). 
What factors drive municipal climate 
adaptation policy? The role of risk management 
capacity and transnational municipal networks. 
Urban Climate, 53, 101809. 

6. Riach, N., & Glaser, R. (2024). Local climate 
services. Can municipal climate profiles help 
improve climate literacy?. Climate Services, 34, 
100449.  

7. Acar, A., & Kaygusuz, A. (2022). Effect of energy 
storage on power system stability. Engineering 
Applications, 1(1), 91-98. 

8. International Energy Agency. (2022). World 
Energy Outlook 2022, IEA, Paris 
https://www.iea.org/reports/world-energy-
outlook-2022, Licence: CC BY 4.0 (report); CC 
BY NC SA 4.0 (Annex A) 

9. Koster, G., van Sark, W., & Ricker, B. (2024). 
Solar potential for social benefit: Maps to 
sustainably address energy poverty utilizing 
open spatial data in data poor settings. Energy 
for Sustainable Development, 80, 101453. 

10. Horváth, M., Kassai-Szoó, D., & Csoknyai, T. 
(2016). Solar energy potential of roofs on urban 
level based on building typology. Energy and 
Buildings, 111, 278-289.  

11. Buildings. In Climate Change 2022 - Mitigation 
of Climate Change; Intergovernmental Panel On 

Climate Change (Ipcc), Ed.; Cambridge 
University Press, 2023; pp. 953–1048 ISBN 978-
1-009-15792-6. 

12. Quan, S. J., Li, Q., Augenbroe, G., Brown, J., & 
Yang, P. P. J. (2015). A GIS-based energy balance 
modeling system for urban solar buildings. 
Energy Procedia, 75, 2946-2952.  

13. Incekara, C. (2024). Energy piles design 
parameters optimization by using Fuzzy Logic. 
Engineering Applications, 3(2), 147-156. 

14. Qafleshi, M., & Kryeziu, D. R. (2025). Solar 
energy generation from residential buildings, 
transition of the energy sector from fossils to 
carbon-free energy and meeting UN SDG. 
International Journal of Energy Sector 
Management, 19(1), 181-200. 

15. Enerji ve Tabi Kaynaklar Bakanlığı. (2022). 
Türkiye Ulusal Enerji Planı. 
https://enerji.gov.tr/duyuru-detay?id=20317 

16. Gabbar, H. A., & Ramadan, A. (2025). Integrated 
renewable energy systems for buildings: an 
assessment of the environmental and socio-
economic sustainability. Sustainability, 17(2), 
656. 

17. United Nations. (2025). Sustainable 
Development Goals: 17 Goals to Transform Our 
World. 
https://www.un.org/en/exhibits/page/sdgs-
17-goals-transform-world 

18. Jelle, B. P. (2015). Building integrated 
photovoltaics: A concise description of the 
current state of the art and possible research 
pathways. Energies, 9(1), 21. 

19. Xu, Y., & Zhao, F. (2023). Impact of energy 
depletion, human development, and income 
distribution on natural resource sustainability. 
Resources Policy, 83, 103531. 

20. Liu, H. Y., Skandalos, N., Braslina, L., Kapsalis, V., 
& Karamanis, D. (2023, July). Integrating solar 
energy and nature-based solutions for climate-
neutral urban environments. In Solar (Vol. 3, No. 
3, pp. 382-415).  

21. Önder, M., Güntel, A., & Kaya, Ö. Y. (2022). A 
geographical information systems (GIS) 
perspective on European green deal and 
sustainability. Advanced GIS, 2(1), 33-37. 

22. Bieda, A., Cienciała, A. (2021). Towards a 
renewable energy source cadastre—a review of 
examples from around the world. Energies, 
14(23), 8095.  

23. Camargo, L. R., Zink, R., Dorner, W., & 
Stoeglehner, G. (2015). Spatio-temporal 
modeling of roof-top photovoltaic panels for 
improved technical potential assessment and 
electricity peak load offsetting at the municipal 
scale. Computers, Environment and Urban 
Systems, 52, 58-69. 

24. Melius, J., Margolis, R., & Ong, S. (2013). 
Estimating rooftop suitability for PV: a review of 
methods, patents, and validation techniques.  

25. Stack, V., & Narine, L. L. (2022). Sustainability at 
Auburn University: assessing rooftop solar 



International Journal of Engineering and Geosciences, 2026, 11(1), 64-77 
 

75 
 

energy potential for electricity generation with 
remote sensing and GIS in a Southern US 
Campus. Sustainability, 14(2), 626. 

26. Adjiski, V., Kaplan, G., & Mijalkovski, S. (2023). 
Assessment of the solar energy potential of 
rooftops using LiDAR datasets and GIS based 
approach. International Journal of Engineering 
and Geosciences, 8(2), 188-199. 

27. Domínguez, J., Bellini, C., Martín, A. M., & 
Zarzalejo, L. F. (2024). Optimizing solar 
potential analysis in Cuba: a methodology for 
high-resolution regional mapping. 
Sustainability, 16(18), 7899.  

28. Martín, A. M., Domínguez, J., & Amador, J. (2015). 
Applying LIDAR datasets and GIS based model 
to evaluate solar potential over roofs: a review. 
Aims Energy, 3(3). 

29. Muhammed, E., Morsy, S., & El-Shazly, A. (2021). 
Building rooftops extraction for solar PV 
potential estimation using gis-based methods. 
The International Archives of the 
Photogrammetry, Remote Sensing and Spatial 
Information Sciences, 44, 119-125.  

30. Dodig, A., & Djapic, V. (2023, March). Digital 
solution to estimate solar power potential of 
rooftops in City of Belgrade. In Conference on 
Information Technology and its Applications 
(pp. 362-374). Cham: Springer Nature 
Switzerland.  

31. Idrovo-Macancela, A., Velecela-Zhindón, M., 
Barragán-Escandón, A., Zalamea-León, E., & 
Mejía-Coronel, D. (2025). GIS-based assessment 
of photovoltaic solar potential on building 
rooftops in equatorial urban areas. 
Heliyon,11(1).  

32. Mondal, S., Muralidharan, R., Seshadri, S., & 
Tambe, N. S. (2024). Mapping solar rooftop 
potential in Chennai using GIS. 

33. Crippa, M., Guizzardi, D., Banja, M., Solazzo, E., 
Muntean, M., Schaaf, E., … & Vignati, E. (2022). 
CO2 emissions of all world countries. JRC 
Science for Policy Report, European 
Commission, EUR, 31182. 

34. Crippa, M., Guizzardi, D., Pagani, F., Banja, M., 
Muntean, M., Schaaf, E., ... & Vignati, E. (2023). 
GHG emissions of all world countries. 
Publications Office of the European Union, 
Luxembourg, 10, 953322.  

35. United Nations Framework Convention on 
Climate Change. (2025). Republic of Türkiye 
Updated First Nationally Determined 
Contribution Republic of Türkiye, 
https://unfccc.int/sites/default/files/NDC/20
23-
04/T%C3%9CRK%C4%B0YE_UPDATED%201
st%20NDC_EN.pdf 

36. Türkiye Elektrik İletim A.Ş. (2023). Türkiye 
Elektrik Üretim-İletim İstatistikleri. 
https://www.teias.gov.tr/turkiye-elektrik-
uretim-iletim-istatistikleri 

37. EMBER. (2024). Türkiye Available online: 
https://ember-energy.org/countries-and-
regions/turkiye/  

38. Türkiye İstatistik Kurumu (2023). Adrese 
Dayalı Nüfus Kayıt Sistemi 2023 Sonuçları.
  

39. Enerji Piyasası Düzenleme Kurulu. (2023).  
Elektrik Piyasası Yıllık Sektör Raporu Listesi,  
https://www.epdk.gov.tr/Detay/Icerik/3-0-
24/elektrikyillik-sektor-raporu  

40. İstanbul Büyükşehir Belediyesi. (2023). 
İstanbul Sürdürülebilir Enerji ve İklim Eylem 
Planı. 
https://cevre.ibb.istanbul/wp-
content/uploads/2024/03/SECAP-TR-1.pdf 

41. ESRI. (2024). How Solar Radiation Is Calculated. 
https://doc.arcgis.com/en/allsource/1.1/analy
sis/geoprocessing-tools/spatial-analyst/how-
solar-radiation-is-calculated.htm  

42. ESRI. (2024), Design and Implementation of the 
Solar Analyst: An ArcView Extension for 
Modeling Solar Radiation at Landscape Scales. 
https://proceedings.esri.com/library/userconf
/proc99/proceed/papers/pap867/p867.htm  

43. ESRI. (2025) Understanding Solar Radiation 
Analysis.  
https://pro.arcgis.com/en/pro-
app/latest/tool-reference/spatial-
analyst/understanding-solar-radiation-
analysis.htm 

44. ESRI. (2025). Area Solar Radiation (Spatial 
Analyst).  
https://desktop.arcgis.com/en/arcmap/latest/
tools/spatial-analyst-toolbox/area-solar-
radiation.htm  

45. 45. Fu, P., & Rich, P. M. (2002). A geometric 
solar radiation model with applications in 
agriculture and forestry. Computers and 
Electronics in Agriculture, 37(1-3), 25-35. 

46. Atik, S. O., & Ipbuker, C. (2022). Building 
extraction in VHR remote sensing imagery 
through deep learning. Fresenius Environ. Bull, 
31, 8468-8473. 

47. Isiler, M., Yanalak, M., Atik, M. E., Atik, S. O., & 
Duran, Z. (2023). A semi-automated two-step 
building stock monitoring methodology for 
supporting immediate solutions in urban ıssues. 
Sustainability, 15(11), 8979. 

48. Özaydın, E., Amirgan, B., Taşkın, G., & Musaoğlu, 
N. (2024). Derin öğrenme uygulamalarında 
kullanılan uzaktan algılama verilerinden 
oluşturulmuş açık kaynaklı bina veri setleri: 
Karşılaştırmalı değerlendirme. Geomatik, 9(1), 
1-11. 

49. ESRI (2025). Locating Sites for Photovoltaic 
Solar 
https://www.esri.com/news/arcuser/1010/so
larsiting.html  

50. Polat, N., & Memduhoğlu, A. (2024). An 
unmanned aerial vehicle based investigation of 
roof patch suitability for solar panel installation. 

https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/understanding-solar-radiation-analysis.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/understanding-solar-radiation-analysis.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/understanding-solar-radiation-analysis.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/understanding-solar-radiation-analysis.htm


International Journal of Engineering and Geosciences, 2026, 11(1), 64-77 
 

76 
 

International Journal of Engineering and 
Geosciences, 9(2), 281-291. 

51. ESRI. (2025). How Aspect Works. 
https://pro.arcgis.com/en/pro-
app/latest/tool-reference/spatial-
analyst/how-aspect-works.htm  

52. ESRI. (2025). Estimate Solar Power Potential. 
https://learn.arcgis.com/en/projects/estimate
-solar-power-potential/. 

53. Gagnon, P., Margolis, R., Melius, J., Phillips, C., & 
Elmore, R. (2016). Rooftop Solar Photovoltaic 
Technical Potential in the United States: A 
Detailed Assessment. National Renewable 
Energy Laboratory. In Technical report: 
NREL/TP-6A20–65298. 

54. United States Environmental Protection Agency. 
(2021). Green Power Equivalency Calculator 
Calculations and References, 
https://19january2021snapshot.epa.gov/gree
npower/green-power-equivalency-calculator-
calculations-and-references  

55. Gazbour, N., Razongles, G., Monnier, E., Joanny, 
M., Charbuillet, C., Burgun, F., & Schaeffer, C. 
(2018). A path to reduce variability of the 
environmental footprint results of photovoltaic 
systems. Journal of cleaner production, 197, 
1607-1618. 

56. Şahin, M. A., & Yakar, M. (2021). WebGIS 
technology and architectures. Advanced GIS, 
1(1), 22-26. 

57. İstanbul Büyükşehir Belediyesi. (2021). 
İstanbul İklim Değişikliği Eylem Planı. 
https://cevre.ibb.istanbul/wp-
content/uploads/2022/01/ist_iklim_degisikligi
_eylem_plani.pdf 

58. IPCC. (2006). Chapter 1: Introduction to the 
2006 Guidelines.  
https://www.ipcc-
nggip.iges.or.jp/public/2006gl/pdf/1_Volume1
/V1_1_Ch1_Introduction.pdf 

59. 59. IPCC. (2019). Glossary. 
https://www.ipcc.ch/site/assets/uploads/201
9/06/19R_V0_02_Glossary_advance.pdf 

60. Enerji ve Tabi Kaynaklar Bakanlığı. (2024). 
Türkiye Ulusal Elektrik Şebekesi Emisyon 
Faktörü,  
https://enerji.gov.tr/evced-cevre-ve-iklim-
turkiye-ulusal-elektrik-sebekesi-emisyon-
faktoru  

61. Dhass, A. D., Beemkumar, N., Harikrishnan, S., & 
Ali, H. M. (2022). A review on factors influencing 
the mismatch losses in solar photovoltaic 
system. International Journal of Photoenergy, 
2022(1), 2986004. 

62. Atia, D. M., Hassan, A. A., El-Madany, H. T., Eliwa, 
A. Y., & Zahran, M. B. (2023). Degradation and 
energy performance evaluation of mono-
crystalline photovoltaic modules in Egypt. 
Scientific Reports, 13(1), 13066.  

63. Yildirim, D., Büyüksalih, G., & Şahin, A. D. (2021). 
Rooftop photovoltaic potential in Istanbul: 
Calculations based on LiDAR data, 

measurements and verifications. Applied 
Energy, 304, 117743.  

64. İşiler, M., Yanalak, M., & Selbesoğlu, M. O. 
(2022). Arazi yönetimi paradigması 
çerçevesinde Türkiye’de binalar için enerji 
kimlik belgesi uygulamasının değerlendirilmesi. 
Niğde Ömer Halisdemir Üniversitesi 
Mühendislik Bilimleri Dergisi, 11(3), 689-705.  

65. Tro-Cabrera, A., Lago-Aurrekoetxea, R., 
Martínez-de-Alegría, I., Villamor, E., & Campos-
Celador, A. (2025). A methodology for assessing 
rooftop solar photovoltaic potential using GIS 
open-source software and the EROI constraint. 
Energy and Buildings, 115401. 

66. Kılıç, U., & Kekezoğlu, B. (2022). A review of 
solar photovoltaic incentives and Policy: 
Selected countries and Turkey. Ain Shams 
Engineering Journal, 13(5), 101669.  

67. European Union. (2020). Final Report Cost of 
Energy (LCOE). 
https://energy.ec.europa.eu/system/files/202
0-10/final_report_levelised_costs_0.pdf  

68. Zhang, H., Chen, X., Li, W., Peng, R., Ji, J., Su, X., & 
Luo, C. (2025). Energy, economic, emissions 
analysis of semi-flexible crystalline silicon 
photovoltaic system integrated with factory 
building roofs based on actual electricity load 
and cost conditions. Energy and Buildings, 
115358. 

69. Minazhova, S., Kurrat, M., Ongar, B., & Georgiev, 
A. (2025). Deploying a rooftop PV panels in the 
southern regions of Kazakhstan. Energy, 320, 
135205. 

70. Enerji Piyasası Düzenleme Kurulu. (2025). 
Elektrik Faturalarına Esas Tarife Tabloları, 
https://www.epdk.gov.tr/Detay/Icerik/3-
1327/elektrik-faturalarina-esas-tarife-tablolari 

71. Bhatta, G., Lohani, S. P., Bhandari, R., Palit, D., & 
Anderson, T. (2025). Harnessing solar PV 
potential for decarbonization in Nepal: A GIS 
based assessment of ground-mounted, rooftop, 
and agrivoltaic solar systems for Nepal. Energy 
for Sustainable Development, 85, 101618.  

72. International Renewable Energy Agency. 
(2019). Global Energy Transformation: A 
Roadmap to 2050 (2019 Edition). 
https://www.irena.org/publications/2019/Ap
r/Global-energy-transformation-A-roadmap-
to-2050-2019Edition 

73. Mainzer, K., Fath, K., McKenna, R., Stengel, J., 
Fichtner, W., & Schultmann, F. (2014). A high-
resolution determination of the technical 
potential for residential-roof-mounted 
photovoltaic systems in Germany. Solar Energy, 
105, 715-731. 

74. Ni, H., Wang, D., Zhao, W., Jiang, W., Mingze, E., 
Huang, C., & Yao, J. (2024). Enhancing rooftop 
solar energy potential evaluation in high-
density cities: A Deep Learning and GIS based 
approach. Energy and Buildings, 309, 113743.  

75. European Union. (2021). Renovation and 
Decarbonisation of Buildings 



International Journal of Engineering and Geosciences, 2026, 11(1), 64-77 
 

77 
 

https://ec.europa.eu/commission/presscorner
/detail/en/ip_21_6683  

76. Shimoda, Y. (2025). The role of building 
performance simulations in citywide and 
national global warming mitigation policy. 
Journal of Building Performance Simulation, 
18(1), 93-98. 

77. İnce, H., & Erdem, N. (2019). Positioning 
buildings on a zoning island to provide 
maximum shading: a case study. International 
Journal of Engineering and Geosciences, 4(3), 
129-140.  

78. Sun, Y.; Hof, A.; Wang, R.; Liu, J.; Lin, Y.; Yang, D. 
GIS-Based Approach for Potential Analysis of 
Solar PV Generation at the Regional Scale: A 
Case Study of Fujian Province. Energy Policy 
2013, 58, 248–259, 
doi:10.1016/j.enpol.2013.03.002. 

79. Ramafikeng, M.; Ajayi, O.; Adeleke, A. A Web-
Based Decision Support Tool for Multifarious 
Renewable Energy Systems. Renewable Energy 
Focus 2025, 54, 100702 
doi:10.1016/j.ref.2025.100702. 

80. Kumaş, E., & Aslan, D. (2025). A case study: 
Making decisions for sustainable university 
campus planning using GeoAI. International 
Journal of Engineering and Geosciences, 10(1), 
22-35.  

81. Taktak, F.; Ilı, M. 6306 sayılı Kanun Kapsamında 
Konumsal Yapı Değişiminin Yıllara Göre 
Elektrik Tüketim Boyutuyla İncelenmesi: Uşak 
İli Örneği. Geomatik 2020, 5, 72–80. 

82. Waqas, H., Jiang, Y., Shang, J., Munir, I., & Khan, F. 
U. (2023). An integrated approach for 3D solar 
potential assessment at the city scale. Remote 
Sensing, 15(23), 5616. 
 

 
 
 
 
 
 
 
 
 
 
 

 
83. Bovkır, R. (2024). İstanbul'da kentsel yeşil 

altyapı için çatı tarımı potansiyelinin CBS 
tabanlı karar analizi ile 
değerlendirilmesi. Geomatik, 10(1), 45-58. 

84. Kumler, A.; Kravitz, B.; Draxl, C.; Vimmerstedt, 
L.; Benton, B.; Lundquist, J.K.; Martin, M.; Buck, 
H.J.; Wang, H.; Lennard, C.; et al. Potential Effects 
of Climate Change and Solar Radiation 
Modification on Renewable Energy Resources. 
Renewable and Sustainable Energy Reviews 
2025, 207, 114934, 
doi:10.1016/j.rser.2024.114934. 

85. Kocabaldır, C.; Yücel, M.A. GIS-Based 
Multicriteria Decision Analysis for Spatial 
Planning of Solar Photovoltaic Power Plants in 
Çanakkale Province, Turkey. Renewable Energy 
2023, 212, 455–467, 
doi:10.1016/j.renene.2023.05.075. 

86. Falklev, E. H. (2017). Mapping of solar energy 
potential on Tromsøya using solar analyst in 
ArcGIS (Master's thesis, UiT The Arctic 
University of Norway). 

87. Nunes, P., Figueiredo, R., & Brito, M. C. (2016). 
The use of parking lots to solar-charge electric 
vehicles. Renewable and Sustainable Energy 
Reviews, 66, 679-693. 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 

 
 
 
 
 
 

 

 
© Author(s) 2026. This work is distributed under https://creativecommons.org/licenses/by-sa/4.0/ 

https://creativecommons.org/licenses/by-sa/4.0/

