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Abstract

:

Air pollution has been one of the most critical urban problems. Urban energy networks are among the major sources of air pollution, particularly in highly populated urban areas. Residential heating, which is the primary cause of particulate matter (PM) emissions, contributes to the problem through the use of low-quality fuels, such as coal. Natural gas, although a fossil fuel, is a modern, relatively clean, and more efficient alternative in residential energy use, which helps to reduce particulate matter emissions. Coal was widely used in residential heating in İzmir, Turkey, whereas natural gas is a relatively new alternative which started to be used domestically in 2006. Switching from coal and other highly polluting fossil fuels to natural gas in urban energy distribution network has contributed to the alleviation of air pollution in the city in the past decade. Spatiotemporal analyses of the PM10 concentrations, and their relation to the natural gas investments, have been conducted in geographical information systems (GIS). The spatial distribution of the change in PM10 levels has been modeled with ordinary kriging for the 2010–2011 and 2018–2019 winter seasons. Interpolated PM10 surfaces show that there is a significant decrease in the emissions throughout the city in the overall, while the highest levels of decrease are observed in the southern part of the city. Overlaying the interpolated PM10 surfaces and the natural gas pipeline investments enables the demonstration of the mutual relationship between the change in emission levels and the energy distribution network. Indeed, the spatial distribution of the pollution concentrations appears to be parallel to the natural gas investments. The pipeline investments were intensive during the 2010–2018 period in the southern districts when compared the rest of the city. The use of natural gas in residential heating contributed to the decrease in PM10 emissions.
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1. Introduction


Sustainable development is viewed as comprising the environmental, sociocultural, and economic dimensions [1], while air pollution is one of the major concerns threatening global sustainability. Air pollution has environmental consequences besides its health effects and socioeconomic costs [2,3]. Air quality is considered as one of the major factors that contributes to the quality of life in densely populated urban areas [4]. The air pollution problems of the future are predicted on the use of more and more fossil and nuclear fuel as the population of the world increases [5]. Natural gas is one of the fossil fuels, but it is a more environmentally and economically conscious alternative to coal, oil and diesel. It is an efficient, relatively clean, and economic energy source [6], of which the global warming emissions from combustion are much lower than those from coal or oil [7,8]. The spatial distribution of the pollutants is important to reveal the impacts due to the level of exposure and take the necessary actions regarding that. Zhao et al. [9] assert that scientifically identifying the changing characteristics and patterns of the spatial distribution of the PM2.5 concentration and revealing the patterns of the population exposure risk of PM2.5, are of great significance to the coordinated development of regional environmental protection and economy. A determination of the variability of pollutants in time and space appears to be necessary in order to provide preparation towards measures to deal with their presence [10].



Replacing coal with relatively cleaner alternatives has been on the sustainability agenda of many countries, both in the generation and the distribution phases of the urban energy network. The literature on the environmental impacts of fuel sources in generation phase is quite massive. Switching fuel types in the distribution phase and its spatial distribution, particularly with regard to natural gas substituting for other urban energy alternatives, on the other hand, is overlooked in general. Residential coal consumption has decreased significantly since 1990 in most developed countries, due to fuel switching [11]. With the help of economic transformation, low–quality coal and wood were substituted mostly by gas in local heating in Central and Eastern European Countries [12]. Coal demand is still high in Asia [13]. However, it is declining in North America and Europe as power generators turn increasingly to cheaper and cleaner natural gas, wind, and solar power. Countries such as China, where air pollution is a critical issue, are taking steps to curb the use of coal and switching to cleaner alternatives, such as natural gas. Using natural gas instead of coal as a fuel for heating reflects the adjustment and transformation of the energy use structure in China towards the realization of specific projects [14], such as “coal–to–gas”. With the increasing emphasis on air pollution prevention, the issue of natural gas substitution for coal has been raised in many large Chinese cities [15]. Coal control is a critical part of the Air Pollution Prevention and Control Action Plan enacted in 2013 in China [16], which covers measures such as the replacement of coal with natural gas or electricity. Approximately 2.53 million households have completed the switch from coal–burning stoves to natural gas or electricity stoves in rural areas surrounding Beijing and Tianjin since 2017 [17].



Fossil fuels are still the primary source of energy in Turkey, although renewable energy has more to offer in terms of sustainability. Renewable energy production is a relatively new area [18], and Turkey as an energy–importing country [19]. Yet, renewable energy alternatives can be utilized to decrease the country’s energy dependency. Petroleum, gas, and coal constitute the highest share in energy consumption, while the country meets only 25% of its energy from domestic resources [20]. Improving air quality is another target. As a candidate country for EU membership, Turkey is expected to meet the air quality standards that set upper limits for pollutant concentrations (40 µg/m3 for PM10 annually). Member States are setting sustainability targets and implementing various strategies to meet the EU standards. Poland, for instance, set goals, such as reducing greenhouse gas emissions, increasing the share of renewables, and improving energy efficiency, not only to protect the environment but also to strengthen the economy [21]. It appears to be possible for the Czech Republic and Slovakia to reduce pollutant emissions and energy consumption with proper energy policies, although increasing the share of renewable energies to the planned levels seems unlikely to be achieved, like the other member States that have joined the EU after 2004 [22].



However, it is important to remember that developing the renewable energy sector requires extra financial resources [23] and a balance should be sought between environmental protection and economic development in order to achieve sustainability [21]. Since fossil fuels dominate the energy sector, and replacing them with renewable resources would require time and financial resources, it is important to minimize the negative effects of the fossil fuels first. Replacing coal–fired burners with gas or electricity as one of the strategies for reducing the amount of pollution [24]. Natural gas has played an important role in reducing carbon intensity and emissions in the past decade [25], while it is more efficient in terms of generating more energy for similar levels of emissions as coal, according to the U.S. data. At that point, natural gas can be considered as a relatively better alternative because of its advantages over the other fossil fuels, particularly in residential heating, in terms of economic efficiency and environmental concerns. Greenhouse gases are emitted during the generation stage of natural gas. Natural gas is responsible for the production of nearly half as much carbon dioxide per unit of energy compared to coal, but if the methane leaks are controlled during the production stage, it certainly has benefits over coal [17], and the pollutant emissions are the lowest at the distribution stage, when residential heating is considered.



The use of natural gas for space heating resulted in a significant improvement in air quality in most Turkish cities in the last 20 years [26]. Households substituting coal with natural gas resulted in 93.3 million tons of emission savings in three years from 2017 to 2019 in Turkey [27]. However, it can also be noted that PM levels are still a problem in large metropolitan areas because of the use of coal for heating by low–income households [26,28,29,30,31]. The studies consider the overall change in pollutant emissions without indicating the variations in space over time. In this study, a spatiotemporal analysis and a mapping of the effect of natural gas usage in residential heating intends to fill this gap.



The aim of this study is to show the change in the spatial distribution of the PM10 concentrations by replacing low–quality fossil fuels with natural gas. Air pollution levels are compared for the two periods, the 2010–2011 and 2018–2019 winter seasons, through interpolated surfaces of the city of İzmir, Turkey. The difference between two periods helps to identify how switching fuel types could contribute to environmental quality and, accordingly, sustainability in the overall. Kriging method is used to generate the interpolated pollution concentration surfaces. The method has become widely used in environmental pollution studies, in various fields, such as: the modelling and mapping of air pollution [32,33,34,35,36,37,38,39,40,41,42,43,44]; soil and mining contamination [45,46,47,48,49,50,51,52,53,54]; and noise pollution [55,56,57,58]. Utilizing spatial interpolation through the kriging method enables the prediction of pollution levels in areas where no monitoring stations or observations are present in these studies. Thus, larger surfaces can be evaluated in terms of the pollutant concentrations.



The study discusses the characteristics of the study area, İzmir, in the following part, and continues with the data and the method. In the fifth part, the results are presented, along with a critical discussion of the findings. In the last part, concluding remarks are given.




2. Study Area


Air pollution has been one of the most significant problems in İzmir. It is the third largest province of Turkey with a population of 4,394,694 in 2020 [59], being located in the western part of the country, having a long coastal line to the Aegean Sea. The province has 30 districts in total, while 70% of the population inhabits 11 central districts located along the gulf making up the City of İzmir, while 10 of them (Karabağlar, Buca, Bornova, Konak, Karşıyaka, Bayraklı, Çiğli, Gaziemir, Balçova, and Narlıdere) are within the study area.



The city has faced several environmental challenges, due to the rapid population growth resulting from rural–to–urban migration, uncontrolled urbanization along with unauthorized housing development, and intensive industrial activities. Air pollution ranked the third in İzmir among all environmental problems, following water pollution and waste pollution, in the priority rankings of environmental problems according to the 2017 statistics of the Environmental Problems and Priorities Assessment Report of Turkey released by the Environmental Impact Assessment, Permit and Inspection General Directorate [60]. In the report, it is also stated that residential heating is the number one source of air pollution, and PM10 emissions are the most significant source of air pollution. Households using lignite, imported coal, diesel, and fuel oil contribute to high levels of pollutant concentrations, while lack of institutional and regulatory frameworks double the problem. Switching to natural gas in domestic use has been a deliberate energy policy of the İzmir Greater Municipality to achieve sustainability, meet the energy needs in a much cleaner way, and reduce air pollution [61,62].



İzmir has a Mediterranean climate, with hot and humid summers, and mild and rainy winters, yet the average temperatures fall below 12 °C during the winter months, which necessitates heating, particularly in December, January and February. The winters in İzmir are generally characterized by meteorological conditions in which stable atmospheric stratification, calm (low wind speed) weather, and a ground–based inversion are present [63]. Hence, domestic–heating related pollution arises particularly during the winter season.



PM pollutants had the highest share in domestic heating [64], with 56% among all other pollutants in İzmir by 2004. Coal was utilized as the major source of residential heating with 74%, followed by electricity with 12%, natural gas with 6%, and geothermal with 2% in the city during the 2008–2009 winter season [65]. Natural gas, as a newly introduced urban energy system, was meant to replace coal over time, in İzmir. The investments started in 2005 by İzmirGaz, the only firm authorized to construct the pipeline network and distribute the service. After receiving the official license, natural gas was first served to residential customers in Mavişehir, Karşıyaka, in 2006. Natural gas pipelines were expanded to 25 districts until the end of 2018, along with increasing distribution line kilometers and the number of customers (Figure 1). The number of customers increased six–fold while total distribution lines increased threefold from 2010 to the end of 2018.



Distribution lines cover mostly the residential areas in the central districts (Figure 2). The residential areas not receiving the natural gas service mostly include unauthorized housing and physically declined areas that are awaiting, or in the process of, urban transformation.




3. Data


The research has two main datasets. The first one is the air pollution data, in terms of PM10 concentrations, measured in air pollution monitoring stations in İzmir. The second one is the natural gas distribution lines with regard to the investment years and locations.



Air pollution data was retrieved from the Ministry of Environment and Urbanization’s National Network of Air Quality Monitoring. The monitoring and recording of hourly pollutant gas emissions, and compiling them in inventories, indeed became compulsory with the enactment of the Air Quality Assessment Directive in 2008. However, the directive took a few years to be implemented since setting up the system required time. There are 23 monitoring stations in İzmir recording different pollutants, yet not all of them are available at each station for each period. The most comprehensive data has been available since 2010 and, thus, the base period was taken as the 2010–2011 winter season. PM2.5 is not monitored regularly in any stations, whereas PM10 records are available in eight stations (Figure 3), all of which are located in the central districts. The closest station out of İzmir is located in Manisa, the neighboring city to İzmir which is located in the north–eastern part of the city. However, the geographical thresholds between the two cities, particularly the hilly and woodland areas, such as Mount Spil, a 1500 m tall mountain covered with forest, prevent PM10 flows to a certain degree. In addition, Manisa station is approximately 26 km away so that it is disregarded as a result of it being beyond the range of the model outputs. Although more observations are better in statistical terms, the number of stations were limited to 22 [41], 13 [35], 10 [34], 8 [31], 7 [33], and 6 [28].



Residential heating is activated when the outside temperature falls below 15 °C, according to the İzmir Governorship, the Provincial Directorate of Environment and Urbanization Decisions [66]. The Turkish State Meteorological Service releases long–term averages of the maximum, minimum, and mean temperatures in the long term (1938–2019). Even the average maximums do not exceed 15 °C in İzmir in December, January, and February [67]. The availability of monitoring stations with PM10 observations prior to 2010 are more limited, therefore, the base season is taken as the 2010–2011 winter season, covering December 2010, and January and February of 2011. The same months are also considered for the comparison period of 2018–2019. Averages of daily observations are calculated for each station in three months for both periods. The final dataset of PM10 averages for the 2010–2011 and the 2018–2019 winter seasons are given in Table 1.



The distribution lines shapefile (Figure 4) is retrieved from İzmirGaz, the only authorized firm to distribute natural gas in İzmir. The shapefile is in vector format and the line attributes cover the investment year and the diameter of the pipelines. The investment year covers a period from 1 January 2005 to 19 December 2018.




4. Method


The analyses of the change of air pollution throughout the years, and its relation to the natural gas investments, are conducted via geographical information systems (GIS). The analyses have four main parts: (1) setting the study area; (2) the interpolation of PM10 emissions using the kriging tool in the geostatistical analyst of ArcMap 10.7 for the 2010–2011 and 2018–2019 winter periods; (3) generating the difference map showing the change in PM10 concentrations between the two periods; and (4) overlaying the natural gas distribution lines with interpolated surfaces in accordance with the study periods and investment years (Figure 5).



4.1. Setting the Study Area


The focus is on the central districts of İzmir, constituting the urban core, due to the concentration of a limited number of observations in this part of the province. The study area is adjusted according to the average point distances of the monitoring stations to capture the immediate impact of the emissions recorded in the stations. The mean distance between stations is calculated as 10.11 km, so that a buffer of a 10.11 km radius (i.e., 20 km diameter) is created around the stations. Residential areas are located around the urban core in the central districts (Figure 2), which are better represented in this buffer zone. All generated surfaces are clipped with regard to the buffer zone, making up the study area (Figure 6) to get more precise results. The buffer zone also falls within the range values calculated for two periods in the semivariograms, so that the presence of spatial autocorrelation is guaranteed within the study area.




4.2. Interpolation of PM10 Emissions


Kriging, the optimum interpolation method to estimate the value of variables over a continuous space, was used in this study to find out the spatial distribution of air pollution in terms of PM10 emissions. Geostatistical analysis in terms of spatial interpolation was utilized to estimate unknown values where observations were not available. Kriging is one of the geostatistical analysis tools that interpolates the unknown data points with observed values through semivariograms [68]. The Kriging estimate is known as the best linear unbiased estimate (BLUE) because it is a linear combination of the weighted sample values, whose expected value for error equals zero, and whose variance is a minimum [69]. It is advantageous owing to the generation of an estimation surface along with an error surface.



The GIS kriging tool of the geostatistical analyst was utilized in the spatial interpolation of PM10 emissions in İzmir for the 2010–2011 and 2018–2019 winter seasons. Ordinary Kriging (OK), the most commonly used kriging method, was applied in the estimations. OK is utilized and cited by several researchers in air–pollution interpolations [33,34,35,37,41,42]. OK is based on the variance and distance between observation points, and assumes an unknown constant mean, µ (Equation (1)). Local variance of the data within the search ellipsoid is used for estimation, which is useful in the case of a small number of input data [70].


   Z s  = μ +  ε s   



(1)




where      Z s    denotes the predicted value, μ is the trend or the mean, and    ε s      is the residuals. In the OK, μ is a constant but an unknown value



Kriging requires an estimation through local weighed averaging. The optimal interpolation weights are determined by the semivariogram model that fits the data well [71,72]. A semivariogram is a measure of the variation of sample variance with distance. It is a graphical representation of the variance of data pairs with regard to distance. Samples that are close to each other show similar variance values compared to distant ones, and generally, the variance increases with the distance between samples. The experimental semivariogram is computed as follows:


  γ  ( h )  =   1   2 M  ( h )        ∑   i = 1   M  ( h )    [  (  z  (   s i     )  − z  (   s i  + h  )   ) 2     ]   



(2)




where γ(h) is the estimated semivariance at a separation distance, h is the lag reflecting the distance between two observations, z(si) is the value of a target variable at sampled location i, z(si+h) is the value of the neighbor at distance, and M(h) is the number of pairs of data considering the lag value. Three components—the nugget, the range, and the sill—are observed in a semivariogram. Range is the value where the model first flattens, and no spatial autocorrelation is observed beyond that value. The sill is the value on the y–axis that the semivariogram model touches at the range, where the model flattens out. If the separation distance is 0, the semivariogram value is also 0. However, in case of measurement errors or variations at distances smaller than the sampling interval, the model cuts the y–axis at a point called the nugget. The semivariogram model is used to fit the empirical data predicted at unsampled locations, and there are alternative models as well, such as the circular, exponential, Gaussian, and spherical. The best–fitting model is selected based on the prediction error values of the model output, where the mean (ME) and the standardized mean (SME) values are expected to be close to 0, the root–mean–squared (RMSE) and average standard error (ASE) values are expected to be as small as possible, and the root–mean–square–standardized (RMStdE) value is expected to be close to 1 [73,74,75,76,77].




4.3. Generating the Difference Map


The surfaces are exported to raster to provide the numeric values of PM10 in each location. The difference between the two periods is calculated with the raster calculator of Map Algebra, where the 2018–2019 values are subtracted from the 2010–2011 values, and a PM10 concentration difference surface is generated.




4.4. Overlay the Surfaces with the Distribution Lines


At the final stage, the PM10 concentrations and natural gas distribution lines are overlayed with regard to the observation periods and investment dates. The 2010–2011 period is overlayed with the lines invested before 2010, and the 2018–2019 period is overlayed with the lines invested before 2010. The selection is done with the “Select by Attributes” option with regard to the investment years. Finally, the difference surface is then overlayed with the natural gas distribution lines with regard to their investment years, as before and after 2010, in order to interpret the level of changes in emissions spatially at the local level.





5. Results and Discussion


Using the input data, PM10 concentrations are interpolated and the pollution surfaces are produced. The spherical model, the best–fitting one according to the model results, was utilized for both periods (Table 2).



The surfaces demonstrate that PM10 concentrations differ between two periods. Pollution is observed to be higher in the close vicinity of the Gulf and the southern part of the city in the 2010–2011 winter, while the predicted PM10 values range between 67.5 µg/m3 and 72.4 µg/m3 (Figure 7). The values exceed the standards (40 µg/m3) set by the government by 68.75–81%.



The pollution surface generated for the 2018–2019 season, on the other hand, show that the predicted PM10 concentrations either meet or slightly exceed (2.75% at most) the monthly and winter–season standards (40 µg/m3) set by the government (Figure 8).



The difference map shows that the PM10 decrease between the two periods is within the range of 28µg/m3 and 33 µg/m3, while the most significant reduction is observed in the southern part of the city around Gaziemir station (Figure 9).



The overlay of the natural gas lines and the interpolated surfaces show that natural gas distribution lines targeted northern parts of the Gulf, while the investments in the Gaziemir region were relatively lower than the rest of the city until 2010. The total length of the natural gas distribution lines was 761.9 km at that time in the central districts. There were considerable amounts of natural gas distribution line expansions in the southern part of the city after 2010. More than half of the new lines (892.5 km out of 1616.4 km new lines) were added around the residential areas in Güzelyalı, Şirinyer, and Gaziemir.



The change of PM10 concentrations between two periods demonstrate that the density of the expansion of the natural gas network positively affected the decrease in air pollution. It can be expected that population dynamics may affect the spatial distribution of the changes in pollutant emissions. In that sense, the changes in the urban macroform and population are evaluated. The metropolitan core has started to show signs of urban shrinkage in İzmir [78]. Urban macroforms of 2010 and 2019 are in line with this argument since the built–up area of expansion remained almost stagnant from 2010 to 2019 (Figure 10).



Despite being below the national averages, the population increased from 2,786,836 to 2,972,900 (around 6.6%) in the 2010–2019 period in the study area, while population dynamics varied in districts (Figure 11). Although population increase is expected to result in higher pollution levels, population and PM10 were inversely related within the study period, since the former increased and the latter decreased.



While the population increased by 6.6% on average in the entire study area from 2010 to 2019, the highest growth was observed in Çiğli, Buca, and Karşıyaka with 27%, 20%, and 12%, respectively. Konak and Narlıdere, on the other hand, experienced negative population growth, so some part of the PM10 decrease may be explained by the decreasing population over time. The number of inhabitants increased in Balçova and Karabağlar, the districts located in the southwest, by 2.4% and 4.8%, respectively. In Gaziemir and Buca, the districts located in the south and the southeast, population increase was much higher (6.3% and 21%, respectively). Despite the significant population increase in the southern parts, the decline of the PM10 levels was more than the northern parts of the study area, which can be explained by the intensity of natural gas investments in the south after 2010 (Figure 9). At the southern fringe, almost no investment was observed prior to 2010. A similar case is evident for the eastern fringe and the northwestern fringe, where the Bornova and Çiğli districts are located. Although population increase was quite significant in the two districts (7.6% and 27%, respectively), PM10 decreases were observed to be higher, particularly at the fringe. There was almost no natural gas investment at the outskirts until 2010 in these two districts, so additional gas line extensions had a considerable impact on air quality within nine years. PM10 decrease is still observed in the north, where the Karşıyaka and Bayraklı districts are located, but slightly less than the southern and the eastern fringes of the study area. The urban core of the Gulf received natural gas service much earlier than the other parts of the city. Despite experiencing population increase, PM10 levels decreased in Karşıyaka and Bayraklı, but less than the rest of the city. As a matter of fact, these areas, and the urban core of the Gulf, were enjoying the air quality benefits of natural gas in the 2010–2011 winter season (Figure 7), as considerable amounts of investments had been made beforehand. Thus, the change in PM10 levels were still evident but not as high as the rest of the study area.



Another argument arises from the improvements in transportation, particularly in emission controls, which may contribute to the decrease in pollutant levels. The Exhaust Gas Emission Control Regulation was enacted in 2009, and it became mandatory to get all vehicles controlled in 2010. Thus, the study period covers the regulation period. The number of motor vehicles and accordingly, car ownerships, has been increasing gradually in Turkey, and İzmir is no exception. The most recent statistics show that passenger cars per inhabitant increased 8% from 2017 to 2020 in İzmir [79]. The increase in the number of motor vehicles is expected to result in higher PM10 emissions. On the contrary, an overall decrease in PM10 levels is observed, yet the level of decrease varies over space. Some of the air quality improvements may be due to the developments in the automotive industry, such as electric and hybrid vehicles. Nevertheless, these developments remain at very limited levels and prevalence. Therefore, it can still be argued that the most significant factor in reducing pollutant levels is switching from coal to natural gas in residential heating in the central districts of İzmir.



It is important to mention that the method used in this study is advantageous for making an assessment with the limited number of monitoring stations, and when there is no distinction among the sources of pollutants. Thus, it provides a snapshot of the change in PM10 concentrations between two periods and demonstrates the spatial variations of that change. However, it does not reflect the sector–based emissions due to the data limitations. More detailed data are required in order to get emissions from each sector, and to capture the contributions of residential heating, traffic, and industry (although industry is negligible in the urban core, since most of the facilities are located outside of the study area). A more precise analysis can also be conducted with an increased number of monitoring stations, especially with the mobile ones capturing traffic emissions.




6. Conclusions


İzmir has been experiencing air pollution problem for years and residential heating has been the number one source of the PM emissions. The reason for residentially induced pollution has been linked to the intensive use of low–quality coal for heating, particularly during the winter. Natural gas, as a cleaner and a more efficient alternative to other fossil fuels, was first provided in 2006 in residential areas, and the system has been expanded to serve a wider area since then. As the households switched to natural gas in domestic heating, air pollution decreased gradually in the city over time. Emission standards, which had been violated in the 2010–2011 winter season, were met in the 2018–2019 winter season in the entire study area. The results are in accordance with the literature, which suggests that replacing coal with natural gas improves the air quality, as in the cases of developed countries since the 1990s and, more recently, in Central and Eastern Europe, as well as in China.



Spatial interpolations of the PM10 concentrations in the winter seasons show that there has been an overall reduction in emission concentrations throughout the study area from 28 µg/m3 to 33 µg/m3 in eight years, corresponding to around a 56% decrease from 2010 to 2019. PM10 levels decreased in the entire study area despite the population increase and the increase in car ownership. The highest levels of decrease have been observed in the southern part of the city and the outskirts of the northwest and the east since the investments were quite intensive in those areas throughout the study period. It can be concluded that the provision of natural gas, although being a fossil fuel, has contributed to the alleviation of the air pollution problem in İzmir. Spatiotemporal analysis demonstrates the improvement in air quality through the emission variations both in different periods, and in different parts of the city. In case of improvements in the areas via urban transformation or urban renewal, further expansion of the system to all of the housing units would become possible, which likely reduce air pollution much more.



It should be noted that the study primarily focuses on the impact of the use of natural gas in residential heating on air quality. However, achieving sustainability in urban energy requires a broader discussion considering the economic and social aspects, as well as the supply characteristics of natural gas. Natural gas is an imported resource in Turkey, while local and renewable alternatives should be included in the discussion. Further research can focus on renewable alternatives and how to integrate them into the urban energy network. Switching to renewables can further improve air quality, and also contribute to the local and national economy. İzmir has significant potential for solar and wind powers, as well as geothermal, and there are considerable renewable investments, particularly in the rural parts of the province. Such efforts can also be sought in the dense urban core in order to take advantage of the socioeconomic and environmental benefits of renewable resources.
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Figure 1. Expansion of the natural gas distribution system by years in terms of pipeline length and the number of customers. 
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Figure 2. Natural gas distribution lines and residential areas in the study area. Source for the residential areas: İzmir Metropolitan Area Master Plan [39]. 
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Figure 3. Monitoring stations where PM10 data is collected. 
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Figure 4. Natural gas distribution lines in İzmir. 
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Figure 5. Analysis framework. 
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Figure 6. Boundaries of the study area. 
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Figure 7. PM10 concentrations (µg/m3) and natural gas distribution lines in the 2010–2011 winter season. 
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Figure 8. PM10 (µg/m3) concentrations and natural gas distribution lines in the 2018–2019 winter season. 
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Figure 9. Difference of PM10 (µg/m3) concentrations and natural gas distribution lines between the 2010–2011 and 2018–2019 winter seasons. 
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Figure 10. The change in the urban macroform in the study area from 2010 to 2019. Source: Google Earth Pro V 7.3.4.8248 Landsat/Copernicus. 
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Figure 11. Population changes in districts in the 2010–2019 period. Source: Turkish Statistical Institute. 
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Table 1. Average PM10 concentrations in the 2010–2011 and 2018–2019 winter seasons.
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	Stations
	Latitude
	Longitude
	PM10 2010–2011 (µg/m3)
	PM10 2018–2019

(µg/m3)





	Alsancak
	38°25′55″
	27°08′39″
	64.17
	28.82



	Bayraklı
	38°27′43″
	27°10′00″
	94.69
	56.35



	Bornova
	38°28′09″
	27°13′17″
	52.29
	39.41



	Çiğli
	38°29′53″
	27°04′04″
	65.28
	44.99



	Gaziemir
	38°18′51″
	27°08′02″
	71.96
	40.12



	Güzelyalı
	38°23′44″
	27°04′58″
	68.61
	43.02



	Karşıyaka
	38°27′15″
	27°06′34″
	58.16
	28.48



	Şirinyer
	38°22′57″
	27°08′53″
	81.68
	45.23
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Table 2. Method report and prediction errors of the two periods.
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	Period
	Method
	Model
	Range (m)
	ME
	MStdE
	RMSE
	RMS

StdE
	ASE





	2010–2011
	Ordinary Kriging
	Spherical
	21,149
	0.088
	0.006
	14.319
	0.998
	14.366



	2018–2019
	Ordinary Kriging
	Spherical
	20,143
	−0.065
	−0.006
	9.741
	0.999
	9.769
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