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Abstract

:

This work aimed to estimate the emissions associated with the transport sector in Colombia during the 2010–2021 period for the following four groups of pollutants: greenhouse gases or GHG (CO2, CH4, N2O), ozone precursors (CO, NMVOC, NOx), acidifying gases (NH3, SO2), and aerosols (PM, BC), based on the data provided by the Ministry of Mines and Energy. The estimate of emissions from road transportation was calculated using a standardized method with a top-down approach consistent with the 2006 IPCC Guidelines for National GHG Inventories and the EEA/EMEP Emission Inventory Guidebook 2019. Total annual emissions and the emissions for regions were estimated, and a comparison was made between estimated emissions and the emissions calculated by the Emissions Database for Global Atmospheric Research (EDGAR). Total annual emissions by road transport showed a progressive increase except for the annual emissions in 2020, which registered a reduction due to the COVID-19 lockdown. The highest yearly emissions were reported in 2021, with the most significant contributions by GHG (33,109.29 Gg CO2, 201.55 Gg CO2 Eq. CH4, and 512.43 Gg CO2 Eq. N2O). The Andean region was the one with the highest contributions of total emissions within the four groups of pollutants (57–66%), followed by the Caribbean (12–20%) and the Pacific region (14–18%). The most-used fuel was gasoline, with an increase of 103% for personal cars and motorcycles throughout the study period. These results contribute to decision-making at local, regional, and national levels regarding energy transition opportunities and strategies to adopt in the transport sector.
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1. Introduction


Emerging nations have increased alert levels for urban air pollution in their main cities globally. Air pollution can come from many sources of emission, both natural and anthropogenic, including industrial processes, power generation [1], vehicles emissions [2], agricultural activities [3,4], burning forests [5], sea aerosols [6], and biogenic emissions [7], among others. In earlier studies such as those carried out by Sunil Gulia et al. [8], the scientific evidence regarding air pollution’s health impact and data on air quality have been considered for inclusion in the recommendations of the WHO Global Air Quality Guidelines about the primary pollutants responsible for urban air quality deterioration. Therefore, air pollution brings severe consequences for sustainable development and climate change [1,9], as well as for human welfare and the environment [10].



It is estimated that between 59% and 85% of the primary pollutants in the atmosphere of megacities originate from emissions from vehicle sources, with contributions of 59–65% of nitrogen oxides, 67% of carbon oxide, and 85% of particulate matter [9,11,12]. Also, transportation is the second-largest source of energy-related CO2 emissions globally, contributing 25% of the total. The emissions [13,14] above are attributed to population growth and the increase of vehicles for mobility with the consequent increase in road infrastructure, making carbon emissions from road transport one of the main issues related to environmental management [15,16]. Then, it is necessary to respond to Sustainable Development Goal 13: climate action should be oriented toward taking urgent action to combat climate change and its impacts with targets such as integrating climate change measures into national policies and strategies, in addition to promoting mechanisms for raising the capacity for effective climate change-related planning and management in the least-developed countries [17,18]. Since fuel combustion emissions control from the transport sector plays an essential role in mitigating global climate change [19], it is necessary to quantify the sectorial emissions to understand the magnitude of the problem in each country and achieve substantial progress.



Some of the most relevant pollutants in air quality are nitrogen oxides (NOx), sulfur dioxide (SO2), carbon monoxide (CO), particulate matter (PM), and volatile organic compounds (VOC), these being some of the compounds generated by various anthropogenic activities, such as the use of fossil fuels by road vehicles [2]. So, it is possible to affirm that the transport sector emits CO2 and non-CO2 pollutants. These can be classified into four main groups: (i) greenhouse gases (GHG) that include carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), with methane emissions associated with leakage from the filling of fuel vehicles; (ii) ozone precursors gases, such as carbon monoxide (CO), non-methane volatile organic compounds (NMVOC), nitrogen oxides (NOx) emitted by internal combustion engines, and evaporative emissions; (iii) acidifying gases, such as ammonia (NH3) and sulfur dioxide (SO2); (iv) aerosols, including primary and secondary particulate matter (PM as PM10 and PM2.5), and black carbon (BC), with this last example resulting from diesel engine operation, non-exhaust emissions from tires, brakes, and road abrasion, and combusting heavy distillate fuels [20].



Therefore, within the strategies adopted in Colombia for air pollution reduction associated with transportation, it is worth noting the improvement of fuel quality due to current regulations about its sulfur composition, which seek to reduce SOx emissions produced in vehicle combustion, and the viability of the entry of vehicle fleets with better technology, leading to reduced air pollution and greater efficiency in fuel consumption. In this sense, Law 1205/2008 established that for the diesel transportation systems, the fuel sulfur composition should have been less than 3000 ppm from 1 July 2008 until 31 December 2008. Starting from 1 January 2009, the diesel composition should have had less than 2500 ppm sulfur up until 31 December 2009. Subsequently, diesel with less than 500 ppm sulfur was used until 31 December 2012. As of this date, diesel with less than 50 ppm sulfur must be used [21].



However, for the Integrated Mass Transportation Systems (SITM, in Spanish) of all urban centers in the country, diesel with less than 50 ppm sulfur must be used as of 1 January 2010. Since 2010, the reduction has been 50 ppm of sulfur in diesel and 270 ppm in gasoline [21]. Subsequently, Law 1972/2019 established the sulfur content of diesel between 15–10 ppm until 1 January 2023; by 1 December 2025, it must be 10 ppm sulfur. It also established that as of 1 January 2023, the mobile sources with a diesel cycle engine manufactured, assembled, or imported into the country, with a national operating range, will have to follow the pollutant emission standards corresponding to Euro VI technology. And finally, from 1 January 2035, all diesel-powered vehicles circulating in the country must comply with the pollutant emission standards corresponding to Euro VI technology [22]. Recently, Resolution 40103/2021 established progressive changes in the sulfur content standard in gasoline, indicating that until 30 April 2021, it would be 300 ppm, and from 1 May 2021, it would be 100 ppm. After 31 December 2021, it would be 50 ppm, and finally, from 31 December 2030, it will be 10 ppm [23]. It is important to specify that before the validity of this resolution, the fuel quality standard listed in Tables S2 and S3 of the supplementary material was forced.



On the other hand, the vehicle emission standards have been applied in Colombia since 1996 with the passing by the Ministries of Environment and Transportation of Resolution 005/1996. However, this regulation was repealed in 2008 by Resolution 910/2008, which established the maximum permissible levels of pollutant emissions that mobile sources must comply with. Resolution 910/2008 was partially modified by Resolution 1111/2013 due to the air quality data of the country’s largest urban center’s registered PM10 values that exceeded the maximum permissible standard established for Colombia, affecting population health [24,25,26]. The cause of this situation was associated with diesel vehicle emissions; therefore, more restrictive regulations were established [27]. Resolution 762/2022 was recently issued by the Ministry of the Environment, which repealed the previous resolutions [28]. The preceding is in response to document CONPES 3943/2018 guidelines. This document indicates that gasoline with a 50-ppm sulfur content will be distributed as of 2021, which allows the adoption of emission standards equivalent to Euro IV technologies that reduce particulate emissions by up to 80% compared to the previous Euro III standard [29].



It is crucial to indicate that according to Perez 2023 in Colombia, the deaths attributable to PM2.5 exposure reached an average of 7754 deaths by the year 2018, with the causes being related to ischemic heart disease and lung cancer, accounting for 36.8% and 8.5% of mortality, respectively [30]. These deaths were concentrated in the main cities (Bogotá, Cali, and Medellín) and some intermediate cities (Barranquilla, Bucaramanga, Cartagena, and Cucutá). The economic valuation of mortality due to annual exposure to PM2.5 was estimated at 11.74 trillion pesos, compared to the GDP value of approximately 1.19% for 2018. According to the data reported by the Colombian air quality monitoring systems, the pollutants associated with the most significant problems are PM10 and PM2.5; however, there are other relevant pollutants due to their impact on health and the environment, such as combustion gases (NOx, SO2, CO, among others), volatile organic compounds, or even secondary pollutants formed by photochemicals, as in the case of tropospheric ozone [31]. The evolution of the concentrations reported by the air quality monitoring stations for criteria pollutants in Colombia (PM10, PM2.5, SO2, NO2, O3, CO) during 2014–2021 showed values between 151–173 µg/m3 PM10, 89–131 µg/m3 PM2.5, 32–63 µg/m3 SO2, 20–57 µg/m3 NO2, 35–57 µg/m3 O3, and 15–42 µg/m3 CO [32].



Due to this, in Colombia, the WHO Global Air Quality Guidelines have been progressively adopted. For this reason, in 2010 Resolution 610/2010 was issued and was later updated by Resolution 2254/2017, which establishes the air quality standard for criteria pollutants and adopts provisions for the air management resource to guarantee a healthy environment and minimize the risk to human health that may be caused by exposure to pollutants in the atmosphere. For the year 2021, 92.4% of the stations for air quality monitoring systems complied with the maximum permissible annual level of PM10 (50 µg/m3), and the most exceedances were in Bogotá D.C. and the Antioquia and Cundinamarca departments (Andean region), as well as the Magdalena department (Caribbean region). Regarding PM2.5, 94.3% of the stations complied with the annual standard (25 µg/m3), with the most exceedances in Bogotá D.C. and the Antioquia department (Andean region). While all stations met the annual NO2 standard (60 µg/m3), stations located in Bogotá D.C. and the Antioquia department (Andean region) exceeded the daily SO2 level (50 µg/m3) and the eight-hour O3 level (100 µg/m3), and two stations located in Bogotá D.C. exceeded the eight-hour CO level (5000 µg/m3) [32]. Resolution 2254/2017 includes a goal for 2030 focused on reducing the annual levels of PM10, PM2.5, and NO2, meeting the intermediate objective three of the WHO Global Air Quality Guidelines (30 µg/m3, 15 µg/m3, and 40 µg/m3, respectively) and the daily level of 20 µg/m3 SO2 [33,34].



Otherwise, for establishing mechanisms that lead to air pollution reduction, one of the strategies suggested is to carry out a reliable emissions inventory [35]. These emission inventories are used to determine GHG emission balances, estimate air quality in urban areas, or assess the environmental impact of a new facility, among other applications [36]. There needs to be more knowledge of emissions from road transport in South America. Earlier emissions inventories have found that PRE-EURO heavy-duty vehicles emitted close to 25% of particulate matter emissions, which leads to the conclusion that approximately 1.3% of the country’s vehicle fleet is responsible for the emissions of this pollutant [31]. Other studies about top-down and bottom-up inventories that estimate mobile source emissions in Bogotá D.C. provide a tool to identify areas with significant emissions and establish actions for emissions reduction. However, the results are highly uncertain due to the limitations of available and quality data [37]. In addition, the emission inventory studies led in Colombia have been applied in the short-term and are mainly carried out in Bogotá D.C [38,39]. Nevertheless, conducting emission inventories in developing countries like Colombia poses challenges due to poor data quality. However, the information obtained from these inventories becomes the basis for establishing control strategies, so it is necessary to have global emission inventories, which have traditionally been an alternative [40]. A key aspect of the quantifying of these inventories is using global information, as is the case of the Emissions Database for Global Atmospheric Research-EDGAR (https://edgar.jrc.ec.europa.eu/ (accessed on 12 March 2023)).



The aim of this study was to estimate the emissions associated with the transport sector in Colombia during the 2010–2021 period for four groups of pollutants: GHG (CH4, CO2, N2O), ozone precursor gases (CO, NMVOC, NOx), aerosols (BC, PM10, PM2.5), and acidifying gases (NH3, SO2). Although this work does not supply a projection for future emissions scenarios, it shows the measures recently adopted in the country to minimize emissions from the transport sector, which makes up the basis for the subsequent analysis of the effectiveness of the implemented actions and the decision-making about the fulfillment of the net-zero commitments for reducing emissions to 45% by 2030 and as close to zero as possible by 2050.




2. Materials and Methods


2.1. Study Area


Colombia is in the northwest of South America at 12°30′46″ N, 4°13′30″ S, 66°50′54″ W, and 79°01′23″ W and has a continental area of 1,141,748 km2. It is divided politically into a capital district (Bogota D.C.) and 32 departments that integrate five geographical regions (Andean, Amazon, Caribbean, Orinoquia, and Pacific), which have population differences, and according to the projections of the Departamento Administrativo Nacional de Estadísticas (DANE), dwellers for 2021 are distributed as follow: the Andean Region, including Bogota D.C., with 28,573,971 inhabitants (55.43%); the Amazon Region registers 1,061,757 inhabitants (2.06%); the Caribbean Region has 11,676,992 inhabitants (22.66%); the Orinoquia Region has 1,943,530 inhabitants (3.78%); and the Pacific Region has 8,287,996 inhabitants (16.07%) [41]



The data provided by the Ministry of Mines and Energy indicate that during 2021, the country consumed an average of 7,767,322 m3 of gasoline and 5,851,248 m3 of diesel oil from the various vehicle categories (personal car, cargo vehicle, public transport, motorcycle, and others). The gasoline consumption was represented by personal cars, motorcycles, and others, while the diesel consumption was related to the activities of personal cars, cargo vehicles, public transport, and other vehicles. Furthermore, the transport sector represents 40% of total energy consumption in the country, and road transport corresponds to 88% of consumption in this sector [42]. For 2021, the vehicle fleet was 17,020,451 units, classified as personal cars, cargo vehicles, and motorcycles [43].




2.2. Emissions Estimate


The national level of annual atmospheric emissions from the road transport sector was estimated during the period 2010–2021 for four groups of pollutants that affect climate change, air quality, and health: greenhouse gases or GHG (CO2, CH4, N2O), ozone precursors (CO, MNVOC, NOx), acidifying gases (SO2, NH3), and aerosols (PM10, PM2.5, BC).



For the elaboration of the emission inventories, a standardized methodology with a top-down approach consistent with the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [44] and the EEA/EMEP Emission Inventory Guidebook 2019 [45] was used. The inventory guide supplies three methods for calculating atmospheric emissions: Tier 1 is a method based on estimations using a linear relationship between fuel consumption and a default emission factor. Tier 2 estimates emissions using fuel consumption as activity data and national emission factors. On the other hand, Tier 3 is an advanced method in which activity data and emission factors depend on the type and technology of the vehicle. Based on the available information, the Tier 1 method was chosen for this study (except for the estimation of SO2 emissions); it has also been used in several previous works [46,47,48]. A detail from the Tier 2 method was used to calculate SO2 emissions from Colombia’s fuel emission factors. The calculation was made using Equation (1), as follows:


  E ( p ) =   ∑  p , f , v    (   F u e l   f , v   ×   E f   p , f , v   )    



(1)




where E(p) is the total emission for pollutant p, Fuelf,v is the fuel sold (diesel, gasoline) for the type of vehicle v, and Efp,f,v is the emission factor for pollutant p, for the type of fuel f and vehicle v.



The monthly data on fuel sold were supplied by the Ministry of Mines and Energy from available data for each department or administrative unit comprising the regions. This information was focused on diesel and gasoline consumption due to it representing almost all transport sector consumption [49]. The percentage of fuel consumption by vehicle category was obtained from the indicative action plan for energy efficiency [42]. The emission factors used for the vehicle category and fuel were selected from the database EEA/EMEP Emission Inventory Guidebook 2019 [45]. A Tier 2 approach was employed to calculate SO2 emissions due to the country-specific emission factor extracted from the FECOC calculator. Table S1 of the Supplementary Material shows the emission factors used in this study. The emission factors provided by the EMEP/EEA database and the IPCC have a 95% confidence interval. Emissions in CO2 Eq were calculated for CH4 and N2O based on 100-year Global Warming Potential (GWP100) values from the IPCC Fifth Assessment Report (CO2:1, CH4:28, N2O:265) [50]. The results were shown as total annual emissions, the emission variations, and emissions for regions for four groups of pollutants. The summary methodology is presented in Figure 1.




2.3. Fuel Consumption by Vehicle Type


The fuel consumption data, specifically gasoline and diesel, for the 2010–2021 period were provided by the Ministry of Mines and Energy and analyzed according to the vehicle to establish consumption behavior in the country for personal vehicles, cargo vehicles, public transport, motorcycles, and others.




2.4. Comparison between Estimated Emissions and the Emissions Calculated by the Emissions Database for Global Atmospheric Research (EDGAR)


Additionally, a comparison was made with the emissions calculated by the Emissions Database for Global Atmospheric Research (EDGAR) [51], which supplies information on annual emissions of GHG up to the year 2018 and data for ozone precursors, acidifying gases, and aerosols emissions, which are available up to 2015. The emissions calculation uses a technology-based emission factor approach consistent with all world countries and activity data derived from international statistics. The method is summarized in the following Equation (2) [51].


    E M   c     x , y   =   ∑  i , f , k    [   A D   c , j     y   ×   T E C H   c , i , j     y   ×   E O P   c , i , j , k     y   ×   E F   c , i , j     y , x   ×   1 −   R E D   c , i , j , k     y , x     ]    



(2)







The emissions EM of a country c of pollutant x for each year y and sector i was calculated by multiplying the AD activity data of each sector i with the technology mix j TECH and a percentage decrease for each of the k end-of-cycle EOP measures based on technology. On the other hand, the country-specific emission factor EF for each compound c, sector i, and technology j, with relative emission reduction RED, is not controlled by the installed reduction measure k. These results were shown as percentages to find emission variations by the four groups of pollutants. The percentage difference was calculated by comparing the estimated emissions with the EDGAR database values for the four groups of pollutants, and these percentages were obtained by comparing the emission data each year with the earlier one. Some studies reported in the literature, such as a work carried out in Cuba, use comparison tools to evaluate the similarity and discrepancy of a local inventory and EDGAR data, showing high values of road transport EF for a few pollutants (PM10, CO, NOx, CH4, and SO2) used by EDGAR and low differences in terms of activity data [17]. On the other hand, another comparison of a local emissions inventory and EDGAR data reported that for the transport sector, EDGAR recorded a difference of 60 Gg in CH4 emissions; in addition, it showed high values in rural areas and low values in urban, densely populated areas [36].





3. Results


3.1. Total Annual Emissions


Figure 2 shows the total annual emissions estimated for road transport for the four groups of pollutants during the period 2010–2021. It is possible to show that the higher emissions were reported in 2021, obtaining the following values for GHG emissions: 33,109.29 Gg CO2, 512.43 Gg CO2 Eq. N2O, and 201.55 Gg CO2 Eq. CH4. Ozone precursor emissions were 2046.08 Gg, 306.78 Gg, and 622.53 Gg for CO, NOx, and NMVOC, respectively. In addition, the aerosol emissions recorded 7.51 Gg PM (PM10 y PM2.5) and 2.82 Gg BC, while the acidifying gases emissions reported values of 5.04 Gg NH3 and 1.36 Gg SO2.



In general, a progressive increase in annual emissions for each pollutant group was seen, except for the annual emission values during 2017, which remained constant compared to the previous year. In addition, annual emissions in 2020 registered a notable reduction in this study’s four groups of pollutants. The above is due to the declaration of the COVID-19 health emergency, whose protection measures such as lockdown contributed to many economic sectors interrupting their activities, reducing mobility and therefore also reducing fuel consumption [2].



Table 1 shows the percentage variation of the emission pollutants during the period 2010–2021. The results showed that emissions increased significantly in 2011 compared to 2010. On the other hand, from 2012 to 2014, the total emissions for pollutants increased by a range of 3–6%, while in 2015, the emissions showed similar behavior to the period 2010–2011, highlighting variation emissions for N2O, CO, and NH3 with 11–12%, and those of CH4 and NMVOC with 11%. For 2017, the lowest emission variations were reported to stay constant for CO2, NOx, SO2, and PM emissions compared to 2016. Substantial emission reductions were identified in the year 2020 as a result of lockdown in various economic sectors for the COVID-19 pandemic, as opposed to the results in 2021 that presented growth in the emissions for the four groups of pollutants, with variation emission values between 15–22% and with economic reactivation being the main factor that influenced the 30% increase in fuel consumption during 2021 as opposed to the decrease reported in consumption of −20% during 2020 [52]. The increment of emission changes was also influenced by factors such as the increase in the participation of automotive service stations in the fuel marketing chain and the increase in the vehicular fleet.




3.2. Emissions for Regions


Figure 3 shows the total GHG emissions of the regions during the period 2010–2021. The results report that these emissions were higher in the Andean region, with contributions to the country’s total emissions being the following: 57–63% for CO2, 57–65% for CH4, and 57–66% for N2O. The emissions in the Caribbean region were in the range of 15–20% for CO2, 13–19% for CH4, and 12–19% for N2O, while the Pacific region registered contributions between 15–17% for CO2, 16–18% for CH4, and 16–18% for N2O. The lowest contributions were obtained in the Amazon and Orinoquia regions, with 2–3% and 4–5%, respectively.



Table S4 of the Supplementary Material shows the regional emissions of ozone precursors, acidifying gases, and aerosols. The contributions that stand out include the Andean region with 57–65% for ozone precursors (CO, NMVOC, and NOx), followed by the Pacific region (15–18%) and the Caribbean region (12–20%), while the Amazon and Orinoquia regions reported contributions between 1–3% and 4–5%, respectively. For acidifying gases, the most extensive registers were in the Andean region with 57–64% for SOx and 57–65% for NH3; the Pacific and Caribbean regions reported similar contribution ranges, i.e., 15–18% and 13–19%, respectively, and again the Amazon and Orinoquia regions obtained registers between 2–5%, with the Amazon region being the region with the lowest contribution. Finally, the aerosols emissions in the Andean region were between 57–64%, followed by the contributions of the Caribbean region with 15–20%, the Pacific region with 14–17%, and the Orinoquia region with 4–6%, and in the case of the Amazon region the contribution was 1–2%.




3.3. Analysis of Fuel Consumption by Vehicle Type


Figure 4 shows the historical fuel consumption during the period 2010–2021 for gasoline and diesel according to vehicle type and total consumption, identifying that the most-used fuel was gasoline, which experienced an increase of 103% throughout the study period for personal cars and motorcycles, while the diesel consumption mainly was used for cargo vehicles and public transport, showing an increase of 40%. A decrease in fuel consumption was observed in 2020 due to the lockdown due to the declaration of the health emergency of COVID-19 [52,53]. The total gasoline consumption from 2010 to 2021 increased by 50%, and diesel consumption increased by 28%.




3.4. Comparison between Estimated Emissions and the Emissions Calculated by EDGAR


EDGAR-recorded values show variations for the four groups of pollutants in contrast to the data estimated in this study (see Table 2). CO2 and NOx emissions calculated by EDGAR showed few differences related to this study, while NH3, NMVOC, and N2O emissions reported high percentages of variation compared to emissions estimated in this model. On the other hand, SO2 emissions that were estimated using a national emission factor also show medium percentage differences versus those calculated by EDGAR.





4. Discussion


Total annual emissions estimated during the period 2010–2021 by road transport for the four groups of pollutants in Colombia showed a progressive increase (except in the years 2017 and 2020) associated with the high consumption of fossil fuels, and therefore the dependence on these in transport sector activities. It is important to note that during the lockdown due to the COVID-19 pandemic, the impact on air quality in cities with high vehicular traffic was positive, registering a reduction in pollution levels due to the isolation measures, which generated a decrease in the use of the vehicle fleet and in industrial activities [54] and consequently improvements in air quality in the main cities of the Caribbean [55]. So, the significant reduction in 2020 was because of the pandemic closure in the transportation sector [56,57].



In terms of the spatiotemporal distribution of emissions in the study period, it is possible to affirm that the Andean, Caribbean, and Pacific regions concentrate 94.16% of the Colombian population due to socioeconomic and environmental conditions and the geographical location, which favors productive activities, and therefore these regions also contain a more significant number of anthropogenic sources such as mobile sources, as these regions are responsible for the most considerable of the four groups of pollutant emissions, with the largest contributions in the Andean region. The foregoing is consistent with the results of the highest contributions and exceedances of the criteria pollutant levels for the Andean region reported in “Informe del Estado de la Calidad del Aire 2021” [32].



It is a fact that the total annual GHG emissions show an increasing trend during the study period (except 2020), with the most significant contribution from CO2 emissions, as was stated in the third National Communication on Climate Change, which indicates that the transport sector is the category with the highest GHG emissions [58]. The second largest contributions were those of ozone precursors, with emissions between 6.05–7.06%, whose highest values were those of CO. Finally, the minor contributions correspond to the groups of acidifying gases and aerosols, with 0.03% and 0.02%, respectively. So, the urban areas’ dynamic associated with anthropogenic activities causes higher fuel consumption, with increases of up to 100% for gasoline in personal cars and motorcycles and up to 40% for diesel in cargo vehicles and public transport. Therefore, it is possible to affirm that the activities of the transport sector reported highly significant contributions of GHG, ozone precursors, acidifying gases, and aerosols related to the combustion process in the transport sector.



In this sense, it is worrying that the results of this study indicate a progressive increase in gasoline and diesel consumption during 2010–2021, which shows a high dependency on the use of fossil fuels in Colombia. This is even more the case as the country has established measures to reduce emissions from vehicles and improve air quality, such as the implementation of regulations about fuel quality, the renewal and replacement of the vehicular fleet with zero and low emission vehicles, and the existing air quality standards. Regarding fuels, the country has made progress in reducing the sulfur content in both diesel and gasoline, but this must be accompanied by a change in vehicle technology. Then, this strategy implies the technological renewal of vehicles that have completed their useful life according to the current regulations or that have obsolete technologies, as is the case for public transport and cargo vehicles weighing more than 10.5 tons; however, the disintegration has had a low implementation rate [31].



In this study, the calculated emissions have been compared with the data reported in the EDGAR inventory. The main discrepancies are related to the methodologies used, since EDGAR applies a bottom-up approach, using region-specific emission factors and additional reduction measures [59]. In addition, the Tier 1 method is considered a reliable method to estimate emissions; however, it limits us to carrying out an in-depth analysis of the influence of changes in technologies on the behavior of emissions.



On the other hand, the adoption of Euro emission standards is an important step toward ensuring that diesel engines manufactured in the country as of 2023 follow the standards corresponding to Euro VI, which was added to management policies to promote the introduction of zero and low emission vehicles through import tax reductions for electric and hybrid vehicles. This has been approved for the importation of 26,400 electric vehicles and the same quantity of hybrids until 2027, and thus offers options for the implementation of strategies regarding energy transition alternatives to supply the requirements of the transportation sector. So, e-mobility provides an opportunity for reducing the use of fossil fuels and decarbonizing this productive sector, i.e., the transformation of the current public transport fleet into electric vehicles, since the increase in GHG emissions from the global transport sector raises questions about the effectiveness of existing transport decarbonization policies and how to achieve net-zero by 2050 [60]. Currently, the National Energy Plan has established the substitution of diesel for natural gas in cargo transportation, with the study of the future demand for this fuel based on lower production and storage infrastructure costs.




5. Conclusions


The emissions from the road transport sector in Colombia during the last 10 years show an increase due to fossil fuel consumption (gasoline and diesel), with an upward trend for the following four groups of pollutants: GHG, ozone precursors, acidifying gases, and aerosols. The quality data allowed us to apply the Tier 1 method for estimating all the pollutants, except SO2, for which Tier 2 was used. Therefore, in future works, it is expected that there will be more data available, such as the characteristics of the vehicular fleet (traffic volume, speed, and categorization), as well as data on a time scale greater than a decade, for the application of Tier 2 or 3 methods to carry out the estimation and to go beyond the analysis of the annual emissions.



It is important to highlight that this work was carried out for the country for a decade, which shows the annual emissions inventory for four groups of pollutants as a basis to improve air quality management and reinforce policies focused on reducing emissions and the commitments of the Paris Agreement. It is not ruled out that future works will include a forecast of emissions of these pollutants under study associated with road transport or other sectors up to 2030 and 2050.



Owing to the progressive change in fuel quality standards during the 2010–2021 period, as well as the recent adoption of Euro VI, the analysis of the impact generated by the application of these control measures was not possible. However, it is expected that such measures will have a positive impact on the emissions of the transport sector. Finally, the energy transition associated with transportation activities is one of the current challenges in Colombia which requires continuing to carry out complementary technical studies to find alternative fuels, technologies, and priority actions to accomplish country goals.
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Figure 1. Summary methodology for the estimation of emissions. 
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Figure 2. Total emissions estimated (Gg) of the four groups of pollutants: (a) GHG, (b) ozone precursors, (c) acidifying gases, and (d) aerosols during the period 2010–2021. 
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Figure 3. Estimated total GHG emissions of Colombian regions (Andean, Amazon, Pacific, Caribbean, and Orinoquia) during the period 2010–2021: (a) CO2, (b) CH4, (c) N2O. 
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Figure 4. Fuel consumption by vehicle type: (a) gasoline, (b) diesel. 
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Table 1. Emission variations (%) of pollutants in the period 2010 to 2021.
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	Pollution/Year
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020
	2021





	CO2
	12
	3
	3
	4
	8
	5
	0
	4
	4
	−16
	19



	CH4
	11
	4
	4
	6
	11
	9
	1
	4
	6
	−17
	22



	N2O
	12
	3
	4
	5
	10
	8
	1
	4
	6
	−16
	21



	CO
	11
	4
	5
	6
	12
	10
	1
	4
	6
	−17
	22



	NMVOC
	11
	4
	5
	6
	12
	10
	1
	4
	6
	−17
	22



	NOx
	13
	3
	3
	4
	7
	5
	0
	4
	4
	−16
	18



	SO2
	12
	3
	3
	4
	8
	6
	0
	4
	5
	−16
	19



	NH3
	11
	4
	5
	6
	12
	10
	1
	4
	6
	−17
	22



	PM
	13
	3
	3
	4
	7
	4
	0
	4
	4
	−15
	18



	BC
	14
	3
	2
	3
	5
	2
	−1
	3
	3
	−15
	15
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Table 2. Emission variations (%) estimated versus EDGAR.
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	Pollution/Year
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018





	CO2
	−5
	−11
	−13
	−11
	−11
	−10
	−9
	−8
	−9



	CH4
	−25
	−21
	−21
	−27
	−26
	−23
	−15
	−11
	−11



	N2O
	50
	50
	50
	50
	50
	50
	50
	50
	50



	CO
	−31
	−36
	−37
	−40
	−39
	−31
	-
	-
	-



	NMVOC
	62
	51
	50
	43
	46
	66
	-
	-
	-



	NOx
	13
	7
	5
	5
	3
	13
	-
	-
	-



	SO2
	−55
	−47
	−29
	−29
	−29
	−23
	-
	-
	-



	NH3
	62
	65
	65
	61
	59
	67
	-
	-
	-



	PM10
	−27
	−34
	−36
	−31
	−31
	−27
	-
	-
	-



	PM2.5
	−27
	−34
	−36
	−31
	−31
	−27
	-
	-
	-



	BC
	−40
	−45
	−46
	−43
	−43
	−41
	-
	-
	-
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