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INVESTIGATION OF SO2 POLLUTION FROM COAL-FIRED AND GEOTHERMAL
POWER PLANTS USING HIGH RESOLUTION SATELLITE RETRIEVALS
SUMMARY
Air pollution, which emerged with the increasing industrialization after the industrial
revolution, has become an important problem in Turkey, as in many parts of the world,
due to its negative effects on human health and the environment. Air pollution causes
serious health problems such as asthma, allergies, lung cancer, heart diseases, skin
and eye damage and even death, as well as environmental problems such as acid
rain, dust formation, turbidity and fog. In addition, air pollutants have direct and indirect
effects on the climate.
Known as one of the criteria and common pollutants, sulfur dioxide (SO2) originates
primarily from large point sources such as power plants, volcanoes, smelters and oil
and gas industries, or from residential heating with coal. Since Turkey has a significant
share with 2 % of the current world reserves, it follows a coal-oriented energy policy.
However, since the existing domestic lignite in Turkey has a low calorific value, it is
generally used in power plants, and domestic lignite, which has a higher sulfur content
than other types of coal, causes a high amount of SO2 pollution. Especially due to the
high SO2 pollution levels and its negative effects on the environment and human
health, the determination and monitoring of SO2 pollution in the region, like other air
pollutants, plays an important role.
Although air quality measurement stations (AQMSs), which are a common and old
method for monitoring air pollutants, capture the diurnal changes with hourly
measurements in their located region, they may be insufficient to understand the
distribution of pollution especially in large areas, since they are located in certain
regions and in limited numbers. In addition, the meteorological factors and land
characteristics in the region where they are located, also have an effect on the groundbased measurements. On the other hand, the remote sensing technology, which was
developed for the detection of air pollutants in the 1980s, facilitates the determination
of the distribution of air pollutants globally and the detection of air pollution sources
with its gradually developing spatial resolution and wide coverage area.
The adventure of remote sensing, which started with the detection of the SO2 plumes
originating from the El Chicón volcanic eruption with the Total Ozone Mapping
Spectrometer (TOMS) instrument in the 1982, continued to develop with
measurement of tropospheric SO2 with the Global Ozone Monitoring Experiment
(GOME) instrument in the following years. With the changing and developing spatial
resolution and global coverage in the following years, Atmospheric Infrared Sounder
(AIRS) and the Scanning Imaging Absorption Spectrometer for Atmospheric
Cartography (SCIAMACHY) instruments started to measure atmospheric air
pollutants in 2002, Ozone Monitoring Instrument (OMI) in 2004, and GOME-2 and
Infrared Atmospheric Sounding Interferometer (IASI) in 2006, and Ozone Mapping
and Profiler Suite (OMPS) in 2011, respectively.
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The TROPOspheric Monitoring Instrument (TROPOMI), which finally started its
measurements in 2019, has a higher spatial resolution of 5.5 km × 7 km compared to
previous instruments such as GOME (320 km × 40 km), SCIAMACHY (60 km×30 km)
and OMI (13×). In this thesis, SO2 Level 2 retrievals from the TROPOMI instrument
on the Sentinel-5 platform, which is launched by European Space Agency (ESA) in
October 2017, are used to monitor two-year (2019-2020) SO2 pollution in and around
Turkey and determine its spatial and temporal distribution.
First of all, TROPOMI SO2 Level 2 retrievals from National Aeronautics and Space
Administration (NASA) Goddard Earth Sciences Data and Information Services
Center (GES DISC) were processed using Phyton programming language and filtered
according to the quality criteria in the TROPOMI Readme file. Spatial average was
calculated with a grid resolution of 1 km × 1 km and the SO2 data were spatially
matched with the grids to calculate the average monthly gridded SO2 column
concentrations. Using different oversampling diameters, the 10 km radius
oversampling method was applied, where the best distribution was observed for SO2
retrievals. In order to represent the pollution levels of coal-fired power plants (CPPs)
and geothermal power plants (GPPs), SO2 retrievals at a distance of 10 km from the
locations of CPPs were selected. Monthly statistics for SO2 retrievals were calculated
using the Rstudio programming language, and then the data opened in the ArcGIS
software program was visualized and average SO2 maps of Turkey for 2019-2020
were created. Emission inventory and ground measurements were used for
comparisons. After the hourly ground-based measurements were selected according
to the TROPOMI transit time, their daily and monthly averages are calculated. The
energy production of power plants was examined using EPIAS electricity data. The
impact of regional conditions was evaluated using meteorology and land use
throughout all investigations.
Considering the SO2 pollution in and around Turkey, hot spots are generally
associated with CPPs. In October 2020, when the cleanest and highest signals was
seen, the highest SO2 levels in Turkey were detected in the provinces of
Kahramanmaraş and Muğla. The highest SO2 pollution in the region was observed in
10 of 18 months around Afşin Elbistan Power Plants. Following Kahramanmaraş, the
SO2 pollution is at a remarkable level in Muğla, where there are three large-capacity
CPPs. In addition, high SO2 pollution from CPPs was detected in Şırnak and Sivas
provinces, and Aydın, Kocaeli, Malatya provinces where minor hotspots were
observed, were also investigated. It has been determined that large-capacity GPPs
in Aydın may also be an indirect source of SO2. High SO2 concentrations from CPPs
have been observed in Turkey's district countries, Bulgaria, Iraq and Syria. The
performance of AQMSs and the TROPOMI instrument were investigated by
comparing the ground-based measurements where pollution is intense and the
satellite retrievals around 10 km of AQMSs.
Firstly, the daily SO2 ground-based measurements, satellite retrievals around the
power plants and total electricity production variations of the CPPs that were
temporarily closed with the decision taken on 31 December 2019 were examined and
the current situation in the 2019-2020 period, the effect of the temporary shut down,
the change in SO2 levels during reopening period has been investigated. Satellite
retrievals often show similar changes with total electricity production, while groundbased measurements were insufficient to capture the variations. Especially the
missing data at ground-based measurements and the limited number of satellite
retrievals in winter months make comparisons difficult. For the selected large-capacity
CPPs, the individual correlations are higher when SO2 and NO2 are compared to
electricity generation, as well as high correlations between NO2 and SO2 (R2=0.620.96). The highest correlation between satellite SO2 retrievals and electricity
production for Afşin Elbistan Power Plants with R2=0.84.
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SO2 pollution levels in Afşin Elbistan Power Plant, where the highest signals are
observed, were investigated considering land use and meteorological factors.
Ground-based measurements and meteorological factors show that the pollution in
Kahramanmaraş is more intense in autumn and winter and is transported to south
every season. Monthly gridded average SO2 retrievals show high concentrations (>2
DU) around the power plants in summer and autumn months. The correlation between
electricity production and satellite SO2 retrievals is higher with R2=0.84 on a monthly
basis than the daily correlation (R2=0.45). In the comparison made by subtracting the
winter months due to limited number of SO2 retrievals, the correlation between
satellite retrievals around the power plant and satellite retrievals around the AQMS
(R2=0.86) is higher than the correlation between satellite retrievals around the power
plant and ground measurements (R2=0.20). However, there is a low correlation
(R2=0.20) between satellite retrievals and ground-based measurements around the
AQMS.
Similarly, the effect of three power plants in Muğla, where high signals were observed,
on SO2 concentrations, the relationship between ground-based measurements,
satellite retrievals and total electricity production were investigated. When groundbased measurements and meteorological factors were examined, it was seen that the
intense pollution in Muğla transported to the southeast in the summer and autumn
months, and to the northwest in the winter and spring months. Monthly gridded
average SO2 retrievals show high concentrations (>2 DU) in the region in November,
July and April 2020. While the pollution is generally distributed around the three CPPs,
the AQMS can only detect the pollution originating from Yatağan Power Plant in
summer and autumn months due to the land characteristics and location. Contrary to
Afşin Elbistan Power Plants, correlations are low for three power plants in Muğla, but
Yatağan Power Plant has the highest correlation (R2=0.27) between them. Similarly,
for Muğla, the correlation between satellite retrievals 10 km around the power plant
and satellite retrievals around the AQMS (R2=0.54) was found to be higher than the
correlation between satellite retrievals around the power plant and ground-based
measurements (R2=018). There is a low correlation (R2=0.27) between satellite
retrievals and ground-based measurements around AQMS. In order to improve the
ground-based measurements, it should be located close to the power plants, taking
into account the wind and land characteristics.
Finally, the contribution of GPPs to SO2 pollution is investigated, starting from the
province of Aydın, where small hot spots are seen. The monthly average gridded SO2
distributions clearly show the pollution around GPPs especially in April, May and
November months. Daily time series of satellite SO2 retrievals around the power plant
also prove the contribution of geothermals to SO2 pollution with high SO2
concentrations in April 2019, May 2019, April 2020 and November 2020. In May 2019,
the maximum concentrations were determined as 5.39 DU for Efeler, 3.45 DU for Ken3, 2.54 DU for Mis-3 and 4.85 DU for Alaşehir. Concentration above 0.5 DU is
observed in Ken-3 GPP with a capacity of 25 MWe in 34%, and with 165 MWe in
Kızıldere GPP only in 20% of the days.
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YÜKSEK ÇÖZÜNÜRLÜKLÜ UYDU VERİLERİ KULLANILARAK KÖMÜR YAKITLI
VE JEOTERMAL SANTRALLERDEN KAYNAKLI SO2 KİRLİLİĞİNİN
İNCELENMESİ
ÖZET
Sanayi devrimi sonrası artan sanayileşme ile birlikte ortaya çıkan hava kirliliği,
dünyanın birçok yerinde olduğu gibi Türkiye'de de insan sağlığı ve çevre üzerindeki
olumsuz etkileri dolayısıyla önemli bir sorun haline gelmiştir. Hava kirliliği astım, alerji,
akciğer kanseri, kalp hastalıkları, cilt ve göz hasarları ve hatta ölüm gibi ciddi sağlık
sorunlarının önde gelen sebeplerinden biri olmasının yanı sıra asit yağmurları, toz
oluşumu, bulanıklık ve sis gibi çevre sorunlarına da neden olmaktadır. Ayrıca hava
kirleticilerinin iklim üzerinde de doğrudan ve dolaylı etkileri bulunmaktadır.
Kriter ve yaygın kirleticilerden biri olarak bilinen SO2, başlıca enerji santralleri,
volkanlar, izabe tesisleri, petrol ve gaz endüstrileri gibi büyük noktasal kaynaklardan
veya konut ısıtmasından kaynaklanmaktadır. Türkiye, mevcut dünya rezervlerinin
%2,1 ile önemli bir paya sahip olduğundan kömür odaklı bir enerji politikası
izlemektedir. Ancak Türkiye’deki mevcut yerel linyitin kalorifik değeri düşük olduğu
için genellikle termik santrallerde kullanılmaktadır ve kükürt oranı diğer kömür
türlerine göre daha yüksek olan yerel linyit, yüksek miktarda SO2 kirliliğine neden
olmaktadır. Özellikle yüksek SO2 kirliliği seviyeleri ve çevre ve insan sağlığı üzerindeki
negatif etkileri dolayısıyla, diğer hava kirleticileri gibi bölgedeki SO 2 kirliliğinin
belirlenmesi ve izlenmesi önemli rol oynamaktadır.
Hava kirleticilerinin izlenmesi için yaygın ve eski bir yöntem olan hava kalitesi ölçüm
istasyonları, saatlik ölçümlerle bulundukları bölgedeki gün içi değişimleri yakalasa da
belirli bölgelerde ve kısıtlı sayıda bulunduklarından özellikle geniş alanlardaki kirlilik
dağılımının anlaşılması için yetersiz kalabilmektedir. Ayrıca yer aldıkları bölgedeki
meteorolojik faktörlerin ve bölgenin arazi özelliklerinin de yer ölçümleri üzerinde etkisi
vardır. Diğer yandan, 1980’li yıllarda hava kirleticilerinin tespiti için geliştirilen uzaktan
algılama teknolojisi, gittikçe gelişen alansal çözünürlüğü ve geniş kapsama alanı ile
hava kirleticilerinin küresel dağılımının belirlenmesi ve hava kirliliği kaynaklarının
tespitini kolaylaştırmaktadır.
1982’de El Chicón volkanik patlamasından kaynaklanan SO2 bulutunun TOMS cihazı
ile tespit edilmesiyle başlayan uzaktan algılama serüveni, ilerleyen yıllarda GOME
cihazı ile troposferik kükürt dioksitin ölçümüne başlanmasıyla gelişmeye devam
etmiştir. İlerleyen yıllarda değişen ve gelişen alansal çözünürlükleri ve küresel
kapsamaları ile birlikte sırasıyla AIRS ve SCIAMACHY enstrümanları 2002 yılında,
OMI 2004, GOME-2 ve IASI 2006 ve OMPS 2011 yılında hava kirleticilerinin
ölçümlerine başlamıştır.
Son olarak 2019 yılında ölçümlerine başlayan TROPOMI, 5.5 km × 7 km alansal
çözünürlüğe sahiptir ve GOME (320 km × 40 km), SCIAMACHY (60 km × 30 km) ve
OMI (13×) gibi önceki enstrümanlara kıyasla daha yüksek alansal çözünürlüğe
sahiptir. Bu tezde, ESA tarafından Ekim 2017'de piyasaya sürülen Sentinel-5
platformundaki TROPOMI cihazından alınan SO2 Seviye 2 verileri, Türkiye ve
çevresindeki iki yıllık (2019-2020) SO2 kirliliğini izlemek ve mekansal ve zamansal
dağılımını belirlemek için kullanılmıştır.
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Öncelikle Ulusal Havacılık ve Uzay Dairesi (NASA) Goddard Yer Bilimleri Veri ve Bilgi
Hizmetleri Merkezi'nden (GES DISC) elde edilen TROPOMI SO2 Seviye 2 verileri
Phyton programlama dili kullanılarak işlendi ve TROPOMI Readme dosyasındaki
kalite kriterlerine göre filtrelendi. 1 km × 1 km ızgara çözünürlüğü ile mekansal
ortalama hesaplandı ve SO2 verileri ızgaralar ile alansal olarak eşleştirilerek ızgaralı
aylık ortalama SO2 kolon konsantrasyonları hesaplandı. Farklı aşırı örnekleme çapları
kullanılarak, SO2 verileri için en iyi dağılımın gözlemlendiği 10 km yarıçaplı aşırı
örnekleme yöntemi uygulandı. Kömürlü termik santrallerin ve jeotermal santrallerin
kirlilik seviyelerini temsil etmek için enerji santrallerinin konumlarına 10 km
mesafedeki SO2 verileri seçildi. Rstudio programlama dili kullanılarak SO2 verileri için
aylık istatistikler hesaplanmasının ardından ArcGIS programında açılan veriler
görselleştirildi ve 2019-2020 yılları için Türkiye’nin aylık ortalama SO2 haritaları
oluşturuldu. Kıyaslama yapmak için emisyon envanteri ve yer ölçümleri kullanıldı.
Saatlik yer ölçümleri, TROPOMI geçiş saatine göre seçildikten sonra günlük ve aylık
ortalamaları hesaplandı. EPİAŞ elektrik verileri kullanılarak enerji santrallerinin
elektrik üretimleri incelendi. Tüm incelemeler boyunca meteoroloji ve arazi kullanımı
verileri kullanılarak bölge koşullarının etkisi değerlendirildi.
Türkiye ve çevresindeki genel kirlilik incelendiğinde sıcak noktalar genellikle termik
santraller ile ilişkilendirildi. En temiz ve en yüksek sinyallerin görüldüğü Ekim 2020’de
Türkiye’deki en yüksek SO2 seviyeleri Kahramanmaraş ve Muğla illerinde tespit
edilmiştir. Kahramanmaraş ilinde Afşin Elbistan Termik Santralleri çevresinde 18 ayın
10’unda bölgedeki en yüksek SO2 kirliliği gözlemlenmiştir. Kahramanmaraş'tan sonra
üç büyük kapasiteli termik santralin yer aldığı Muğla ilinde de SO2 kirliliği dikkat çekici
düzeydedir. Ek olarak, Şırnak ve Sivas illerinde termik santral kaynaklı yüksek SO2
kirliliği tespit edildi ve küçük sıcak noktaların görüldüğü Aydın, Kocaeli, Malatya illeri
de araştırıldı. Aydın ilindeki büyük kapasiteli jeotermal santrallerin de dolaylı SO2
kaynağı olabileceği belirlenmiştir. Türkiye’nin komşu ülkeleri olan Bulgaristan, Irak ve
Suriye’de kömürlü enerji santrallerinden kaynaklanan yüksek SO2 konsantrasyonları
gözlemlenmiştir. Kirliliğin yoğun gözlemlendiği bölgelerdeki yer ölçümleri ile hava
kalitesi ölçüm istasyonlarının 10 km etrafındaki uydu gözlemleri karşılaştırılarak hava
kalitesi ölçüm istasyonu ve TROPOMI enstrümanının performansı araştırılmıştır.
İlk olarak, 31 Aralık 2019’da alınan karar ile geçiçi olarak kapatılan kömürlü termik
santrallerin günlük SO2 yer ölçümleri, santral etrafındaki uydu gözlemleri ve toplam
elektrik üretimlerindeki varyasyonlar incelenmiştir ve 2019-2020 periyodundaki
mevcut durum, geçici kapanmanın etkisi, tekrar açılma sonrası SO2 seviyelerindeki
değişiklik araştırılmıştır. Uydu gözlemleri çoğu zaman toplam elektrik üretimi ile
benzer değişimler gösterirken, yer ölçümleri varyasyonları yakalamakta yetersiz
kalmıştır. Özellikle hava kalitesi ölçüm istasyonlarındaki eksik veriler ve kış aylarında
sınırlı sayıdaki uydu gözlemleri kıyaslamayı zorlaştırmaktadır. Seçilen büyük
kapasiteli termik santraller için SO2 ve NO2 ile elektrik üretimi kıyaslandığında bireysel
korelasyonlar daha yüksektir, ayrıca NO2 ile SO2 arasındaki yüksek korelasyonlar
(R2=0,62-0,96). Uydu SO2 gözlemleri ile elektrik üretimi arasındaki en yüksek
korelasyon R2=0,84 ile Afşin Elbistan Termik Santralleri’ne aittir.
En yüksek sinyallerin gözlemlendiği Afşin Elbistan Termik Santrali’ndeki SO2 kirlilik
seviyeleri, arazi kullanımı ve meteorolojik faktörler göz önünde bulundurularak
incelenmiştir. Yer ölçümleri ve meteorolojik faktörler Kahramanmaraş’taki kirliliğin
sonbahar ve kış aylarında daha yoğun olduğunu ve her mevsim güneye taşındığını
göstermektedir. Uydu gözlemleri kullanılarak oluşturulan aylık ızgaralı ortalama SO 2
gözlemleri ise yaz ve sonbaharda santrallerin çevresinde yüksek konsantrasyonlar
(>2 DU) göstermektedir. Elektrik üretimi ile uydu SO2 gözlemleri arasındaki
korelasyon aylık bazda R2=0,84 ile günlük korelasyondan (R2=0,45) daha fazladır.
Sınırlı SO2 gözlemleri dolayısıyla kış ayları çıkarılarak yapılan kıyaslamada, santral
çevresindeki uydu gözlemleri ile hava kalitesi ölçüm istasyonu çevresindeki uydu
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gözlemleri arasındaki korelasyon (R2=0,86) santral çevresindeki uydu gözlemleri ile
yer ölçümleri arasındaki korelasyondan (R2=0,20) daha yüksektir. Ancak, hava
kalitesi ölçüm istasyonu çevresindeki uydu gözlemleri ile yer ölçümleri arasında düşük
korelasyon (R2=0,20) vardır.
Benzer şekilde yüksek sinyaller görülen Muğla’daki üç termik santralin SO 2
konsantrasyonlarına etkisi, yer ölçümleri, uydu gözlemleri ve toplam elektrik üretimleri
arasındaki ilişki incelenmiştir. Yer ölçümleri ve meteorolojik faktörler incelendiğinde,
Muğla’daki yoğun kirliliğin yaz ve sonbahar aylarında güneydoğuya, kış ve ilkbahar
aylarında ise kuzeybatıya taşındığı görülmüştür. Aylık ızgaralı ortalama uydu SO 2
gözlemleri Kasım, Temmuz ve Nisan 2020’de bölgede yüksek konsantrasyonlar (>2
DU) göstermektedir. Kirlilik genellikle üç termik santralin çevresinde dağılırken, arazi
özellikleri ve konumu nedeniyle hava kalitesi ölçüm istasyonu sadece yaz ve
sonbahar aylarında Yatağan Termik Santrali’nden kaynaklanan kirliliği tespit edebilir.
Afşin Termik Santrallerinin aksine, Muğla’daki santraller için korelasyonlar düşüktür
ancak Yatağan Termik Santrali aralarında en yüksek korelasyona (R2=0,27) sahiptir.
Benzer olarak Muğla için de santralin 10 km çevresindeki uydu gözlemleri ile hava
kalitesi ölçüm istasyonu çevresindeki uydu gözlemleri arasındaki korelasyonun
(R2=0,54) santral çevresindeki uydu gözlemleri ile yer ölçümleri arasındaki
korelasyondan (R2=018) daha yüksek olduğu tespit edilmiştir. Hava kalitesi ölçüm
istasyonu çevresindeki uydu gözlemleri ile yer ölçümleri arasında düşük korelasyon
(R2=0,27) vardır. Yer ölçümlerinin iyileştirilmesi için termik santrallere yakın, rüzgar ve
arazi özellikleri göz önünde bulundurularak konumlandırılmalıdır.
Son olarak küçük sıcak noktalar görülen Aydın ilinden yola çıkılarak jeotermal
santrallerin SO2 kirliliğine katkısı araştırılmıştır. Aylık ortalama ızgaralı SO2 dağılımları
özellikle Nisan, Mayıs ve Kasım aylarında jeotermal santrallerin etrafında oluşan
kirliliği açıkça göstermektedir. Santral çevresindeki uydu SO2 gözlemlerinin günlük
zaman serileri de Nisan 2019, Mayıs 2019, Nisan 2020 ve Kasım 2020’deki yüksek
SO2 konsantrasyonları ile jeotermallerin SO2 kirliliğine katkısını ispatlamaktadır.
Mayıs 2019'da maksimum konsantrasyonlar Efeler için 5,39 DU, Ken-3 için 3,45 DU,
Mis-3 için 2,54 DU ve Alaşehir için 4,85 DU olarak belirlenmiştir. 0,5 DU üzerinde
konsantrasyon 25 MWe kapasitesi ile Ken-3 JES'de verilerin % 34'ünde ve 165 MWe
ile Kızıldere JES'de günlerin sadece % 20'sinde gözlenmektedir.
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1. INTRODUCTION
Air pollution, which has become an important problem in Turkey as well as in many
parts of the world with the industrial revolution, negatively affects human health and
the environment. Detection and control of air pollutants is significant because air
pollution causes important health problems such as asthma, lung cancer, heart
diseases, skin and eye damage, and even death, in addition to destroying the
environment. Nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3), carbon
monoxide (CO), particulate matter (PM), which have harmful effects on the
environment and human health, are referred as criteria pollutants (EPA, 2021).
The main sources of SO2, one of the criteria air pollutants, are large point sources
such as power plants (PPs), volcanoes, smelters, and oil and gas industries (Fioletov
et al., 2020), and also residential heating with coal. In addition to the effects of SO2
on human health and the environment like other criteria pollutants, indirect climate
effects in the atmosphere are also observed. SO2, which is formed from
anthropogenic or natural sources, damages the environment by causing acid
accumulation and acid rain as a result of its reactions in the atmosphere. It can
adversely affect human health by causing cardiovascular heart diseases and
respiratory problems with exposure.
Tropospheric air pollution is monitored by air quality monitoring stations (AQMSs) at
ground level, whereas it can only represent a limited spatial area since meteorology
and land characteristics have an impact on ground measurements. The limited
number of AQMSs located in certain regions are insufficient to capture the spatial
variation of air pollution with hourly measurements. On the other hand, thanks to its
wide spatial coverage, high resolution and continuous measurements, remote
sensing is very successful in capturing point sources and has been used for many
years in the monitoring and determining of atmospheric gases. In addition, satellite
retrievals capture annual changes in pollution levels over the large region. However,
providing only one measurement per day, cloudiness and noise are significant
disadvantages of remote sensing instruments.
Increasing energy demand with the rapidly increasing population is a worldwide
problem. Types of energy production for different countries vary according to the
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energy policies of governments and their current reserves. As Turkey already has
significant lignite reserves, it has a coal-oriented energy policy. It provides one-third
of the energy need for the population from coal-fired power plants (CPPs). Currently,
a total of 31 large-capacity CPPs (>50 MWh) are operating in Turkey, 19 of which use
lignite and others export/hard/asphaltite coal (EPIAS, 2021). Domestic lignite has a
higher sulfur content and low calorific value, so it emits more SO2 than other coal
types.
Turkey has about 2.1% of the total coal reserves in the world according to EMBER.
With its current capacity, it has an important place in terms of lignite in the world.
However, due to the low calorific value of lignites that the country has, it is mostly
used for power plants. Since these lignites with high sulfur content generate more
sulfur dioxide than other types of coals, CPPs play an important role for SO2 pollution
in Turkey.
In addition, Turkey is a high-potential region in terms of geothermal resources due to
its geological and geographical location. It ranks 7th in the world and 1st in Europe in
terms of geothermal resources with 346 geothermal fields spread throughout the
country. In addition to the use of geothermal energy for tourism and heating purposes,
the size and importance of the electricity generation from geothermal energy is
increasing day by day. In the geothermal energy sector, Turkey ranked 4th with an
installed capacity of 1688 MWe.
The aim of this study is to determine the spatial distribution of SO2 pollution in and
around Turkey, and investigate its temporal changes in 2019-2020. Since the
identified pollution will be associated with the sources, the focus is on the temporal
and spatial distribution of SO2 originating from large-capacity CPPs and geothermal
power plants (GPPs).
During the study period, the shutdown effect in the region was investigated for the
CPPs that were temporarily closed by the decision of the Ministry of Environment,
Urbanisation and Climate Change. For the first time in Turkey, using high resolution
TROPOspheric Monitoring Instrument (TROPOMI) retrievals (7 km×3.5 km), the
temporal and spatial changes of SO2 were observed and the effects of large point
sources and geothermal energy were studied.
This thesis focused on the following topics:
- To determine the spatial distribution and temporal variation of SO2 pollution in and
around Turkey for two years (2019-2020),
- To observe the contribution of large point sources to SO2 pollution,
2

- To investigate the effect of the temporary shutdown of six CPPs during the study
period on SO2 pollution in the region,
- To compare TROPOMI SO2 retrievals and ground-based SO2 observations
- To reveal for the first time the effect of geothermal energy on SO2 pollution in Turkey.

3
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2. LITERATURE REVIEW
With the technological developments in satellite instruments, remote sensing plays an
increasingly important role in determining air quality. The remote sensing adventure,
which first started with the sighting of sulfur dioxide plumes caused by the El Chicón
volcanic eruption using the Total Ozone Mapping Spectrometer (TOMS) in 1982
(Krueger, 1983; Krueger et. al., 1995) rapidly developed in the following years. After
approximately 15 years, tropospheric sulfur dioxide measurements were started with
the GOME (Global Ozone Monitoring Experiment) (Eisinger & Burrows, 1998)
instrument, and with the changing spatial resolution and global coverage in the
following years, Atmospheric Infrared Sounder (AIRS) and Scanning Imaging
Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) (Bovensmann
et al., 1999) instruments started to be measured SO2 in 2002, Ozone Monitoring
Instrument (OMI) in 2004 and GOME-2 (Callies et al., 2000) and Infrared Atmospheric
Sounding Interferometer (IASI) instruments in 2006 (Table 2.1). Then, Ozone
Mapping and Profiler Suite (OMPS) instrument started measurements to monitor SO2
pollution in 2011 (Streets et al., 2013).
Finally, the TROPOMI instrument, which started its measurements in 2019, it reveals
better SO2 retrievals with increased resolution and 1-day global coverage (Veefkind
et al., 2012). Many types of tropospheric pollution species such as nitrogen dioxide
(NO2), sulfur dioxide (SO2), carbon monoxide (CO), methane (CH4), non-methane
volatile organic compounds (NMVOCs), ammonia (NH3), particulate matter (PM)
(aerosol optical depth) and carbon dioxide (CO2) can be detected by all these
instruments.
In addition, some geostationary instruments such as TEMPO (Tropospheric
Emissions: Monitoring of Pollution) over the USA and Sentinel-4 over Europe provide
better spatial resolution for a limited area (Streets et al., 2013).
In this thesis, SO2 retrievals from the TROPOMI instrument on the Sentinel-5 platform
Figure 2.1, launched by European Space Agency (ESA) in October 2017 and started
its measurements in 2019, were used to observe SO2 pollution in and around Turkey.
Sentinel-5 is a sun-synchronous satellite with 13:30 PM local crossing time. Providing
continuous data since 2019, TROPOMI covers the whole world in one day. With a
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spatial resolution of 5.5 km × 7 km, TROPOMI has a higher spatial resolution than
other satellite instruments (Figure 2.1) such as GOME (320 km × 40 km),
SCIAMACHY (60 km × 30 km) and OMI (13 km × 24 km) (Streets et al., 2013).

Figure 2.1 : TROPOMI pixel size and swath (adapted from TROPOMI Readme,
2021).
Although a new instrument, TROPOMI has been used in many studies to detect
tropospheric SO2 pollution from different sources, such as power plants (Fioletov et
al., 2020; Jiao et al., 2020), volcanic eruptions and degassing (de Laat et al., 2020;
Theys et al., 2019), oil and gas industry and smelters due to its high spatial resolution
and global coverage.
There were also new algorithm applications such as Covariance-Based Retrieval
Algorithm (COBRA) to TROPOMI instrument (Theys et al., 2021). Theys et al. found
that the COBRA algorithm significantly reduces both noise and biases present in SO2
retrievals of the current TROPOMI operational Differential Optical Absorption
Spectroscopy (DOAS) algorithm. When the performance of the technique was
compared with the Principal Component Analysis (PCA) approach, the data quality
was similar or even better with COBRA. Comparison with ground-based observations
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Table 2.1 : Major SO2 satellite instruments and their features (Streets et al., 2013).
Local
Crossing
Time

Measurement
Period

Resolution at
Nadir
(km×km)
47×47

Spectral
Region

1978-1992

Global
Coverage
(days)
1

UV

Spectral
Range
(µm)
0.31-0.38

Nimbus-7

12:00

Whole World

GOME

ERS-2

10:30

1995-2003

3

40×320

UV-Vis

0.24-0.79

Whole World

AIRS

Aqua

13:30

2002-

1

50×50

Vis-IR

3.7-15.4

Whole World

SCIAMACHY

ENVISAT

10:00

2002-2012

6

30×64

UV-Vis

0.24-2.4

Whole World

OMI

Aura

13:45

2004-

1

13×24

UV-Vis

0.27-0.50

Whole World

GOME-2

MetOp

09:30

2006-

1

40×80

UV-Vis

0.25-0.79

Whole World

IASI

MetOp

09:30

2006-

0.5

50×50

IR

3.6-15.5

Whole World

OMPS

SNPP

13.30

2011-

1

50×50

UV

0.3-0.38

Whole World

TROPOMI

Sentinel-5

13:30

2019-

1

5.5×7

UVN

0.27-2.39

Whole World

-

2017-

Ge-St*

2×4.5

UV-Vis

0.29-0.74

North America

-

2021-2034

Ge-St*

8×8

UVN

0.31-0.78

Europe

Instrument

Platform

TOMS

TEMPO
Sentinel-4

MTG-S1

*represents the geostationary satellites that can give continuous (hourly) measurements only for a particular region, UV
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Measuring
Area

supported the algorithm's ability to accurately capture SO2. In addition to the
previously identified sources, many new SO2 point sources have been identified.
Xia et al. (2021) show that the TROPOMI operational SO2 product overestimates SO2
column concentration compared to ground-based Multi-Axis Differential Optical
Absorption (MAX-DOAS) measurements. In this study, an optimal estimation-based
algorithm was developed with several calibration methods and results compatible with
ground-based measurements were obtained.
Volcanic eruptions, which occur in various parts of the world and are important
sources of SO2 pollution, have been detected with the TROPOMI instrument in many
studies. As a result of examining volcanic eruptions around the world using the OMI
and TROPOMI instruments, weak emissions were detected with TROPOMI that
cannot be detected by OMI and also large SO2 plumes are observed more detailed
compared to OMI (Theys et al., 2019). By analyzing the 19 February, 2018 Mount
Sinabung volcanic eruption in Sumatra, the volcanic ash plume location was
determined by the combination of TROPOMI AAI and TROPOMI SO2 (de Laat et al.,
2020).
In another study (Queißer et al., 2019) which examined SO2 pollution from the Mount
Etna volcanic eruption in Italy and compared three different datasets, excellent
agreement was observed between the datasets for most days. Volcanic SO2 plumes
were detected in near real time with high spatial temporal resolution. A more recent
volcanic eruption that occurred on Italy's Mount Etna was investigated (Kampouri et
al., 2021). As a result of the study using satellite (TROPOMI), ground observations
and model simulations, volcanic cloud transport to Greece was confirmed as a result
of the agreement between the lidar and model results.
Point sources, the main source of SO2 pollution, have been the subject of research
throughout the history of remote sensing. A recent study (Shikwambana et al., 2020)
in South Africa with the TROPOMI instrument cited CPPs as the main cause of
hotspots in Mpumalanga (MP), Gauteng (GP) and Limpopo (LP). With the effect of
meteorological factors, which is one of the important factors in the dispersion of
pollution, SO2 and NO2 plumes were limited to the main source of pollution in unstable
atmospheric conditions (summer-autumn season), while NO2 and SO2 distributions
were observed in stable atmospheric conditions (winter - spring season).
A global SO2 catalog (Fioletov et al., 2016) was created by detecting approximately
500 SO2 point sources with the OMI instrument. Half of the anthropogenic emissions
were included in the catalog due to emissions smaller than 30 kt/year, which could
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not be detected due to the spatial resolution of OMI. In a similar study (Liu et al.,
2018), half of the anthropogenic sources (400 sources) were identified by OMI. A
more recent comparison between OMI, Ozone Mapping and Profiler Suite (OMPS),
and TROPOMI instruments (Fioletov et al., 2020) showed similar global distributions
around the world while TROPOMI, TROPOMI also had a higher mean due to its high
spatial resolution as well as biases. TROPOMI identified 278 sources some of which
are located in Turkey (Çayırhan, Seyitömer, Kemerköy, Kangal Afşin Elbistan Power
Plants and Aliağa Kardemir oil and gas industry), including 150 power plants, 19
smelters, 41 oil and gas industries and 68 volcanoes.
Due to the coronavirus pandemic, which is one of the most important issues today,
many studies have been performed on how air pollutants change during COVID
restriction periods. As a result of the study with the TROPOMI instrument during the
coronavirus restrictions in East Asia (Ghahremanloo et al., 2021), SO2 decreased
significantly (almost 71%) in Wuhan, while SO2 levels increased in Soul and Tokyo.
There was no change in SO2 levels in BTH (Beijing-Tianjin-Hebei) where the power
plant and industry are concentrated. In Iran, it was reported that SO2 concentrations
had a negative correlation with the number of cases, while all other pollutants had a
positive effect on coronavirus cases (Bigdeli et al., 2021).
When the coronavirus restrictions are examined by comparing the 2019-2020 periods
(Tyagi et al., 2021), even though there is a decrease in other regions, there are
increasing SO2 concentrations in East India due to the industrialization in the region
and the clustering of CPPs. It has been reported that the SO2 column decreased by
51.6% in March 2020 compared to March 2019 due to the COVID-19 restrictions in
India (Xia et al., 2021). Dutta et al. (2021) also examined the impact of the coronavirus
pandemic on SO2 pollution using TROPOMI SO2 retrievals and found a 40% decrease
from April 2019 to April 2020 in India. It was observed that this decrease was
associated with limited traffic and industrial activities, and pollution from CPPs was
still detected in April 2020.
Afşin Elbistan Power Plants (AEPPs) are one of the biggest hotspots when examining
SO2 pollution on large point CPPs using OMI retrievals for the years 2005-2015 in
Turkey (Firatli & Kaynak, 2015). SO2 transport from power plants, which groundbased observations could not capture in Çanakkale, was observed using OMI
retrievals and high correlations (R2=0.71) were reported between 18 March Can
electricity production and annual SO2 pollution (Akyuz and Kaynak, 2019). Cingiroglu
et al. (2021) determined that temporal changes in electricity production can be
captured by using TROPOMI SO2 and NO2 retrievals on a monthly basis for selected
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power plants in Turkey. The quality and quantity of TROPOMI data limits the
monitoring of pollution on a daily basis. The best relationship between satellite
retrievals and electricity production was found for AEPPs.
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3. METHODOLOGY
3.1 Study Area
Turkey, which has 97% of its territory in Asia and 3% in Europe, is a Eurasian country
with lands on two continents. Located between 36° and 42° north parallels and 26°
and 45° east meridians, this country has coastlines on the Marmara, Aegean, Black
Sea and Mediterranean Seas. It is bordered by Greece and Bulgaria in Eastern
Thrace, Georgia in the northeast, Armenia, the Nakhchivan Autonomous Republic of
Azerbaijan and Iran in the east, and Iraq and Syria in the southeast.
Turkey is a rich region in terms of land use and according to CORINE Land Cover
dataset, 1.94% of Turkey is artificial areas, 42.26% is agricultural areas, 50.31% is
forest and semi-natural areas, 0.51% is wetlands and other 4.98% is water bodies.
Land use and elevation maps, distribution of large capacity CPPs and geothermal
power plants (GPPs) are given in Figure 3.1. While CPPs are spread over Turkey,
GPPs are mainly concentrated in the Büyük Menderes Basin in the Aegean Region.
3.2 Satellite Retrievals
TROPOMI is a UVN spectrometer that observes trace gases and aerosols with daily
coverage on the Sentinel-5 platform since it started measurements in 2019.
TROPOMI Level 2 (L2) SO2 retrievals downloaded for two years (2019-2020) (NASA,
2021) were filtered against the TROPOMI SO2 guide (ESA, 2021a), and low-quality
data was removed. SO2 retrievals were filtered according to quality criteria, such as
cloud fraction <0.3, solar zenith angle (SZA) <60°, snow ice flag <0.5, qa (quality
assurance) value >0.5, sulfur dioxide total air mass factor polluted >0.1, sulfur dioxide
total vertical column >-0.001 mol/ m2 (ESA, 2021b). The filtering study, which
consisted of steps such as combining all files, applying quality criteria, selecting the
study area, was carried out using a Python programming code and then date
information was added to the data. A domain covering Turkey with 1 km × 1 km grid
resolution was used for spatial averaging. SO2 retrievals were joined to grids and
gridded monthly SO2 column concentrations were calculated for this domain by spatial
matching. When using different oversampling diameters, oversampling method
(Fioletov et al., 2016) with 10 km radius was applied for SO2 retrievals for smoothing,
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where the best distribution was observed. SO2 scanning centers within 10 km of the
power plant locations were chosen to represent the pollution impacts for power plants.
After calculating monthly statistics for SO2 retrievals, the file opened in ArcGIS
software programme and exported to shapefiles (.shp) and average SO2 retrievals
were plotted.

Figure 3.1 : Land use and elevation map of Turkey indicating CPPs and GPPs.
3.3 Emissions
In this thesis, the 0.1º × 0.1º gridded EMEP (European Monitoring and Evaluation
Programme) emissions inventory over Turkey (EMEP, 2018) was used for
comparison with TROPOMI SO2 retrievals over the selected CPPs. Emissions
inventory data is not available for 2020. Therefore, using the most recent data, 2018
EMEP emissions, it is assumed to be the same for 2019 and 2020.
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3.4 Ground Observations
Two years (2019-2020) ground-based observations from the Ministry of Environment,
Urbanization and Climate Change, (2021) were downloaded for 248 AQMSs. Diurnal,
daily, monthly, and seasonal profiles were investigated using the RStudio programme.
According to the TROPOMI local crossing time, hours were selected and the hourly
SO2 ground measurements were used to calculate daily and monthly statistics and
compare with TROPOMI retrievals. This process was carried out for 248 stations
monitoring SO2 (µg/m3) in this two-year period in Turkey.
3.5 Coal-Fired and Geothermal Power Plants
The large capacity GPPs (>25 MWe) and CPPs (>50 MWe) with significant SO2
concentrations were selected (Table 3.2 and Table 3.2). The hourly electricity
production (EP) data was downloaded (EPIAS 2021), daily and monthly total
electricity productions were calculated for the selected power plants.
Table 3.1 : Information of selected GPPs.
Name of the
Geothermal Power Plant
Kızıldere
Efeler
Pamukören
Mis 3
Galip Hoca
Alaşehir
Maren
Dora 3
Melih
Pamukören 4
Pamukören 5
Ala 2
Salihli 3
Türkerler 3
Greeneco 5
Greeneco 6
Greeneco 3
Greeneco
Efe 8
Efe 7
Enerjeo
Ken 3
Mehmethan
Salihli 2

Province
Denizli
Aydın
Aydın
Manisa
Aydın
Manisa
Aydın
Aydın
Aydın
Aydın
Aydın
Manisa
Manisa
Manisa
Denizli
Denizli
Denizli
Denizli
Aydın
Aydın
Manisa
Aydın
Aydın
Manisa
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Capacity
(MWe)
165
115
68
48
47
45
44
34
33
32
32
30
30
30
28
26
26
26
25
25
25
25
25
25

Latitude

Longitude

37.95011
37.8936
37.9171
38.3498
37.9391
38.4048
37.8634
37.8748
37.9119
37.9189
37.9231
38.4086
38.4919
38.4048
37.9348
37.9348
37.9348
37.9348
37.8844
37.8844
38.4350
37.8415
37.8918
38.4919

28.8431
27.5865
28.5308
28.5155
27.5769
28.4289
27.5956
28.1039
27.6398
28.5463
28.5369
28.4354
28.0912
28.4289
28.7970
28.7970
28.7970
28.7970
27.6310
27.6310
38.4350
27.8861
27.6444
28.0912

Table 3.2 : Information of large capacity CPPs.
Name of the Coal Power Plant
Zonguldak Eren (ZETES) 1 - 2 – 3
Afsin Elbistan-B
Afsin Elbistan-A
Cenal
ISKEN Sugözü
İskenderun Atlas
İÇDAŞ Bekirli
Soma B
Kemerköy
Yatağan
Çayırhan
Seyitömer
Soma Kolin
Kangal
Tufanbeyli
Yeniköy
İÇDAŞ Biga
Silopi
Tunçbilek
İzdemir Enerji
Çan-2
18 Mart Çan
Çatalağzı
Bolu Göynük
İskenderun Demir Çelik
Orhaneli
Çolakoğlu
Yunus Emre
Aksa Yalova Akrilik Kimya
Kardemir
Polat

Province

Capacity

Latitude

Longitude

Fuel

Zonguldak
Kahramanmaraş
Kahramanmaraş
Çanakkale
Adana
Hatay
Çanakkkale
Manisa
Muğla
Muğla
Ankara
Kütahya
Manisa
Sivas
Adana
Muğla
Çanakkale
Şırnak
Kütahya
İzmir
Çanakkale
Çanakkale
Zonguldak
Bolu
Hatay
Bursa
Kocaeli
Eskişehir
Yalova
Karabük
Kütahya

2790
1440
1355
1320
1210
1200
1200
990
630
630
620
600
510
457
450
420
405
405
365
350
330
320
300
270
220
210
190
145
143
78
51

41.5174
38.3541
38.3476
40.0232
36.8351
36.6911
40.0224
39.1936
37.0346
37.3317
40.0970
39.5734
39.3170
39.0791
38.1845
37.1408
40.4442
37.3080
39.6284
38.7425
40.0346
40.3991
41.5173
40.2518
36.7595
39.9509
40.7971
39.9842
40.6868
41.1728
39.5736

31.9002
36.9813
37.0267
26.9768
35.8790
36.2089
26.9777
27.6339
27.9010
28.1018
31.695
29.882
27.7491
37.2936
36.2695
27.8724
27.1308
42.5956
29.4623
26.9295
26.9502
27.0500
31.9010
30.8113
36.2115
28.8702
29.9452
31.6342
29.4045
32.6329
29.8822

Export Coal
Lignite Coal
Lignite Coal
Export Coal
Export Coal
Export Coal
Export Coal
Lignite Coal
Lignite Coal
Lignite Coal
Lignite Coal
Lignite Coal
Lignite Coal
Lignite Coal
Lignite Coal
Lignite Coal
Export Coal
Asphaltite Coal
Lignite Coal
Export Coal
Lignite Coal
Lignite Coal
Hard Coal
Lignite Coal
Export Coal
Lignite Coal
Export Coal
Lignite Coal
Export Coal, Natural Gas
Lignite Coal
Lignite Coal
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4. DETECTION OF SO2 POLLUTION IN AND AROUND TURKEY USING
TROPOMI RETRIVALS
4.1 Introduction
TROPOMI on the ESA’s Sentinel-5 Platform launched on 2017 (Veefkind et al., 2012).
With its spatial resolution, it is the SO2 remote sensing instrument with the highest
spatial resolution. Sentinel-5, a sun-synchronized satellite, has daily global coverage
with a local transit time of 13:30. TROPOMI Level 2 SO2 product has been
downloaded from National Aeronautics and Space Administration (NASA, 2021)
Goddard Earth Sciences Data and Information Services Center (GES DISC).
According to the Black Report, 90% of SO2 pollution in Turkey is caused by usage of
coal and therefore mainly from CPPs. This situation is related to the fact that Turkey
has significant lignite reserves. Low calorific value domestic lignite is suitable for use
in power plants and emits more SO2 than other coals due to its high sulfur content.
Apart from CPPs, regional industrial activities and residential heating also contribute
to SO2 emissions in Turkey. Also, 24% of the SO2 pollution in European countries
originates from Turkey, the Soma-B, Kangal and Seyitömer CPPs in Turkey were
among the first six power plants that cause the most SO2 pollution (Turkey, Ukraine
and Western Balkan Countries Compete for Top Spot in Coal Power Air Pollution in
Europe, 2021).
4.2 Methodology and Results
When determining SO2 pollution in and around Turkey, two different methods (with
and without oversampling) were applied to process TROPOMI SO2 retrievals. In order
to determine the oversampling radius, the maps created by applying the method with
different diameters in the AEPP study area are given in Figure 4.1. Oversampling
method was applied with diameters of 3, 6, 9, 12, and 30 km in the selected study
area consisting of 1 km × 1 km grids. While the distribution of the SO2 pollution around
the point source could not be determined due to large noise in the no oversampling
condition, it was observed that the noise decreased as the oversampling radius
increased. With the large radius such as 30 km, the details have become indistinctive.
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Based on the Figure 4.1, the oversampling method with 10 km radius was selected
and applied for smoothing and SO2 scan centers within 10 km of the power plant
locations were selected to represent power plants pollution impacts.

Figure 4.1 : SO2 distribution with different oversampling radius.
Despite the noise reduction with the oversampling method, the number of SO 2
retrievals in the winter months is rather limited. The limited number of SO2 retrievals
was associated with high cloud cover, which prevent observing the spatial distribution
of SO2 pollution. In other seasons, as the cloud cover impact disappears, the
distribution of SO2 pollution can be better determined.
When oversampling the TROPOMI SO2 data, it is possible to receive signals from
minor SO2 sources as well. Minor sources such as oil and gas production industry,
refineries, pulp and paper industries, smelting plants, cement industries, aluminum
production industries could also be detected better on the distribution maps, as noise
was reduced by the oversampling method. SO2 signals resulting from industrial areas
are not as strong as those originating from power plants, but it is possible to observe
high SO2 concentrations in some industries.
Especially Kahramanmaraş and Muğla provinces are the regions with the highest SO2
concentration within the impact area observed by TROPOMI SO2 retrievals (Figure

16

4.2). These provinces are followed by Şırnak, Sivas, Ankara, Çanakkale and Manisa.
All these regions are associated with large-capacity (>50 MWe) CPPs.

Figure 4.2 : SO2 distribution in October 2020 (squares represent selected study
areas covering SO2 sources such as CPPs and GPPs).
When the months of March-October for 2019 and 2020 were examined due to the
limited number of retrievals in the winter months, it is determined that Kahramanmaraş
has the highest SO2 values in ten of the 18 months, and Muğla in two of the 18 months.
However, Muğla is the second province with the highest concentration in most months
after Kahramanmaraş. In addition, the highest SO2 pollution is observed in five
different districts of Çanakkale in May 2019.
Afşin Elbistan Power Plants, which are located in Kahramanmaraş and are one of the
facilities with the highest capacity, consist of two different power plants, the A Unit
established in 1984 and the B Unit established in 2006. With the establishment of the
B plant with higher capacity, SO2 pollution in the region has increased as a result of
the increased operating capacity in the region (Firatli & Kaynak, 2015). Afşin Elbistan
A power plant was one of the facilities that was closed for six months on January 1,
2020. While there was a decrease in SO2 pollution at the beginning of 2020, the
pollution increased rapidly with the re-activation of the power plant in June 2020.
There are three large CPPs in Muğla province; Yeniköy (420 MWe), Kemerköy (653
MWe), and Yatağan (630 MWe), with a total capacity of 1703 MWe. These CPPs
started operation in 1986, 1993, and 1982, respectively. Since the number of
retrievals is limited in the winter months in Muğla, pollution cannot be observed
clearly. However, an increase in SO2 concentrations in the region was detected in the
summer and autumn months of 2020.
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There are five large capacity CPPs in Çanakkale, namely Cenal (1320 MWe), İÇDAŞ
Bekirli (1200 MWe), İÇDAŞ Biga (405 MWe), Çan-2 (330 MWe) and 18 Mart Çan (320
MWe) Power Plants. Mostly natural gas is used for residential heating in Çanakkale
and SO2 emissions from residential heating is limited in spring and summer months.
The high pollution seen in May 2019 can be associated with the CPPs as SO2
hotspots is seen in the districts close to the CPPs such as Biga, Çan, Lapseki,
Bayramiç and Çanakkale.
Soma-A and Soma-B Power Plants with a total capacity of 1034 MWe and Soma Kolin
power plant with a total capacity of 510 MWe are located in Manisa. Soma A Power
Plant was commissioned in 1957, Soma B Power Plant consisting of six units was
commissioned in 1984 and lastly, Soma Kolin power plant in 2019. Soma Power Plant
is one of the six power plants that were temporarily closed in January 1, 2020 and has
started to operate again as of June 2020. Despite the shutdown, high SO2 levels were
observed for Manisa in 2019-2020.
Şırnak, which is among the top ten provinces in 16 out of 18 months, was one of the
five provinces with the highest SO2 levels in 13 months. These high concentrations
are generally observed in Silopi, and its surrounding districts and originate from Silopi
CPP. This power plant, which has a capacity of 450 MWe, started operation in 2015
with three units. Similarly, the Kangal Power Plant with a capacity of 457 MWe is
located in Sivas and is in the top five of the highest SO2 retrievals in 10 of the selected
18 months.
Ankara, which had one of the biggest hot spots due to the Çayırhan Power Plant with
a capacity of 620 MWe in previous years, is among the top ten provinces in June,
July, August and October in 2019, while it was among the provinces with the highest
pollution levels only in May 2020. In addition, SO2 hotspots are detected in some
districts of Kütahya, İzmir and Bursa provinces close to CPPs in some of the study
months.
There are also some minor hot spots in Turkey such as Aydın, Malatya, Balıkesir,
Kocaeli, Yalova, Rize, Giresun, Trabzon, Artvin provinces. SO2 pollution in Aydın may
have been transported from the CPPs in Muğla, or it may be originated from the GPPs
in the region. In Aydın, residential heating emissions are limited due to the mild
winters. There was high SO2 pollution in April to October months, and there was no
other SO2 source other than GPPs. However, the use of fossil fuels for residential
heating in Malatya plays an important role in SO2 pollution in the region and there was
an increase in SO2 levels in the region in recent years. In addition, the exposure of
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apricots to SO2 in order to preserve their color in Malatya, which is the leading apricot
production in Turkey, may contribute to SO2 emissions in the region.
In Balıkesir and Kocaeli provinces, intensive industrial activities in the region have a
significant contribution to SO2 concentrations. There are three Iron and Steel
Industries located in Kocaeli. Aksa Akrilik Kimya Power Plant in Yalova province with
a capacity of 143 MWe can explain the SO2 levels observed in some months.
Similarly, SO2 concentrations in September 2019 may be related to Hopa Power
Plant, although it has small capacity (50 MWe). However, the SO2 levels that were
observed in several provinces (Trabzon, Giresun and Rize) and their districts in the
Black Sea Region in the same month (September 2019) attracted attention.
High SO2 concentrations originating from power plants are also observed in countries
bordering Turkey. Another region with the highest SO2 emissions is Turkey's
neighbor, Bulgaria. There are large-capacity power plants in Bulgaria with a capacity
of 50 MWe or above, close to the borders of Turkey, with a distance of approximately
20 km (Fioletov et al., 2020). These power plants located in Bulgaria, close to Turkey;
Maritsa Iztok-2 Power Plant with 1602 MWe capacity, Maritsa Iztok-3 Power Plant
with 908 MWe capacity, AES Galabova Power Plant with 670 MWe capacity, Brikel
Power Plant with 240 MWe capacity and also Sliven (60 MWe) and Maritsa 3 (120
MWe) (Carbon Brief, 2020). Iraq is another region where SO2 pollution has been
detected. High SO2 concentrations, that can be associated with multiple power plants
and six large scale oil fields in the region (Fioletov et al., 2020) are detected in
Baghdad province of Iraq, on the northeastern border. Significant SO2 pollution has
been detected in the cities of Aleppo and Homs on the southeastern border of the
country. In the region, there is an electricity generation facility with an installed
capacity of 160 MWe (Carbon Brief, 2020), which uses coal in a cement factory in the
northeast of the city of Aleppo. SO2 pollution seen in the area may be caused by SCC
Cement Power Plant or oil processing.
4.3 Comparison with Ground-based Measurements
Before the remote sensing, measurement of air pollutants was only possible with
AQMSs. Although their number is increasing day by day, AQMSs can only provide
information about the air quality of the region they are located in. AQMSs may also
be insufficient in detecting pollutants as they are also affected by meteorological
factors and land characteristics.
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In this chapter, the accuracy of the data in detecting SO2 pollution was investigated
by comparing TROPOMI retrievals and ground-based measurements on the basis of
AQMS located in different provinces of Turkey. In order to represent the pollution level
measured by the AQMS, scanning centers within 10 km of the AQMS locations were
selected for comparison with ground-based measurements. Since TROPOMI scans
are at 13:30 local time, only data from ground measurements at 13:00 and 14:00
hours were used for comparison. Daily ground-based measurements and satellite
retrievals around 10 km of AQMS time series were created for each AQMS, and the
time series of the stations in the provinces examined within the scope of this study
were given below. By comparing the ground measurements and SO2 retrievals around
10 km of the AQMS, it is investigated how much the pollution in the region can be
detected. Satellite retrievals is scarce in winter due to high cloud cover and therefore
unreliable

during

these

months.

Satellite

observations

represent

column

concentrations, while ground measurements only measure SO2 concentrations close
the ground level.
The time series were first examined for AQMSs in the region of the closed CPPs.
Since there is limited number of retrievals for the winter months, April-October 20192020 has been examined. Satellite retrievals and ground-based measurements
around Afşin Elbistan CPP showed similar changes and capture sudden increases
and decreases in SO2 concentrations most of the period (Figure 4.3). However,
especially in the summer and autumn of 2019, since the satellite observed all column
concentrations, measured SO2 concentrations by TROPOMI was higher.
There are two AQMS measuring SO2 pollution in Sivas for the 2019-2020:
Başöğretmen and Meteoroloji AQMSs. Ground-based measurements for these
stations in the winter months of 2019 to 2020 are incomplete and sudden increases
and decreases do not give confidence (Figure 4.4 and Figure 4.5). Therefore,
changes in ground-based measurements cannot be captured by satellite retrievals.
Only in the first part of 2019 and the last part of 2020, the two data sets are related.
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Figure 4.3 : Kahramanmaraş-Elbistan daily AQMS-SO2 (µg/m3, orange) and AQMSSO2 (DU, purple) comparison for 2019-2020.

Figure 4.4 : Sivas-Başöğretmen daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.

Figure 4.5 : Sivas-Meteoroloji daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.
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In Kütahya, three AQMSs measure SO2 pollution over the two-year study period.
However, Heymeana AQMS only measured SO2 in 2019 and provides discontinuous
data (Figure 4.6). It measured 500 µg/m3 one day in the fall of 2020, but outlier is
unreliable. The Heymeana station generally measured SO2 concentrations below 100
µg/m3. At Kentpark station (Figure 4.7), no measurements were made on most days
in summer, but high SO2 concentrations are measured in autumn and winter months.
While Tavşanlı AQMS (Figure 4.8) measured SO2 values below 150 µg/m3 until
autumn 2020, SO2 levels up to 250 µg/m3 were seen at the end of 2020. In addition,
due to seasonal changes in the ground measurements of the Kentpark and Tavşanlı
AQMSs, there are high levels of SO2 in the winter months and low SO2 concentrations
in the summer months. Satellite data and ground-based measurements are almost
correlated, although data gaps for all three facilities make interpretation difficult.

Figure 4.6 : Kütahya-Heymeana daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.

Figure 4.7 : Kütahya-Kentpark daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.
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Figure 4.8 : Kütahya-Tavşanlı daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.
Although there are six AQMSs that measure SO2 during the study period (2019-2020)
in Zonguldak province, Muslu Tepeköy, Kuzyaka and Cumayani AQMSs, which are
the closest to the major SO2 sources (CPPs such as ZETES and Çatalağzı), were
examined. Since there is a power plant with the largest capacity in Zonguldak
(ZETES), the pollution is expected to be quite high, but its presence in the coastal
region causes the SO2 pollution to disperse. Especially meteorological factors play an
important role on SO2 pollution in the region. In addition, the treatment technologies
used in ZETES also play an important role in the formation of SO2 pollution. However,
the impact of the Çatalağzı Power Plant, which was closed due to high pollution levels
and inadequate treatment technology, is expected to be seen.
There are missing measurements in Cumayanı and Muslu Tepeköy AQMSs (Figure
4.9, Figure 4.10). Kuzyaka AQMS measures SO2 values below 100 µg/m3 except for
a few days in January 2019 (Figure 4.10). According to the measurements of this
station, the winter months are partly more polluted. Higher values (>100 µg/m3) were
determined in the spring and summer months for both 2019 and 2020 years in
Cumayanı AQMS (Figure 4.11). In the first half of 2020, Cumayanı AQMS detects a
decrease in SO2 concentrations. Similarly, for Muslu Tepeköy AQMS, lower SO2
levels are seen in January-May 2020, while AQMSs measure higher concentrations
(Figure 4.9). For all stations, ground-based measurements and satellite retrievals are
not correlated due to meteorological factors.
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Figure 4.9 : Zonguldak-Muslu Tepeköy daily AQMS-SO2 (µg/m3, orange) and
AQMS-SO2 (DU, purple) comparison for 2019-2020.

Figure 4.10 : Zonguldak-Cumayani daily AQMS-SO2 (µg/m3, orange) and AQMSSO2 (DU, purple) comparison for 2019-2020.

Figure 4.11 : Zonguldak-Kuzyaka daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.
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Also, there are two stations in Manisa, namely Soma AQMS and Manisa AQMS.
These two stations are located far away from each other and Manisa AQMS is located
in the city center, while Soma AQMS is the closest station to CPPs which are located
in Soma district. Manisa AQMS has limited data in 2020, but observations in 2019
shows higher SO2 concentrations in winter months (Figure 4.12). Since this station is
located in the city center, high concentrations in winter are associated with residential
heating. On days with data, satellite measurements for Manisa AQMS catch the
variations of ground measurements. Since Soma station is located in the power plants
region, there are (higher) SO2 values up to 300 µg/m3 (Figure 4.13). Although there
are missing days in ground-based measurements of this station, ground
measurements and satellite data on other days overlap.

Figure 4.12 : Manisa daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2 (DU, purple)
comparison for 2019-2020.

Figure 4.13 : Manisa-Soma daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2 (DU,
purple) comparison for 2019-2020.
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Moreover,

Musluhittin

station,

which

has

the

highest

SO2

signals

after

Kahramanmaraş and is the only AQMS that measure SO2 during the two-year study
period (2019-2020) in the province of Muğla, where three power plants are located, is
examined (Figure 4.14). Musluhittin AQMS is captured seasonal variations since it is
located far from power plants and close to the residential areas. High SO2 values are
observed in winter months and less SO2 values seen in summer months. Satellite
retrievals have similarly captured the SO2 increases and decreases in the region.

Figure 4.14 : Muğla-Musluhittin daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.
Additionally, the relationship between ground-based measurements and SO2
retrievals around 10 km of stations are observed for three AQMS in Aydın and Denizli
provinces. Similarly, in Aydın, where there is only one station (Aydın AQMS), ground
measurements and satellite retrievals are almost correlated (Figure 4.15). SO2
retrievals show the same variations as concentrations measured by AQMSs. Although
low SO2 pollution in Aydın, emission from residential heating is observed. As
TROPOMI measures whole column concentrations, there are even higher SO2 levels
on days when relatively high concentration is measured by the AQMS. For both
AQMS in Denizli, ground measurements and SO2 retrievals are related. Maximum
values are observed at Bayramyeri station in the winter of 2019 (Figure 4.16) and at
Merkezefendi station between December 2019 and February 2020 (Figure 4.17). Both
stations detected seasonal variations originating from residential heating.
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Figure 4.15 : Aydın daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2 (DU, purple)
comparison for 2019-2020.

Figure 4.16 : Denizli-Bayramyeri daily AQMS-SO2 (µg/m3, orange) and AQMS-SO2
(DU, purple) comparison for 2019-2020.

Figure 4.17 : Denizli-Merkezefendi daily AQMS-SO2 (µg/m3, orange) and AQMSSO2 (DU, purple) comparison for 2019-2020.
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Although there were 248 stations available in 2019-2020 study period, their number
increased even more in 2021. In this section, satellite and ground measurements are
compared for AQMSs, especially in regions with high signals, closed power plants or
geothermal plants. In most stations, the relationship between the two datasets was
determined.
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5. SO2 POINT SOURCES IN AND AROUND TURKEY
Aside from contribution of residential heating and industrial coal use, CPPs are one
of the main emitters of SO2 pollution and one of the biggest sources of anthropogenic
SO2 pollution. Turkey has significant lignite reserves, so national energy policy
focuses on coal usage. Turkey meets one third of the energy needs of the growing
population from CPPs. Since there are quite a number of CPPs in the country with a
total capacity of 20,323 MWe, electricity generation accounts for a large part of
national emissions. For this reason, it is important to determine the pollution
originating from CPPs. In many previous studies, satellite retrievals have been used
to detect SO2 pollution and its sources. In many previous studies (Bigdeli et al., 2021;
de Laat et al., 2020; Fioletov et al., 2020; Fioletov et al., 2011, Ghahremanloo et al.,
2021; Hedelt et al., 2019; Jiao et al., 2020; Kampouri et al., 2021; Liu et al., 2018;
Quißer et al., 2019; Shikwambanaa et al., 2020; Theys et al., 2019; Tyagi et al., 2021;
Veefkind et al., 2012; Wang & Wang, 2020), satellite retrievals have been used for
detection of SO2 pollution. In this section, the CPPs that were closed as a result of the
decision to close the unfiltered power plants on 31 December 2019 were also
examined. Afterwards, while examining the effect of large SO2 point sources in
Turkey, the focus is on the provinces of Kahramanmaraş and Muğla, where SO2
concentrations are the highest, and the large capacity CPPs there.
5.1 Closed Power Plants
Since CPPs are the biggest source of air pollutants, the control technologies used are
especially significant in terms of public health. However, there are still facilities in
Turkey that do not have adequate control technologies. On 31 December 2019, it was
decided to close five power plants (Figure 5.1) that do not have adequate control
technologies. As a result of this decision, on January 1, 2020, Afşin Elbistan A,
Seyitömer, Tunçbilek and Çatalağzı Power Plants and the 1st and 2nd units of the
Kangal power plant were completely closed, and the Soma Power Plant was partially
closed.
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Figure 5.1 : SO2 distribution in Turkey and closed power plants study areas
(October 2020).
However, in June 2020, two units of the Kangal Power Plant, two units of Çatalağzı
Power Plant and two of the four units of Seyitömer Power Plant, two of the three units
of Tunçbilek Power Plant, two of the four units of Afşin Elbistan-A Power Plant were
given a Temporary Operating Certificate due to the establishment of “Dry Absorber
Spray Systems”, and these power plants started operating again. This system is used
all over the world for sulfur retention. However, since the sulfur content of the coals in
our country is quite high, "wet washing with limestone" system is used instead of this
system in all CPPs with flue gas sulfur treatment system. Since the dry absorber
spraying systems installed are not suitable for the purpose, it was established
temporarily, stating that a permanent facility will be established in accordance with
the limestone wet washing technique within 1 year. (Url-1)
In the power plants, which were closed on January 1, 2020, and were given a
Temporary Operating Certificate on June 8, 2020, and some other units in the
following months Figure 5.2, no announcement has been made yet, even though the
main environmental protection investments should be completed until June 2021.
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Figure 5.2 : Timeline of shutdown and opening of unfiltered power plants.
Information on 6 facilities that were shut down with the decision of 31 December 2019
are given in the Table 5.1. Each of the closed CPPs are large capacity CPPs. Afşin
Elbistan-A Power Plant has the largest capacity among them. While 5 of the facilities
were completely closed, the Soma Power Plant was partially closed.
Table 5.1 : Information of closed CPPs.
Power Plant

Capacity (MWe)

Latitude

AEPP-A
1355
38.3466
Seyitömer
600
39.3431
Tunçbilek
365
39.6282
Kangal
457
39.2344
Çatalağzı
300
41.5161
Soma
990
39.1898
* represents partially closed power plants
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Longitude

Province

37.0250
29.5244
29.4632
37.3770
31.8991
27.6478

Kahramanmaraş
Kütahya
Kütahya
Sivas
Zonguldak
Manisa*

5.1.1 Methodology
For each temporarily closed CPP given in Table 5.1, daily average ground
measurements, satellite retrievals which are around 10 km of CPPs and electricity
production were compared in this section. Number of SO2 retrievals are limited in
winter months due to cloudiness.
5.1.2 Results and discussion
Afşin Elbistan-A Power Plant, which has the highest capacity among them, are located
very close to Afşin Elbistan-B Power Plant. For this reason, AEPPs are assumed as
a single source and examined together. For AEPPs (Figure 5.3), a relationship is
observed between the daily average SO2 retrievals and electricity production in AprilOctober months. While there is mostly no relationship between ground measurements
and satellite retrievals, the increase at the end of 2020 was partially captured by
ground-based measurements. Although Afsin Elbistan-A Power Plant was closed
temporarily for five months, Afsin Elbistan-B Power Plant continued electricity
production. Total electricity production was completely stopped only in May 2020.
AEPP-A, which was announced to be temporarily closed as of 1 January 2020,
continued to produce in January 2020, and stopped electricity production from the
beginning of February until June 2020. When SO2 retrievals are examined, although
there is a decrease in concentrations related to electricity generation in the first half
of 2020, there is a rapid increase in SO2 levels with the reopening of the CPP in June
2020. While ground-based measurements cannot capture changes in electricity
production, satellite SO2 retrievals are successful in detecting pollution changes in the
region except during the winter months.
When the daily time series for Kangal Power Plant are examined (Figure 5.4), it is
seen that although there is a decrease in electricity production after January 2020,
the activity has never been completely stopped except few days. Due to the limited
number of SO2 retrievals during the winter months, satellite retrievals cannot detect
SO2 pollution in the region. However, it captures the decrease in SO2 pollution with
the decrease in electricity production, especially in the temporary shutdown period in
2020, and the increase in SO2 levels with the reopening of the Kangal Power Plant.
On the contrary, since the two AQMS (green represents Başöğretmen AQMS, purple
represents Meteoroloji AQMS) in the region are located far away from the Kangal
Power Plant, they are insufficient to capture the SO2 pollution from CPP and not
correlated with electricity production.
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Figure 5.3 : Daily average SO2 (DU), SO2 (μg/m3) and daily total EP (103 MWe) time
series for Afşin Elbistan Power Plants.

Figure 5.4 : Daily average SO2 (DU), SO2 (μg/m3) and daily total EP (103 MWe) time
series for Kangal Power Plant.
Electricity production in both Seyitömer and Tunçbilek power plants located in
Kütahya was completely stopped in the January-June 2020 period, and while the
Seyitömer Power Plant started operating after June, the Tunçbilek Power Plant
stopped production again after producing electricity for 1 month (Figure 5.5 and Figure
5.6). Only 1 month of operation was observed at the Tunçbilek Power Plant
throughout 2020. Since both power plants are located in the same study area,
although both effects are seen on SO2 concentrations, a decrease in SO2 levels is
expected in 2020 due to the decrease in total production.
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Figure 5.5 : Daily average SO2 (DU), SO2 (μg/m3) and daily total EP (103 MWe) time
series for Seyitömer Power Plant.

Figure 5.6 : Daily average SO2 (DU), SO2 (μg/m3) and daily total EP (103 MWe) time
series for Tunçbilek Power Plant.
Heymeana and Kentpark AQMSs are the closest stations to the Seyitömer Power
Plant and Tavşanlı AQMS is the closest stations to the Tunçbilek Power Plant. There
is also the Polatlı Power Plant with less capacity, which contributes to SO2 pollution
in the region, close to the Seyitömer Power Plant. Since the power plants are located
close to each other, AQMSs can measure the pollution originating from all CPPs
according to meteorological conditions. Depending on the wind directions, it is
possible to transport the pollution to the other power plant areas. However, when the
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time series in Figure 5.5 and Figure 5.6 are examined, although there is no correlation
with electricity production, there is a clear relationship between ground measurements
and satellite retrievals, especially in the autumn months.
Like Seyitömer and Tunçbilek Power Plants, the Çatalağzı Power Plant (Figure 5.7)
completely stopped its operations in January-June 2020 and did not produce
electricity. Pollution originating from the Çatalağzı Power Plant, whose total electricity
production increased rapidly with its re-operation in June, could not be detected by
ground-based observations or satellite retrievals. Ground-based measurements of the
three AQMSs in the study region, satellite retrievals and electricity production are not
correlated. Since the Çatalağzı Power Plant is located on the coastal part, especially
meteorological factors are effective in not captured SO2 pollution from Çatalağzı
Power Plant.

Figure 5.7 : Daily average SO2 (DU), SO2 (μg/m3) and daily total EP (103 MWe) time
series for Çatalağzı Power Plants.
Soma Power Plant is the only CPP that was partially closed in January 1, 2020 and
therefore electricity production did not stop completely during the temporary shutdown
period (Figure 5.8). There was a decrease in electricity production in the first five
months of 2020, and less electricity was produced in the following months compared
to the previous year. SO2 retrievals could not detect this decrease, but rather observed
higher concentrations in some months in 2020. Location measurements partially
captured SO2 retrievals variations and is generally uncorrelated.
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Figure 5.8 : Daily Average SO2 (DU), SO2 (μg/m3) and EP (1000MWe) Time Series
for Soma Power Plants.
When all stations are examined, AEPPs where the variations in electricity generation
are best captured by SO2 retrievals. Ground-based measurements often do not show
similar variations with electricity generation. Locations of AQMSs, wind directions and
land characteristics in the region play an important role in monitoring pollution. In
addition, since the pollution is increasing, AQMSs are insufficient in detecting
pollution. on the other hand, satellite retrievals mostly capture the pollution originating
from CPPs because of column concentrations.
Based on this, monthly SO2, NO2 and electricity production correlations were
examined for the selected CPPs which have the highest signals. NO2, like SO2, is a
gas released into the atmosphere as a result of the use of coal in power plants. With
the high electricity production of power plants, an increase in NO2 and SO2
concentrations is also expected. When the relationship between them is investigated,
the correlations of NO2 and SO2 with electricity generation are 0.45 and 0.43 for all
selected plants (Figure 5.9), respectively. There is low correlation between NO2 and
SO2 retrievals. The correlation between NO2 and SO2 is quite low, but individual
correlation coefficients (Table 5.2) are higher (R > 0.62). The power plant with the
highest correlations between NO2, SO2 and EP is Afşin Elbistan. While Silopi,
Çayırhan and Soma are the power plants with a moderate correlation between SO2
and EP (0.54-0.57), the correlations between EP and both pollutants are quite low for
the three power plants in Muğla. On the contrary, NO2 and SO2 correlations for CPPs
in Muğla are quite high.
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Figure 5.9 : Distributions and scatter plots for monthly NO2, SO2 retrievals and EP
for selected power plants (color represents the following CPPs: dark red Afşin
Elbistan, green Kangal, orange Silopi, light pink Çayırhan, dark green Soma, purple
Soma Kolin, light blue Kemerköy, dark pink Yatağan and yellow Yeniköy).
Table 5.2 : Monthly individual correlations for selected power plants.
Power plant

NO2 vs SO2

NO2 vs EP

SO2 vs EP

Afsin Elbistan
Kangal
Yatagan
Yenikoy
Kemerkoy
Silopi
Cayirhan
Soma
Soma Kolin

0.96*
0.62
0.70*
0.69
0.79*
0.66
0.83*
0.71*
0.72*

0.71*
0.66
0.24
-0.45
0.01
0.57
0.54
0.55
0.25

0.84*
0.32
0.24
-0.27
-0.05
0.63
0.59
0.33
0.05

* represents the highest correlations.
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In this chapter, the electricity production, ground measurements and satellite
retrievals time series of the closed CPPs were examined and it is seen that ground
measurements were insufficient to measure pollution. Since there is a relationship
between satellite retrievals and electricity generation, NO2, SO2 retrievals and EP are
compared for CPPs with highest signals. In the next chapter, Afşin Elbistan Power
Plant, which has the highest capacity among the temporarily closed power plants, the
highest correlation between SO2 and EP is detected and where mostly the highest
signals are seen in Turkey will be examined in Chapter 5.2.
5.2 Afşin Elbistan Power Plant (AEPP)
There are 44 power plants in Turkey that use lignite for electricity generation, of which
only 31 are large-scale power plants (>50 MWe). Unfortunately, the treatment
technologies used for SO2 pollution in the country are limited. Afşin Elbistan, Muğla,
Şırnak and Sivas are the areas with the highest TROPOMI SO2 concentrations and
among these hotspots, Afşin Elbistan has the highest SO2 columns in Turkey.
Afşin Elbistan Power Plants consist of two different plants, A unit established in 1984
and B unit established in 2006. With the establishment of AEPP-B in 2006, AEPP,
which has a total capacity of 2795 MWe, is Turkey's largest coal power plant with
installed power. These power plants are located in Kahramanmaraş and AEPP-A and
AEPP-B are located at a distance of five kilometers from each other. The plants, each
of which has four units, are assumed to be a single plant due to their close location.
Two of the four units of AEPP-A, which has the largest capacity (1355 MWe) among
the facilities that were closed on January 1, 2020, started operating as of June 2020.
5.2.1 Methodology
TROPOMI SO2 retrievals processed as described in Chapter 2 were used. First of all,
a 120 km × 120 km study area with AEPP in the center and consisting of 1 km × 1 km
grid was created. Land cover (Copernicus, 2018) and elevation data (CORINE, 2018)
were processed for AEPP study area (Figure 5.10). The study area is generally
forested (green) and agricultural (yellow-brown), and rarely residential (red-pink) and
industrial areas (purple). According to the AEPP study area seen in Figure 5.10, CPPs
are located approximately 25 km from the nearest settlements of Kahramanmaraş, 70
km from the city center, and close to rural and industrial areas. In the study area, there
are six meteorology stations that measure wind speed and direction in 2019-2020,
and only Elbistan AQMS that measures SO2 pollution in the region. AQMS is located
in the city center and the closest meteorological station to the AQMS is Elbistan
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meteorology station. AEPPs are located in the pit and are surrounded by higher areas.
The region is suitable for inversion and generally the pollution does not disperse.

Figure 5.10 : Elevation and land use of the AEPP study area.
5.2.2 Results and discussion
Seasonal wind roses (Figure 5.11) and pollution roses (Figure 5.12) were created
using the hourly meteorological data obtained (MGM, 2021), seasonal wind roses
were preferred since monthly changes could not be observed. Seasonal wind roses
for the closest Elbistan meteorological station to AQMS are given in Figure 5.11. The
north wind direction is dominant in the region in all seasons, but the wind speeds are
not very high. Wind directions indicate that pollution from AEPPs cannot be
transported to the AQMS due to its location.
There is only one AQMS (Elbistan AQMS) in the study area and this AQMS measured
SO2 between 2019-2020. Elbistan station is located in the city center, away from the
CPPs. For comparison with TROPOMI SO2 retrievals, ground-based observations of
Elbistan AQMS (Ministry of Environment, Urbanization and Climate Change, 2021)
were used in this study to calculate diurnal, daily, monthly and seasonal statistics from
hourly SO2 ground measurements for 2019-2020 (Figure 5.13).
While the diurnal variation was not high in 2019, higher SO2 pollution levels are seen
in the afternoon in 2020. Elbistan AQMS measured SO2 concentrations higher in 2020
compared to 2019. While winter months were relatively higher than summer months
in 2019, sulfur dioxide pollution decreased in the first months with the shutdown of
AEPP-A in 2020. With the re-activation of the power plant in June 2020, pollution has
increased rapidly. Although the plant was closed as of January 1, 2020, pollution was
still measured in January and February.

39

The distribution of SO2 pollution around Elbistan AQMS was investigated using
ground-based measurements and wind data of the nearest meteorological station
(Elbistan meteorological station). Pollution, which is carried in the same direction in
all seasons, is more intense in autumn and winter. Due to northerly winds, the
pollution is not carried from the AEPPs located in the northwest of the AQMS.
Gridded monthly average maps of TROPOMI SO2 retrievals for the years 2019-2020,
processed in accordance with the methodology in Chapter 4, are given in Figure 5.14.
In the maps showing the spatio-temporal changes in Afşin study area, the circles
represent AEPPs and the triangle represents Elbistan AQMS.

Figure 5.11 : Seasonal wind roses of Elbistan meteorology station (2019-2020).
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Figure 5.12 : Seasonal SO2 pollution rose (2019-2020).

Figure 5.13 : Diurnal, weekly, and monthly ground-level average SO2
concentrations at Elbistan AQMS.

41

Figure 5.14 : TROPOMI SO2 (DU) monthly distribution maps (Circles represent
AEPPs).
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In winter, there are large gaps due to cloudiness. Therefore, the SO2 distribution could
not be observed clearly in these 2019-2020 January, February, March and December
months due to the limited number of retrievals.
According to the monthly maps, the month with the highest SO2 pollution is November
2020, and the pollution is transported to the southwest in this month. Apart from this,
high pollution was detected around the power plants in July-October in both years.
While a decrease is observed in April, May, July and September in 2020, there is an
increase especially in October and November. This decrease in SO2 levels can be
attributed to the January-June 2020 shutdown period.
The relationship between daily and monthly changes in electricity production and
satellite retrievals within 10 km of the power plant is examined in Figure 5.15. As
mentioned in Chapter 4.3, the highest SO2-EP correlation among all selected stations
belonged to AEPP. When daily and monthly NO2, SO2 and EP correlations are
examined, NO2 and SO2 are highly correlated (R = 0.73 - 0.96), and monthly
correlations are higher than daily correlations. While SO2 and EP are moderately
correlated in daily averages (R = 0.45), they are highly correlated for monthly
distributions (R = 0.84).
In Figure 5.16, the relationship between Afşin Elbistan monthly ground-based
measurements and satellite retrievals for March to October 2019-2020 was
investigated. There is low correlation (R2 = 0.20) between AQMS SO2 and PP SO2
satellite retrievals. As the PP SO2 increases, the ground measurements are expected
to increase, while the AQMS SO2 values are lower than expected. There is a high
correlation with R2 = 0.86 between the satellite retrievals of AEPP and Elbistan AQMS
around 10 km. At the same point, pollution that could not be measured by AQMSs
was detected by satellite retrievals. This is because satellite retrievals measure the
entire column, while AQMSs can only measure SO2 emissions near the ground.
Therefore, considering the land characteristics, the pollution in the region has
increased and dispersed. There is a low correlation (R2 = 0.20) between groundbased observations and satellite retrievals within 10 km of the AQMS. AQMS is
insufficient to detect pollution due to land characteristics and location.
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Figure 5.15 : Daily (upper) and monthly (lower) NO2, SO2 and EP correlations for
Afşin Elbistan Power Plants.
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Figure 5.16 : Monthly correlations of PP-SO2 (DU) and EP (upper), AQMS-SO2
(µg/m3) and PP-SO2 (middle), and AQMS-SO2 (µg/m3) and AQMS-SO2 (DU) (lower)
correlations for AEPPs.
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5.3 Yeniköy, Kemerköy and Yatağan Power Plants
There are three large-capacity CPPs in Muğla province, namely Yeniköy (420 MWe),
Kemerköy (653 MWe) and Yatağan (630 MWe) power plants with a total capacity of
1703 MWe. Yeniköy Power Plant started to be operated in 1986, Kemerköy 1993 and
Yatağan 1982, and especially Kemerköy and Yeniköy CPPs are located in coastal
areas very close to each other. Yatağan Power Plant is located in the inner parts of
the province (Figure 5.17). The population of Muğla, which is a tourism region,
increases rapidly in summer and decreases in winter. Since the winter months are
mild, SO2 emissions from residential heating are limited. There is no significant SO2
source in the study area other than three large capacity power plants.
Despite having dust and sulfur filters, three CPPs in Muğla were among the power
plants that were planned to be closed on January 31, 2020, due to the high air
pollution detected in the region and the lack of adequate treatment systems. The filters
of these power plants do not meet the new criteria, and the SO2 concentrations
measured in Yatağan are above the limit value. Although no improvement has been
made yet, Kemerköy and Yeniköy CPPs continued their activities by obtaining
environmental permits and Yatağan CPPs temporary operating certificates. As of July
29, 2021, the terrible fires that started in various parts of Muğla continued for days,
the activities of CPPs in the region were stopped due to safety precautions.
The study aims to determine SO2 pollution from CPPs in Muğla and investigate the
spatial distribution and the temporal changes for two years (2019-2020). The
relationship between SO2 pollution in the region and electricity generation of CPPs
was also investigated. Considering meteorological factors, land characteristics,
looking at the correlation between ground measurements, satellite observations and
electricity production, this study helps to understand how much the satellite and
ground-based stations can capture these CPPs’ contribution to SO2 pollution of the
region.
5.3.1 Methodology and results
The 14400 km2 study area consisting of 1 km × 1 km grids covering the CPPs in Muğla
was selected. Land cover (Copernicus, 2018) and elevation data (Copernicus, 2018)
were processed for the study area (Figure 5.17). The study area generally consists of
forested (green) and agricultural (yellow), and the residential areas (red-pink) (Figure
5.17 (right)). As seen in the Figure 5.17, each of the CPPs is located close to sea
level and rural areas of the city. There are 30 stations measuring wind speed and
direction in 2019-2020 and one Air Quality Monitoring Station (AQMS) (Musluhittin
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station) measuring the SO2 pollution in the region. The AQMS is located in the city
center and the closest meteorology station is Muğla meteorology station.

Figure 5.17 : Elevation and land use maps of the study area.
5.3.2 Results and discussion
Monthly and seasonal wind roses and pollution roses were created using hourly
meteorological data obtained (MGM, 2021). Since there is no monthly change in the
wind directions and speeds, seasonal wind roses were created. Winds blowing from
the northwest in summer-autumn and southeasterly in winter-spring are dominant
according to the Muğla meteorology station (Figure 5.18). When the dominant wind
direction in winter and spring is considered, the pollution cannot be measured,
because the monitoring station is located behind the CPP. Although the wind direction
is favorable in the summer-autumn months, only SO2 pollution from Yatağan can be
transported due to the land characteristics. Due to the location of the current AQMS
it is expected to be insufficient to measure pollution most of the time.
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Figure 5.18 : Seasonal wind roses of Muğla meteorology station.
The spatial-temporal distribution of the overall SO2 pollution over Turkey was
determined using the high resolution TROPOMI instrument for the years 2019-2020.
Gridded monthly average maps point that, Muğla is the region where the highest
pollution is observed after Kahramanmaraş (Figure 5.19). Also, Muğla has the highest
SO2 hotspot in some months. Although these three CPPs in Muğla do not have the
highest capacity, they are important sources of SO2 pollution according to satellite
retrievals. The spatial distribution of the month (July 2020) with the highest and
cleanest signals for SO2 pollution in Muğla is shown in Figure 5.19.
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Figure 5.19 : SO2 pollution distribution across Turkey for June 2020 using
TROPOMI retrievals (black square in the bottom left represents the study area).
Although there are seven AQMS in Muğla, only Musluhittin station measured SO2 in
the 2019-2020 period. Musluhittin station is located in the city center, away from CPPs
(Figure 5.17). Ground based observations of Musluhittin station (Ministry of
Environment, Urbanization and Climate Change, 2021) were used to calculate
monthly statistics from hourly SO2 ground measurements for 2019-2020.
For the same study period, the temporal variation of SO2 ground observations in
Musluhittin station of Muğla province was investigated (Figure 5.20). Highest SO2
pollution levels were observed at noon. SO2 pollution was high in winter and low in
summer (except July-August 2020). In addition, there has been an increase in SO2
levels in 2020 compared to the previous year, 2019. Considering the land
characteristics (Figure 5.17) and meteorological factors (Figure 5.18), it is not possible
to capture the pollution caused by all CPPs due to the location of Musluhittin AQMS.
The distribution of pollution around the AQMS was investigated by using ground
measurements and the wind data of the nearest meteorological station (Figure 5.21).
While the effect of CPPs on PM10 pollution is negligible, its effect on SO2 concentration
has been clearly determined. In the summer and autumn, heavy pollution will
generally be transported to the southeast. However, high pollution will spread mostly
in the opposite direction (northwestward) during the winter months. Therefore, SO 2
pollution from Yatağan CPP can only be partially transported to AQMS in summer and
autumn. The high values measured in the AQMS in winter can be attributed to the
wind blowing towards the AQMS on some days of heavy pollution.
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Figure 5.20 : Diurnal, weekly, and monthly ground-level average SO2
concentrations at Musluhittin AQMS.

Figure 5.21 : Seasonal SO2 pollution rose for 2019-2020.
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By examining the gridded monthly average maps for the years 2019-2020 prepared
according to the methodology in Chapter 2, the spatio-temporal changes of satellite
retrievals in the study area were observed (Figure 5.22). The circles represent three
CPPs and the triangle represents Musluhittin AQMS. The SO2 pollution distribution is
not clear due to the limited number of retrievals in December and January months of
2019-2020. However, SO2 pollution distribution and transportation can be clearly seen
in other months with the highest SO2 concentrations are observed in November 2020.
April, July and August 2020 are the other months with relatively high pollution,
respectively. SO2 concentrations have increased considerably in 2020 compared to
2019. In November 2020, pollution was transported in the large quantities especially
towards the north and dispersed to many parts of the region. Hotspots are generally
distributed around Kemerköy and Yeniköy CPPs in the monthly distributions.
However, in some months when pollution is high, such as April 2020, intense pollution
around Yatağan CPP draws attention. Also, there is mostly no SO 2 pollution around
Musluhittin AQMS, so it is clear that pollution is not carried to AQMS as expected due
to wind and land characteristics.
In order to understand how much SO2 pollution originating from the mentioned three
large-capacity CPPs in Muğla can be detected by TROPOMI instrument and AQMS,
the relationship between satellite retrievals, electricity generation, and ground-based
observations was investigated (Figure 5.23). Due to the limited number of the satellite
retrievals in the months, December and January data were not used. When the
electricity generation for each CPP is compared with the satellite retrievals around 10
km (Fioletov et al., 2020), the highest correlation was found for Yatağan CPP (Figure
5.23 (upper)).
Hourly electricity production (EP) for Yeniköy, Kemerköy, and CPPs were (EPIAS,
2021) used to estimate the monthly total electricity productions. High SO 2
concentrations observed in July-August, when electricity production for Yeniköy CPP
is low, is associated with transportation from Kemerköy CPP, which causes intense
pollution due to high electricity production in the same months. Since Kemerköy and
Yeniköy CPPs are located in the same region, the effect of transportation is observed
in most of the months. In November 2020, quite high concentrations are measured by
TROPOMI instrument in the region due to the high electricity production at Kemerköy
and Yatağan CPPs.
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SO2(DU)

Figure 5.22 : TROPOMI SO2 (DU) monthly distribution maps (Circles represent
Yatağan, Yeniköy and Kemerköy Power Plants, respectively from top to bottom, and
the triangle represents Musluhittin AQMS).
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Figure 5.23 : Monthly correlations of PP-SO2 (DU) and EP (upper), AQMS-SO2
(µg/m3) and PP-SO2 (middle), and AQMS-SO2 (µg/m3) and AQMS-SO2 (DU) (lower)
correlations for Yatağan PPs.
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There is a low correlation (R2 = 0.27) between ground-based observations and
satellite retrievals within 10 km of the AQMS. There is a correlation (R2 = 0.18)
between AQMS ground-based observations and PP SO2 satellite retrievals, but it is
not high because of the outliers in some months. For Yatağan CPP, a moderate
correlation with R2 = 0.54 was found between satellite retrievals around 10 km radius
of CPP and AQMS (Figure 5.23). TROPOMI was able to detect SO2 pollution from the
PPs better than the AQMS. In other words, the AQMS is sometimes insufficient to
detect the pollution due to its location.
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6. SO2 POLLUTION FROM GEOTHERMAL PLANTS
Although SO2 pollution mainly originates from coal-fired power plants, geothermal
power plants, known as one of the renewable energy sources, also cause H2S and
indirectly SO2 emissions (TMMOB, 2021). Environmentally friendly and renewable
geothermal resources are one of Turkey's most important energy resources for
electricity generation and direct use, and their usage is increasing day by day. Turkey
ranks 7th in terms of geothermal resources with 347 fields and 4th in installed
geothermal energy capacity in the world with a total installed capacity of 1576 MWe
and 61 power plants (Table 6.1).
Table 6.1 : Geothermal installed capacities of the world countries.
Country
The United States
Indonesia
Philippines
Turkey
Kenya
New Zealand
Mexico
Italy
Iceland
Japan
Others

Installed Capacity (MWe)
3700
2289
1918
1576
1193
1064
1005
916
755
550
1011

GPPs are mostly located in the Western Anatolia consist of Aydın, Denizli and Manisa
provinces where geothermal activities are widespread. These provinces are located
in the Büyük Menderes and Gediz River Basins, which are of significant for both for
water resources and agriculture. According to EMRA list, seven GPPs with a total
capacity of 321.8 MWe are operating in the Denizli region and additional four GPPs
licensed for production with a capacity of 66.95 MWe. 66% of its national capacity and
25% of the planning phase is in Aydın where is located to the west part of the Büyük
Menderes Graben. There are 35 GPPs with an installed capacity of 776.93 MWe with
installed power and nine GPPs (215.6 MWe) with licensed. Manisa region is located
in the Gediz Graben and there are many geothermal resources in Alaşehir and
Sarıgöl. Manisa has ten GPPs operating with 201.1 MWe capacity including five GPPs
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in the Alaşehir district of Muğla. (European Bank for Reconstruction and
Development, 2020).
As a result of the use of the potential in Turkey, which is a country rich in geothermal
potential, odor complaints from the people is living in the region increased with the
increasing number of GPPs, and protests were held to prevent the establishment of
a new GPP. Major air pollutants from GPPs are CO2, H2S, CH4, NH3, N2 and H2
emissions, SO2 are not directly emitted. However, after H2S is released into the
atmosphere, it is rapidly oxidized to SO2 within one to two days in summer and turns
into sulfuric acid (H2SO4).
Within the scope of the current Regulation on the Control of Odor-Creating Emissions
(dated 19.07.2013), the activities of geothermal facilities have not been defined and
no limit values have been determined. With the Regulation Amending the Regulation
on Control of Industrial Air Pollution, dated 06.11.2021, limit values were determined
for H2S emissions, but the new regulation will enter into force on 30.06.2021. While
the current limit values for H2S are determined as 100 μg/m3 (hourly) in the current
regulations, the limit value determined by the World Health Organization (WHO) is 7
μg/m3 (30-minute average). Since the Regulation on Industrial Air Pollution and the
Regulation on the Control of Odor-Creating Emissions does not require the
application of removal methods (systems such as scrubber, SulFix, etc.) and the
sanctions are not sufficient, investors are insensitive to the environment. (TMMOB,
2021).
6.1 Methodology
Study area chosen due to the multiplicity of the GPPs and includes parts of Aydın,
Denizli, İzmir and Manisa provinces (Figure 6.1). There are two low-capacity (5 MWe)
CPPs in the study area and 4 large-capacity (>50 MWe) CPPs around them. Yatağan
Power Plant is 13 km away from the study area and 60 km to 120 km away from
GPPs. Due to the land characteristics and distance, pollution cannot be carried to the
study area from Kemerköy and Yeniköy Power Plants, but it is possible to transport
the pollution in Yatağan to the study area under suitable wind conditions.
GPPs are located in rural areas far from city centers. While there were seven air
quality monitoring stations and 38 meteorology stations measuring SO2 in the study
area in 2019-2020, the number of AQMSs reached 18 in 2021. GPPs in the same
region are classified and assumed as a single source. Satellite retrievals around 10
km for a total of 8 GPP regions were taken and examined in this Chapter.
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Figure 6.1 : Elevation and land use map of the GPPs study area.
6.2 Results and Discussion
Gridded monthly average maps were prepared for Turkey according to the
methodology in Chapter 2. In the monthly average SO2 distributions, minor hotspots
in Aydın were seen in most months such as May 2019 (Figure 6.2). When the study
area was examined for the same month (Figure 6.3), hotspots were clearly observed
around geothermal facilities and the SO2 pollution is observed around Efeler, Dora-3
and Ken-3 geothermal facilities. For these GPPs closest to Yatağan Power Plant,
general winds from the south and southwest are dominant. Thus, SO2 pollution from
Yatağan Power Plant cannot be transported to the region due to the elevated land,
dominant wind direction and the distance.
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Figure 6.2 : Gridded monthly average SO2 distribution for Turkey in May 2019
(rectangular represents GPP study area).

Figure 6.3 : Gridded monthly average SO2 distribution in May 2019 for study area
and wind roses for each GPPs.
Since the number of SO2 retrievals are limited due to cloudiness in the winter months,
two-year March-October gridded monthly average SO2 maps were examined (Figure
6.4). Since GPPs are minor SO2 sources, the maximum value has been changed to
1.5 DU in order to detect pollution. Monthly average distributions showed that the
general SO2 pollution in the region is intense in October 2019-2020. Also, high SO2
concentrations in April, May, July 2019 and April, June 2020 can be clearly associated
with GPPs.
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Figure 6.4 : TROPOMI SO2 (DU) monthly distribution maps for two year (20192020) (Circles represent GPPs and triangles represent AQMSs).
Monthly time series (Figure 6.5) prepared by calculating the average of SO2 retrievals
around 10 km of GPPs also support high SO2 values especially in April, May and
October months. Maximum concentrations were determined as 5.39 DU for Efeler
and 3.45 DU for Ken-3 in 23 May 2019 and also 2.54 DU for Mis-3 and 4.85 DU for
Alaşehir in 22 May 2019. Also, around the other GPPs, a maximum of 2.95 DU for
Pamukoren in 5 April 2019, 2.29 DU for Kızıldere in 5 March 2019, 2.99 DU for Dora3 in 27 October 2020 and 2.88 DU for Salihli in 22 April 2020 are observed.
Concentration above 0.5 DU is observed in 34% of the data in Ken-3 GPP with 25
MWe and only 20% of the days in Kızıldere GPP with 165 MWe.
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Figure 6.5 : Daily TROPOMI SO2 time series over GPPs.
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7. CONCLUSIONS
Nowadays, Turkey is still among the countries struggling with SO 2 pollution. CPPs,
which meet a significant part of the energy need in Turkey due to their high-capacity
lignite usage, are the most important source of SO2 pollution, apart from residential
heating. When the 2019-2020 monthly average TROPOMI SO2 retrievals were
examined, Kahramanmaraş and Muğla are the regions with the highest signal. In
addition, high SO2 signals are also seen in relation to CPPs in provinces such as
Şırnak, Sivas, Manisa, etc. In addition, minor hotspots were detected in Aydın,
Malatya, Balıkesir etc., only SO2 pollution in Aydın could not be associated with a
known source. The time series of ground-based observations and satellite retrievals
around 10 km of AQMS are examined and it is seen that the two datasets showed
similar variations for most of these provinces and are related.
First of all, the changes in the electricity production of six CPPs, which were
temporarily shut down as of January 1, 2020, satellite retrievals within 10 km of the
power plants the ground measurements are examined and the three timeseries are
compared. While Seyitömer, Tunçbilek and Çatalağzı Power Plants completely
stopped electricity production for five months, Sivas and Manisa are the provinces
that did not completely stopped their electricity production activities. Since AEPP-A is
located very close to AEPP-B, it is assumed as a single plant and electricity
generation is equal to zero only in May 2020. Ground measurements at most stations
are insufficient to measure pollution originating from the power plant due to their
location and land characteristics, while satellite measurements generally show similar
variations with electricity production. Ground-based measurements may be
insufficient to detect the pollution originating from CPPSs because they can measure
the pollution in a certain area and can only detect the pollution close to the ground
level. Meteorological factors and land characteristics in the region have a direct effect
on the detection of pollution by AQMS. On the contrary, since TROPOMI provides
column concentrations and is not limited to a specific location locally, it can also detect
pollution in case of pollution rise and dispersal. When daily SO2, NO2 and EP for all
selected CPPs are compared, weak correlations are found between SO2-NO2, while
high correlations are found between SO2 and NO2 in individual correlations (R > 0.60).
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For both pollutants, the best relationship with EP belongs to Afşin Elbistan Power
Plants (for NO2 R2 = 0.71, for SO2 R2 = 0.84).
Then, for AEPPs with the highest signals and the highest SO2-EP correlation, the
relationship with two-year (2019-2020) ground measurements, satellite retrievals and
electricity production were examined. Elbistan AQMS in the region observed a
decrease in SO2 signals in the first half of 2020 and a sudden increase as of August
2020. In addition, while higher signals were seen in 2020, lower pollution was detected
in the summer months and higher in the winter months. However, pollution cannot be
completely detected by AQMS due to land characteristics and its location. Although
there are limited SO2 retrievals due to cloudiness in the winter months, the monthly
gridded SO2 distributions of March to October 2019-2020 clearly show the distribution
of SO2 pollution around the source. In the first half of 2019, the effect of temporary
shutdown at AEPP-A and a rapid increase after June 2020 were detected. The
cleanest month with highest signal is October 2020. There is a low correlation
between ground measurement and SO2 retrievals around the AEPP, while satellite
retrievals around the AQMS and PP are consistent among themselves (R2 = 0.86).
However, satellite retrievals in the same region with AQMS have low correlation (R2
= 0.20).
In addition, the spatial and temporal distribution of SO2 pollution was investigated in
the two years (2019-2020) for three CPPs that cause high SO2 pollution in Muğla. In
order to examine the extent to which remote sensing and ground measurements can
detect SO2 pollution in the region, TROPOMI satellite retrievals, AQMS ground-based
observations and electricity generation data of these CPPs were examined.
Meteorological factors and land characteristics reveal that it is not possible for AQMS
to measure pollution due to its location, but can only measure pollution be originating
from Yatağan CPP in summer-autumn months. Monthly gridded maps were created
using satellite retrievals also show that there is a high level of pollution especially
around Kemerköy and Yeniköy CPPs in July-November, but this pollution was
generally not carried towards AQMS. Ground measurements also support this,
measuring low SO2 concentrations only in the summer months of pollution, while
measuring high values only in July-August 2020, when the pollution is intense.
Monthly maps show that the highest polluted month was November 2020, and
pollution was higher in 2020 than 2019. When energy production for each CPPs was
compared with satellite measurements, Yatağan has the highest correlation. Satellite
retrievals around the CPPs and the AQMS (R2 = 0.54) were more correlated than
satellite retrievals around the CPPs and ground measurements (R2 = 0.18). Satellite
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and ground observations for AQMS are low correlated (R2 = 0.27). In other words,
TROPOMI satellite retrievals gave better results at measuring pollution compared to
AQMS. This is related to the location of the AQMS, the wind and land characteristics
in the region.
Finally, starting from the minor hot spots in Aydın, the contribution of GPPs to SO2
pollution was investigated for the same study period. The monthly gridded average
SO2 distributions showed that the overall pollution in the region was intense in the
period of October 2019-2020. Also, high SO2 concentrations in April, May, July 2019
and April, June 2020 can be clearly associated with GPPs. Although there is no
relationship between the SO2 pollution and electricity production, since the energy
production at the power plants is generally constant, when the daily time series around
12 km of the power plants are examined, high SO2 signals are detected especially in
April, May and October months. Maximum concentrations were determined as 5.39
DU for Efeler and 3.45 DU for Ken-3 on 23 May 2019, and 2.54 DU for Mis-3 and 4.85
DU for Alaşehir on 22 May 2019. In addition, around the other GPPs, a maximum of
2.95 DU for Pamukören on 5 April 2019, 2.29 DU for Kızıldere on 5 March 2019, 2.99
DU for Dora-3 on 27 October 2020 and Salihli on 22 April 2020. Concentration above
0.5 DU is observed in 34% of the data in Ken-3 GPP with 25 MWe and only 20% of
the days in Kızıldere GPP with 165 MWe.
In future studies, ground-based measurements and satellite retrievals would be
compared with the increasing number of AQMS in 2021. In addition, as of 29 July
2021, CPP activities were stopped due to the fires that started in many forest areas
of Muğla and continued for days. The effect of short-term shutdown of CPPs on SO2
pollution would also be examined. Emission estimation could be made based on
TROPOMI SO2 retrievals and could be compared with existing emission inventories.
The performance of TROPOMI retrievals could be compared with previous satellite
retrievals such as OMI.
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APPENDIX A: SO2 Distribution Maps
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APPENDIX A SO2 Distribution Maps

Figure A.1 : Gridded average SO2 distribution in Turkey for January 2019.
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Figure A.2 : Gridded average SO2 distribution in Turkey for February 2019.

71

Figure A.3 : Gridded average SO2 distribution in Turkey for March 2019.
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Figure A.4 : Gridded average SO2 distribution in Turkey for April 2019.
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Figure A.5 : Gridded average SO2 distribution in Turkey for May 2019.
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Figure A.6 : Gridded average SO2 distribution in Turkey for June 2019.
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Figure A.7 : Gridded average SO2 distribution in Turkey for July 2019.
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Figure A.8 : Gridded average SO2 distribution in Turkey for August 2019.
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Figure A.9 : Gridded average SO2 distribution in Turkey for September 2019.
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Figure A.10 : Gridded average SO2 distribution in Turkey for October 2019.
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Figure A.11 : Gridded average SO2 distribution in Turkey for November 2019.
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Figure A.12 : Gridded average SO2 distribution in Turkey for December 2019.
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Figure A.13 : Gridded average SO2 distribution in Turkey for January 2020.
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Figure A.14 : Gridded average SO2 distribution in Turkey for February 2020.
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Figure A.15 : Gridded average SO2 distribution in Turkey for March 2020.
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Figure A.16 : Gridded average SO2 distribution in Turkey for April 2020.
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Figure A.17 : Gridded average SO2 distribution in Turkey for May 2020.
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Figure A.18 : Gridded average SO2 distribution in Turkey for June 2020.
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Figure A.19 : Gridded average SO2 distribution in Turkey for July 2020.
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Figure A.20 : Gridded average SO2 distribution in Turkey for August 2020.
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Figure A.21 : Gridded average SO2 distribution in Turkey for September 2020.
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Figure A.22 : Gridded average SO2 distribution in Turkey for October 2020.
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Figure A.23 : Gridded average SO2 distribution in Turkey for November 2020.
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Figure A.24 : Gridded Average SO2 Distribution in Turkey for December 2020.
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