CALCULATION OF POLLUTANT EMISSIONS IN TRANSPORTATION ANALYSIS ZONES AND SPATIAL CORRELATION WITH URBAN PUBLIC SPACE
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ABSTRACT
The urban planning of the past century did not consider the benefits of service distribution and focused solely on the efficiency of mobility in motorized and/or private modes of transportation. This approach has resulted in significant negative externalities, including vehicular congestion, greenhouse gas emissions, air pollution, road accidents, and reduced quality of life. Currently, there is a paradigm shift in urban planning towards accessibility. Accessibility is defined as the ability to reach the opportunities offered by the city in a fair and responsible manner, particularly through sustainable transportation modes. Transportation modes include buses, which have a high transport capacity, as well as streetcars and aerial cables, which are environmentally friendly. Additionally, active transport options such as walking and bicycling, which do not have motors and therefore do not contribute to emissions, are also available. During the initial phase of this research, we calculated the CO2 equivalent emissions in Manizales' Transportation Analysis Zones (TAZ) by analyzing the current trips generated and attracted by these zones and their respective modal distribution. Additionally, we calculated the Public Space Index for each TAZ. Finally, spatial statistical methods were used to estimate the spatial correlation between CO2 equivalent emissions and the Public Space Index. This analysis allows for the characterization and clustering of the joint behavior of these two variables within the analyzed territory. It also provides evidence of a statistical trend between the provision of urban green space and atmospheric pollution. This research offers a tool for informed decision-making in urban planning and transportation.
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INTRODUCTION
In previous decades, the expansion and planning of cities were conducted in such a way that there was homogeneity in land use, needing to resort to a model in which mobility was focused on private motorized modes of transport to meet their transport needs (work, leisure, services, etc.). This has led to the centralization of services and large areas of the cities used for mobilization, generating the proliferation of negative externalities related to traffic congestion, high travel times, greenhouse gas emissions, air pollution, road accidents, related diseases, sedentary lifestyle, decrease in quality of life, among others (Victoria Transport Policy Institute, 2020). This has led to the fact that, at present, special urban planning studies and programs are needed. 
These current planning tools define regulations that must be complied with by citizens and, in turn, a guiding instrument for decision-making entities to have defined tools in terms of land use and territorial development that allow cities or regions to achieve sustainable, efficient and balanced development (Bowley & Evins, 2020) that takes into account social, economic, and environmental areas with the use of parameters related to urban infrastructure, green areas, building category, land use, natural and protected areas, non-developable land, hydrology, among others (Khan & Pinter, 2016). Within these tools, specific items can be found such as prioritization of infrastructure works, architectural limits in the construction of buildings, urban activities allowed in space, minimum necessary distances between buildings of different uses, among others. 
However, due to past planning and the ongoing needs of the population to mobilize (Carpio-Pinedo et al., 2021), the use of city planning tools should consider (Eldeeb et al., 2021; Farber & Marino, 2017; Geurs & van Wee, 2004) the inclusion of policies focused on discouraging trips in private motorized vehicles and promoting the use of active transport and public transport (Cepeda et al., 2017; Gori et al., 2012; Kinigadner et al., 2021). Not taking these mobility needs into account in the planning of cities and public transport perpetuates dependence on private vehicles, as happened in the Metropolitan Area of Bucaramanga according to Manrique et al. (2020), which was based on the expansion of residential and commercial sectors without considering the transport factor, resulting in a congested network and an illegal passenger transport increase.
As part of this new approach to planning, in 2016 Professor Carlos Moreno coined the concept of "15-minute city", which proposes to implement policies for the decentralization of services, achieving a mix of land uses so that people can reach services (Guo et al., 2023) and urban nodes with a short travel time, thus reducing the need for long journeys and generating a modal shift towards active media, thus improving the living conditions of inhabitants and providing sustainability, inclusiveness and equity to cities; to achieve this, it is proposed, among other things, a revitalization of public space through the distribution and use of these, making investments that improve their walkability conditions, accessibility and habitability so that they are part of the central axis of the populations and have a significant use in terms of mobility and leisure by citizens (Allam et al., 2022; Aristizábal et al., 2023).
Likewise, accessibility, defined as the potential to achieve the opportunities offered by the city in a fair and responsible way, is an integral part of planning focused on the proximity of services and the mixture of land and buildings, since they are distributed in such a way that they can be achieved in a short time and under more sustainable modes,  such as active transport or public transport, some of the externalities caused by the excessive use of private motorized modes are mitigated (Cavoli, 2021; Escobar García & Urazán Bonells, 2014; Geurs & Ritsema van Eck, 2003; Mishalani et al., 2014; Papa et al., 2016; Timmons et al., 2016). In addition, accessibility should be considered, together with connectivity, for the design of interconnected neighborhoods that favor active transport travel (Dukić & Vukmirovic, 2012) and, thus, the improvement of walkability conditions (Cardona Urrea et al., 2023), quality of life (Southworth, 2005) and the promotion of sustainable urban development (Eldeeb et al., 2021; Feng et al., 2022; Hansen, 1959). Similarly, accessibility should also be used to reduce social inequality in the population expressed, in this case, as access to services (Guzman et al., 2020; Shen et al., 2017) (education, health, sports, leisure, supply, among others).
Among these services that must be planned and provided, and in order to achieve connectivity for active mobility (walking and cycling) of the highest quality, the need to have public spaces, such as parks, green areas and squares, that serve as drivers of social cohesion among citizens, improve the local economy and increase the perception of security (Allam et al., 2022; Carpio-Pinedo et al., 2021; D. Wang et al., 2013). This measure, successfully implemented in Barcelona, Spain in the "superblocks", has been studied and/or replicated in various cities globally (Almohamad et al., 2018; Barla et al., 2011; Dukić & Vukmirovic, 2012; Victoria Transport Policy Institute, 2020), has even led to the determination of public policies that require minimum public space present in cities, as is the case of the southern district of Jakarta, Indonesia, which establishes a minimum of 30 % of green space in its extension (Prinajati & Pratiwi, 2022). 
In terms of transport, research such as the one carried out by (Lamb et al., 2021), shows until 2018 a production of 8.5 Gigatons of greenhouse gases derived from this activity, being historically responsible for 73 % of emissions; likewise, this sector presents an annual growth in emissions at an annual rate of 2 % derived from urban growth and travel distances (Cavoli, 2021), contributing to the deterioration of public health and the quality of life of citizens and going against the planning of the XXI century (Cardona Urrea et al., 2023; Cen et al., 2016). It has been found that planning decisions that favor the proximity of services and public space can lead to the reduction of externalities generated by motorized transport, with an emphasis on the reduction of CO2 greenhouse gases (Feng et al., 2022; Guo et al., 2023; Han et al., 2015; Nowak & Crane, 2002; Papa et al., 2016; S. Wang et al., 2015; Zhang et al., 2018). Because of this, various methodologies have been proposed to make use of these flatteries in favor of urban planning. Research such as that conducted by Escobar G et al. (2022) and Cen et al. (2016) has provided tools to quantify the emissions produced by the transport of people under the different existing means of transport.
These estimations, studied using spatial statistics in conjunction with other variables (public space, motorization rate, modal distribution of trips, demographic characteristics, geographical characteristics, industrialization, GDP, among others), make it possible to determine spatial correlations between them and generate specific policies for each area of analysis, which focus on reducing emissions and thus contribute to a more sustainable, decentralized, human-scale cities, with a better quality of life and less dependence on motor vehicles (Cardona Urrea et al., 2023; Cavoli, 2021; Dukić & Vukmirovic, 2012; Eldeeb et al., 2021; Gori et al., 2012; Guo et al., 2023; Khan & Pinter, 2016; Lv et al., 2019).
Results of these methodologies previously applied have found correlations between land use and carbon emissions (Zhang et al., 2018) such as the strong negative correlation (-0.865) found between green space and CO2 concentration in Jakarta, Indonesia, thus showing that from these studies technically informed decisions can be made that go in favor of environmental sustainability.
This research seeks to determine the correlation presented between public space and CO2 equivalent emissions in the study area through spatial statistics, specifically the Bivariate Morán Index. According to the results, it is proposed to take actions that favor the reduction of emissions to move towards sustainability. The study is carried out in the Transport Analysis Zones (TAZ) of Manizales, an intermediate city of 460,000 located in the Colombian Andes at 2150 meters above sea level (masl), which although about ⅓ of its trips are made by active transport, has a very high motorization rate (1 vehicle for every 2 inhabitants),  a very low vehicular occupancy (1.2 people per vehicle) and a high dependence on motorized modes of transport due to the topographical conditions of the terrain and, possibly, the demographics of its population. This city has 3 big eco parks (Los Alcázares, Los Yarumos and Bosque Popular El Prado) and public spaces of smaller and intermediate sizes distributed heterogeneously in their extension (Figure 1).
[image: ]
[bookmark: _Ref168450130]Figure 1. Manizales’s and its eco parks location. Source: authors.
METHODOLOGY
The methodology proposed for this study is summarized in Figure 2. A broad explanation of each stage is then provided.
[image: ]
[bookmark: _Ref168450142]Figure 2. Purposed methodology. Source: authors.
Stage 1. CO2 equivalent emissions estimation
Using methodologies such as the one proposed by Craig et al. (2008), pollutant emissions are calculated for each TAZ considering factors such as the mode of transport and its corresponding occupancy rate, types, efficiencies and calorific value of the fuels and the emission factors of each fuel, as shown in Equation 1.
	
	(1)

	Where:
	 Emission factor.
 Activity factor.



[bookmark: _Hlk169163946]The emission factor () is related to the type of fuel used by the modes of transport evaluated (private vehicle, public transport, taxi and motorcycle). Each fuel has different emission factors and calorific values, which may differ between the different regions and refineries in which it is processed. Table 1 presents the values determined by the UPME - Unidad de Planeación Minero-Energética de Colombia (2016).
[bookmark: _Ref168453704]Table 1. Calorific values and emission factors for each fuel type. Source: UPME - Unidad de Planeación Minero-Energética de Colombia (2016).
	Fuel
	Calorific value
[TJ/gal]
	Emission factor () 
[kg/TJ]

	
	
	CO2
	CH4
	C2O

	Gasoline
	0.0001139
	66,778.4
	33.0
	3.2

	Diesel
	0.0001373
	74,831.8
	1.0
	0.6



The activity factor () is related to the operational properties of transport, such as the number of vehicles used, and the distances traveled by them. Based on the origin-destination matrix of trips in Manizales (Alcaldía de Manizales, 2017b), the number of trips made by each mode of transport in each TAZ to be analyzed is obtained. According to each mode of transport and considering the vehicle occupancy and efficiency set out in Table 2, it is possible to obtain the number of vehicles that must be mobilized to cover the trips made to each TAZ in each mode of transport.
[bookmark: _Ref168454542]Table 2. Vehicle occupancy and fuel efficiency by Transport mode. Source: Alcaldía de Manizales (2017b) y UPME - Unidad de Planeación Minero-Energética de Colombia (2016).
	Transport mode
	Fuel
	Vehicle occupancy
[people/vehicle]
	Efficiency
[km/gal]

	Private vehicle
	Gasoline
	1.8
	33.0

	Motorcycle
	Gasoline
	1.2
	50.0

	Taxi
	Gasoline
	1.2
	99.0

	Public transport
	Diesel
	25
	9.8



The distance traveled by each trip is obtained by constructing a matrix of minimum distances between the centroids of each TAZ using the city's vehicle infrastructure network in the TransCAD software, elements that are identified in Figure 3.
[image: ]
[bookmark: _Ref168456305]Figure 3. Vehicle network and study TAZ. Source: authors.
Finally, considering the aforementioned items, it is possible to calculate the amount of each fuel used to satisfy the trips made, which, together with the emission factors and calorific values, allows the equivalent CO2 emissions for each TAZ to be obtained.
Stage 2. Public Space Index (IEP) calculation
To know the Public Space Index (IEP), information is collected on the existence and area (Figure 4) (Alcaldía de Manizales, 2017a) of public spaces together with the population of each ZAT under study (Figure 5) (Alcaldía de Manizales, 2024). This index is calculated using Equation 2.
	
	(2)

	Where:
	 Public space areas (green areas, parks, squares, etc.) [m2].
 Study TAZ inhabitants [#]


[image: ]
[bookmark: _Ref168459642]Figure 4. Public Space (EP). Source: Alcaldía de Manizales (2017a).
[image: ]
[bookmark: _Ref168459647]Figure 5. Inhabitants on the study TAZ. Source: Alcaldía de Manizales (2024).
Stage 3. Bivariate local Morán Index application
To develop the calculation of the bivariate local Morán Index between the CO2 equivalent emissions variables and the public space index, a database at the ZAT level containing both variables must be consolidated. Subsequently, an exploratory analysis of data on both variables is carried out to know the statistical distribution of each one, the existence of outliers, among others. For this, tools such as box plots, quantile-quantile plots, pair plots and the Shapiro-Wilk test are used.
After this exploratory data analysis, a series of transformations are applied to the variables with the aim of improving the trend towards normality in the distribution of the variables. For this, an iterative process is developed evaluating diverse types of statistical transformations, such as: root transformations, logarithmic transformation, Box-Cox transformation, among others. As a criterion for the application of the transformations, the Shapiro-Wilk test is used, whose null hypothesis is that the variable follows a normal distribution; Additionally, as a graphical support, the quantile-quantile graph is used to evaluate the trend of the variable towards normality.
Finally, the spatial analysis is carried out on the variables of CO2 equivalent emissions and the space index. First, the matrix of spatial weights is established, which is a fundamental mathematical entity in spatial analysis to define and establish the concept of statistical proximity between units of analysis. For this, the criterion of defining the matrix by first-order physical contiguity is used (Calafiore et al., 2022). After the definition of the spatial weights matrix, the local bivariate Morán Index is calculated among the analysis variables, with the aim of establishing the interaction of the geographical behavior of the emissions and the public space index. GeoDa software is used to perform the entire stage in question.
RESULTS AND DISCUSSION
Stage 1. CO2 equivalent emissions estimation
The CO2 equivalent emissions obtained for each ZAT under study are presented. A concentration of emissions is found in the sectors of the economic poles (Aristizábal et al., 2023) of the Historic Center and El Cable, sectors where the labor and commercial activity of the city is concentrated. Likewise, considerable emission is observed in the eastern and western ends of the city, sectors that, as they do not present similarities in their uses, may be motivated by different situations, which may be due to the concentration of the eastern sector for commercial use while that of the western sector, for large residential use, could be manifesting a deficiency in its public transport offer.  a situation that forces the use of more private vehicles and motorcycles, thus reducing their occupations and generating more emissions.
[image: ]
Figure 6. CO2 equivalent emissions on the study TAZ. Source: authors.
Stage 2. Public Space Index (IEP) calculation
Figure 7 shows the Public Space Index (IEP) of the ZAT under study, obtaining an average of 4.60 m2/inhabitant in the city. Sectoring the results in the study TAZs, high values are found in the areas where the city's eco parks are located, where each person has more than 17 m2 of public space. It should be noted that there are no high IEP values in the economic poles of the city, a situation that should be considered in future planning of the city since, as these sectors are with a large generation/attraction of travel and, therefore, a large influx of people, it should be possible to have quality public spaces for their use and enjoyment.
[image: ]
[bookmark: _Ref168460923]Figure 7. IEP on the study TAZ. Source: authors.
Stage 3. Bivariate local Morán Index application
For the last stage, it begins by developing an exploratory analysis of data in order to inquire about the variables of CO2 emissions (it appears on the labels of the figures as co2), IEP (iep) and their statistical distribution. First, the boxplots of the variables are obtained using Figure 8, appreciating the presence of a significant number of higher atypicals in both variables.
[image: ]
[bookmark: _Ref168461993]Figure 8. CO2 and IEP boxplot. Source: authors.
Then, a pair plot is plotted between variables (Figure 9) in order to know their distribution and the partial correlation between them. Clear positive asymmetries (on the left) can be seen in both variables.
[image: Gráfico

Descripción generada automáticamente]
[bookmark: _Ref168462000]Figure 9. Pair plot between CO2 and IEP. Source: authors.
To evaluate the trend towards normality of the variables, the Q-Q plot is plotted for each variable (Figure 10), where it is evident that there is a great statistical bias and the variables do not follow a Gaussian (normal) distribution.
[image: ]
[bookmark: _Ref168462005]Figure 10. Q-Q plot graphic of CO2 and IEP. Source: authors.
To corroborate this mathematically, the Shapiro-Wilk test is applied, whose null hypothesis states that the data follow a normal distribution. In both cases, the p-value is less than 0.05 and, therefore, the null hypothesis that the variables have a normal distribution is rejected (Table 3).
[bookmark: _Ref168462013]Table 3. Shapiro-Wilk test to CO2 and IEP. Source: authors.
	Variable
	Test Shapiro-Wilk
	p-value

	co2
	0,649566
	0,000000

	iep
	0,436313
	0,000000



By testing a series of transformations, it is proved that, in this case, the most appropriate distribution is the fourth root for both variables. Thus, the transformed variables show the statistical graphical results shown in Figure 11 and Figure 12.
[image: ]
[bookmark: _Ref168462034]Figure 11. Pair plot between transformed CO2 and IEP. Source: authors.
[image: ]
[bookmark: _Ref168462039]Figure 12. Q-Q plot graphic of transformed CO2 and IEP. Source: authors.

Next, the matrix of spatial weights (W) is created, whose definition criterion was first-order physical contiguity. With the spatial weights matrix defined, the bivariate local Morán Index is estimated for the two study variables. Initially, Figure 13 presents the map of the hypothesis test applied prior to the definition of spatial clusters. The map shows that, of the ZAT under study, 23 generate some type of clustering with their respective level of statistical significance. In the eastern part of the city, it can be seen that the clusters have lower values in their hypothesis test, that is, a higher level of statistical significance.
[image: ]
[bookmark: _Ref168462047]Figure 13. Hypothesis test values for the bivariate local Morán Index. Source: authors.
In the clustering analysis, it is initially seen that there is a Morán Index between both variables of 0.034, which shows a very low spatial association between the variables analyzed. However, in the cluster map, the presence of 8 high-high cluster TAZ can be seen, forming 3 clusters with hot spots, 8 low-low cluster TAZs, forming 3 clusters with cold spots and 6 low-high clusters and one high-low cluster (Figure 14).
As for the hot spots, these are made up of 8 TAZ that are located mainly in the east of the city, in areas that register high CO2 emissions equivalent to high indices of public space. Another high-high cluster can be seen near the Historic Center of the city, and another hot cluster in the west of the city. As for the cold spots, these are made up of 8 ZATs that are located mainly south of the Historic Center of the city, in areas with low emissions and low levels of public space. In addition, there are other low-low cluster areas towards the north of the city and in a ZAT towards the geographical center of the analysis area.
Finally, 6 spatial clusters are appreciated in the analysis of areas with low levels of polluting emissions and high rates of public space, which are located in various places of the city: western zone, east of the Historic Center and east of the city; In all cases, it can be seen that these low-high clusters are adjacent to high-high clusters. On the other hand, the presence of a single high-low cluster located towards the eastern part of the city can be seen to the south the large high-high cluster.
[image: ]
[bookmark: _Ref168462052]Figure 14. Clusters and bivariate local Morán Index graph. Source: authors.
The geographical representation of clusters in the analysis area establishes that, although the bivariate Morán Index exhibits a very low spatial association between the variables, there are areas of the city where a grouping of the variables is generated. However, there is a greater trend towards the existence of hot and cold spots, rather than the generation of high-low or low-high clusters.
CONCLUSIONS
There is a high emission of CO2 in the 2 most important economic poles of the city (Historic Center and El Cable), as a result of the high use of motor vehicles and the high generation/attraction of trips. In turn, there is a considerable emission to the eastern sector of El Cable and to the northern sector of the Historic Center; The high use of motor vehicles in these areas may be associated with a possible deficiency in the supply of public transport and a high purchasing power of their inhabitants, and the high flow of trips in these areas may be associated with the mixture in the use of their land and the high availability of services.  properly known as economic poles, causing trips to be made in modes with high emission rates, such as cars and motorcycles). It is recommended that decisions be made to improve the infrastructure and supply of more sustainable modes of transport, either focused on public transport or active mobility, which can be complemented with urban planning measures that allow the proximity of services throughout the territory; In addition, it is proposed to adopt demand management measures that discourage the use of motorized transport and its transfer to modes with less environmental impact.
The city's Public Space Index (IEP) shows low values in most of the ZAT under study with respect to the values recommended by international organizations; for the entire area of analysis, an average value of 4.60 m2/inhabitant is obtained, this being a value lower than the one recommended by the World Health Organization (15 m2/inhabitant). The adoption of public policies that guarantee the existence of these spaces should be considered, such as in cities such as Bogotá (Colombia), in which the Public Space Index recommended by the WHO is guaranteed.
Regarding the results of spatial correlation between the CO2 equivalent emission variables and the IEP, there is no statistical evidence of a spatial relationship between the two. It is thus concluded that, in the case of Manizales, planning efforts should be focused on other actions (the distribution of services, the improvement of the public transport offer, among others) to reduce the emissions of polluting gases produced by the transport of people.
In this sense, this research proposes an initial tool to explore the generation of emissions from mobile sources and, in this way, develop methodologies that consider this factor in a more detailed sense; In addition, future research may consider the development of more complex statistical models, which include another series of variables theoretically associated as a cause or consequence of emissions, seeking to broadly characterize this parameter. For this, regression analysis with spatial emphasis, weighted geographic regression, among other methods, can be used.
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