ЗАГАЂЕЊЕ ВАЗДУХА И КЛИМАТСКЕ ПРОМЕНЕ КАО ВЕЛИКИ ИЗАЗОВИ О ОДРЖИВОСТИ ЖИВОТНЕ СРЕДИНЕ
AIR POLLUTION AND CLIMATE CHANGE AS MAJOR CHALLENGES TO ENVIRONMENTAL SUSTAINABILITY
Дарко Мањенчић1, Зорана Милосављевић1, Младен Николић1, Предраг Правдић1, Милена Дељанин1, Бојан Славић1, Владан Мићић2
1Академија Крушевац, Одсек техничко технолошких студија, Косанчићева 36, 

37 000 Крушевац, e-mail: manjend@gmail.com
2Универзитет у Источном Сарајеву, Технолошки факултет Каракај бб, 

75400 Зворник, e-mail: micicvladan@yahoo.com
Сажетак: Постоји интердисциплинарна веза између загађења ваздуха, климатске кризе и одрживог начина живота, јер су то најсложенији проблеми овог века. Овај преглед детаљно разматра овај однос, разматрајући емисије угљен-диоксида првенствено из сагоревања фосилних горива као главни допринос глобалном загревању и фокусирајући се на примарне загађене материје попут метана и приземног озона. Такви загађивачи озбиљно мењају климу стварањем гасова стаклене баште. Дискусија је опсежна и укључује најбоље праксе, од  конвенционалних технологија контроле загађења до високотехнолошких алтернатива, укључујући електрична возила, употребу обновљивих извора енергије и зелених децентрализованих решења. Такође се бави питањима политике, као што је наметање строжих стандарда емисија, постављање јачих еколошких прописа и преиспитивање неких економских мера. Поред тога, нови развоји у заштити ваздуха, као што су: јонизација ваздуха, системи за чишћење уз помоћ соларне енергије и фотокаталитички материјали, су међу производним технологијама о којима се расправља. Ове стратегије се разликују у односу на локалне услове и стога показују различит ниво ефикасности, али евидентне остају као средство за заштиту од загађења. 
Abstract: There is an interdisciplinary connection between air pollution, the climate crisis, and sustainable lifestyles, as these represent some of the most complex challenges of this century. This review provides a detailed analysis of this relationship, primarily addressing carbon dioxide (CO₂) emissions from the combustion of fossil fuels as the main contributor to global warming, while also focusing on primary pollutants such as methane and ground-level ozone. These pollutants have a significant impact on climate alteration by generating greenhouse gases. The discussion is comprehensive, encompassing best practices ranging from conventional pollution control technologies to high-tech alternatives, including electric vehicles, the utilization of renewable energy sources, and green decentralized solutions. Additionally, it addresses policy-related aspects, such as the imposition of stricter emission standards, the enforcement of more robust environmental regulations, and the reassessment of certain economic measures. Furthermore, recent advancements in air protection, such as air ionization, solar-powered purification systems, and photocatalytic materials, are discussed among innovative technological solutions. These strategies vary according to local conditions and therefore exhibit different levels of effectiveness, yet remain evident as important tools for pollution mitigation.
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1. INTRODUCTION
Amid escalating global challenges, atmospheric pollution and climate change have emerged as two of the most pressing issues in discussions on sustainability and the preservation of the Earth's environment. A particular concern is the organizational dynamic that accelerates the deterioration of one issue, thereby exacerbating the other and creating a vicious cycle. Although air pollution and climate change are primarily environmental concerns, their most profound and significant impacts relate to human health, economic stability, and quality of life, thereby posing major obstacles to societal progress. The relationship between air pollution and climate change is intricate and deeply interconnected. The main contributors to air pollution include industrial activities, vehicle emissions, and energy production, particularly the combustion of fossil fuels (Munsif et al., 2021; Murray et al., 2019). These sources emit numerous pollutants, such as particulate matter, sulfur dioxide, nitrogen oxides, and carbon monoxide (Zorpas et al., 2016). Simultaneously, these processes release substantial amounts of carbon dioxide (CO₂), the primary greenhouse gas responsible for global warming. This dual impact underscores the intertwined nature of air pollution and climate change, wherein major sources of air pollution also contribute directly to climate alterations. Climate change manifests through increased global temperatures due to elevated atmospheric CO₂ levels and is further exacerbated by the release of ground-level ozone into already polluted air, facilitated by nitrogen oxides and volatile organic compounds (Jacobson, 2010; Jacobson, 2014). 
Air pollution also stems from residential energy consumption, with approximately 27% of global energy being consumed by the residential sector, contributing to around 17% of total global CO₂ emissions. The combustion of biofuels, biomass, and biogas can lead to the release of volatile organic compounds and particulate matter, which are key contributors to air pollution. Indoor and incomplete fuel combustion are responsible for nearly 3.5 million premature deaths annually. Another category of air pollutants includes reactive organic gases, emitted from industrial processes, vehicle exhaust, and natural sources. These gases contribute to the formation of ozone, harmful aerosols, and other atmospheric pollutants. Besides carbon dioxide, other short-lived climate pollutants (SLCPs)—including methane, black carbon, and certain hydrofluorocarbons—play a critical role in climate dynamics. Despite having a much shorter atmospheric lifetime compared to CO₂, these pollutants possess substantial global warming potential and contribute to degraded air quality, with severe consequences for human health and food security. The combined impact of air pollution and climate change demands a comprehensive environmental protection strategy. The planet is becoming increasingly warmer, the frequency of catastrophic events is rising, sea levels are increasing, and wildlife populations are declining. Air pollution, estimated to cause millions of premature deaths annually, is linked to conditions such as cardiovascular diseases, strokes, respiratory illnesses, and lung cancer. Purely technological solutions may prove insufficient in addressing air pollution and climate change. Therefore, non-technological interventions, including political action, public education, and community engagement, are equally essential. These approaches can foster supportive environments for the adoption of zero-emission technologies, promote responsible energy consumption, and encourage collective action towards cleaner air and a stable climate (Mac Lennan et al., 2023). This review aims to critically assess these pertinent issues to provide a comprehensive overview of the major challenges posed by air pollution and climate change.
2. THE LINK BETWEEN AIR POLLUTION AND CLIMATE CHANGE
Air pollution and climate change form a complex and interwoven system, where each phenomenon amplifies or exacerbates the other. This interdependence is established through parallel contributions, evident correlations, and potential joint solutions that can simultaneously address both issues. The primary source of pollution and global warming is unequivocally anthropogenic, arising from industrial activities, motor vehicles, and energy production, particularly from the combustion of fuels, biogas, biofuels, and fossil fuels. These processes simultaneously release a mixture of pollutants that degrade air quality while contributing to climate change through the emission of greenhouse gases. The main greenhouse gas, carbon dioxide (CO₂), is a byproduct of fuel combustion and deforestation, both of which significantly contribute to air pollution. The most recognized air pollutants also include methane (CH₄), black carbon (BC), and various aerosols, all of which have been identified as key drivers of global warming and climate change. They are commonly referred to as “short-lived pollutants” due to their shorter atmospheric lifetime compared to CO₂, a longer-lived gas that amplifies the greenhouse effect. The greenhouse effect predominantly occurs because of the prolonged retention of air above the Earth's surface. In this context, climate-warming aerosols primarily include black carbon, brown carbon, iron, and aluminum, which also play roles in atmospheric dynamics but contribute to a lesser extent to pollution. Nitrated and aromatic aerosol compounds, along with sooty particles, constitute brown carbon (BrC), which further amplifies climate warming by absorbing solar radiation. Specifically, black carbon absorbs the entire visible light spectrum, whereas brown carbon absorbs a significant portion of ultraviolet and visible wavelengths. The greenhouse effect is the process of Earth’s warming caused by the disruption of the energy balance between the incoming solar radiation received by Earth's surface and the energy radiated back into space. Part of the thermal radiation reaching the Earth’s crust is reflected into the atmosphere; instead of escaping into space, it is absorbed by certain atmospheric gases and re-emitted back to Earth, consequently increasing surface temperatures. The primary gases responsible for this phenomenon are carbon dioxide and methane. Earth’s atmosphere reflects approximately 37-39% of the Sun's direct energy (known as the albedo effect), while the remaining shortwave radiation reaches the surface, heating it. The warmed surface emits infrared radiation (long-wave radiation), which, under normal circumstances, escapes into space. However, in the presence of greenhouse gases, this radiation is absorbed and re-emitted, leading to an increase in atmospheric temperatures. This scenario has become pronounced in the Earth's atmosphere over the past century. The Sun emits energy across various wavelengths, a substantial portion of which sustains life on Earth, while another portion is re-emitted into space, maintaining natural equilibrium. Disruption of this equilibrium, caused by greenhouse gases trapping a part of this radiation, leads to global warming.
According to the European Environment Agency (2022), methane is over 86 times more potent than CO₂ over a 20-year period. Methane emissions primarily arise during the extraction and transportation of coal, oil, and natural gas, as well as from agricultural activities, especially livestock farming and rice cultivation. Beyond directly warming the atmosphere, methane also contributes to the formation of ground-level ozone (O₃) in the lower troposphere (Madronich et al., 2023). Additionally, the combustion of biomass and biofuels emits both black and brown carbon, both of which are highly efficient agents of global warming. According to Tami C. Bond et al. (2013a, 2013b), atmospheric heating occurs through the direct absorption of solar radiation by these particles. On snow and ice surfaces, this process accelerates melting due to enhanced heat absorption. 
Scientific consensus identifies black carbon as the second most significant climate forcer after carbon dioxide (CO₂). Furthermore, black carbon is a crucial component of harmful particulate matter (PM2.5) present in the atmosphere. The health risks associated with PM2.5 exposure are significant and further highlight the close interconnection between air pollution and climate change (Orellano et al., 2023). Figure 1 illustrates all major pollution sources and positive approaches to preserving healthy air.
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Figure 1. Pollution processes and sustainability of clean air.
The effects of air pollution and climate change are mutually reinforcing, increasingly threatening our planet, with their interactions amplifying adverse impacts on all factors associated with atmospheric pollution. Pollutants such as black carbon, ozone, and aerosol particles influence many aspects of climate change by altering precipitation patterns and temperatures, intensifying extreme weather events, and modifying ecosystem dynamics. Conversely, climate change can elevate air pollution levels by affecting meteorological conditions that determine pollutant formation and distribution. Rising temperatures, driven by elevated CO₂ levels, also promote the formation of ozone. Air pollution and CO₂ emissions represent major environmental threats, predominantly caused by human activities, particularly in industrial production, transportation, and energy generation sectors. These processes release primary and secondary pollutants into the atmosphere, affecting human health and accounting for up to 8.2% of global greenhouse gas emissions. Short-lived climate pollutants (SLCPs) encompass a range of atmospheric substances that, despite their short atmospheric lifespan, exert significant warming effects during their presence in the atmosphere. These primarily include methane (CH₄), black carbon (BC), and hydrofluorocarbons (HFCs)—commonly used refrigerant gases in modern industries. According to various classifications, SLCPs contribute approximately 30-40% to total greenhouse gas emissions. Major methane sources include the oil and gas industry, agriculture, and solid waste disposal.
According to Nejat et al. (2015), methane’s global warming potential (GWP) is 28-34 times greater than that of CO₂ over a 100-year period, and over 84 times greater over the last 20 years. With a relatively short atmospheric lifetime of about 12 years compared to CO₂, methane exerts a disproportionately large warming effect due to its high radiative forcing. Black carbon (BC) consists of fine particles smaller than 2.5 µm (PM2.5) produced by incomplete combustion, particularly from fossil fuels, wood, and other biofuels. According to Tami C. Bond et al. (2013a, 2013b), in the past 20 years, black carbon has demonstrated a warming potential 3,200,000 times greater per mass unit than CO₂. Another critical feature of black carbon is its capacity to heat the atmosphere by rapidly absorbing solar radiation, especially over snow and ice surfaces, thereby reducing their albedo and accelerating melting processes.
3. RESULTS: IMPACT OF AIR POLLUTION AND CLIMATE CHANGE – EFFECTS ON THE PLANET AND HUMAN HEALTH
The World Health Organization (WHO) has stated that climate change, more than any other factor, represents the greatest threat to human survival. The combustion of fossil fuels is the principal global driver of greenhouse gas emissions, leading to climate change while simultaneously resulting in air pollution. This air pollution is recognized as the leading global risk factor for human health. Climate change can contribute to the onset of various diseases, manifesting through multiple mechanisms. Disrupted weather patterns such as hurricanes, floods, and droughts, aside from causing environmental degradation, have serious consequences on air quality, increasing pollution through factors such as smoke, dust, and storm-related particulates. A specific source of pollutants from human activities is the emission of harmful vapors from air conditioning systems. Climate change also exacerbates food insecurity and malnutrition, while prolonging and intensifying diseases related to pollen exposure. Numerous studies have discussed these effects (Kim, 2016; Romanello et al., 2021).

Various organ systems, including the kidneys, lungs, heart, and brain, are adversely affected by air pollution and climate change (Schraufnagel et al., 2019) (Figure 2). Reducing the combustion of fossil fuels and biofuels can lead to improvements in public health, as combustion processes are responsible for both greenhouse gases and air pollutants.
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Figure 2. Air pollution, climate change, and human health: interconnected issues.
The impact of air pollution on public health and the environment is continuously increasing, representing a substantial global concern. It is evident that pollution is a primary contributor to disease and elevated mortality rates worldwide, resulting in approximately 9 million premature deaths in 2015 (Landrigan et al., 2018). Low- and middle-income countries bear the greatest burden of pollution-related mortality, accounting for approximately 92% of these deaths. The global community can no longer ignore the issue of pollution and its significant health and economic consequences. The fight against air pollution is both necessary and winnable. Climate change also influences the distribution of allergens that cause various diseases by altering their spatial and temporal distribution. These modifications particularly impact individuals suffering from respiratory illnesses. The rise in allergic respiratory diseases and related health problems is frequently attributed to deteriorating air quality caused by escalating levels of outdoor pollutants, especially emissions from vehicles.
Climate change is also expected to affect plant ecosystems, leading to changes in reproductive and developmental cycles and influencing the seasonal abundance of allergens. Variations in these changes will differ by region, depending on factors such as ultraviolet radiation, solar irradiance, and precipitation levels. The primary factors underlying these effects are increases in daily average temperatures, reduced wind speed, and clear-sky conditions. As highlighted in the WHO report (Organization, 2018), approximately 91% of the world’s population lives in areas where ambient air quality standards exceed permissible limits. According to WHO data, there were 7 million premature deaths globally due to air pollution in 2016.
4. AN INTEGRATED APPROACH TO THE MANAGEMENT OF AIR POLLUTION AND CLIMATE CHANGE
The inclusion of environmental considerations in policy-making and decision-making processes is increasingly being advocated through integrated approaches, which are regarded as innovative and more effective methods. However, if such strategies are applied without careful evaluation, their effectiveness may be compromised, hindering progress and the improvement of environmental conditions. Air pollution remains a persistent and complex issue that has evolved alongside urbanization. Numerous countries worldwide actively monitor air quality and implement measures to mitigate air pollution. It is worth noting that only 12% of the global population resides in urban areas that meet the air quality standards set by the World Health Organization (WHO). Contemporary efforts primarily focus on strategies to maintain acceptable ambient air quality, particularly in urban corridors. These strategies are realized through the implementation of appropriate control measures, including the enforcement of stringent emission standards, improvement of fuel quality, adoption of more efficient engine technologies, development of air quality monitoring programs, management of transportation fleets in specific regions through air quality controls, and the development of adequate transportation and traffic plans. Policymakers often consider three primary objectives within energy sustainability frameworks: ensuring national energy security, mitigating climate change, and reducing air pollution—objectives that are often addressed either individually or collectively, as initially proposed by researcher Jacobson in his work on sustainable development. Achieving sustainable development across various sectors represents a significant challenge for the future of humanity. Reducing coal consumption within the heat energy production sector is critical to minimizing air pollution, particularly with respect to reductions in sulfur dioxide (SO₂), nitrogen monoxide (NO), nitrogen oxides (NOₓ), and sulfur dioxide (SO₂). Solar and wind energy are increasingly recognized as viable alternatives to coal consumption. The transport sector accounts for approximately 22% of global carbon emissions related to total energy consumption. Projections indicate that carbon dioxide (CO₂) emissions are expected to increase by 35% by 2035, according to various new policy scenarios. While the transport sector significantly contributes to economic and social progress, transportation systems also impact climate change, potentially deteriorate air quality, reduce social integration, pose road safety concerns, and exacerbate traffic congestion.
Measurement of carbon dioxide (CO₂) emissions is commonly used as a key indicator of environmental status. The use of green infrastructure in urban air quality management requires solutions that ensure the quality and sustainability of such systems, particularly as effective interventions in rapidly urbanizing metropolitan regions. Greening initiatives, such as the incorporation of street vegetation, green facades, and living walls, are ecologically sound and contribute to urban resilience. Building typology can serve as a preliminary energy advisory tool, offering residential property owners a quick overview of their building’s energy characteristics and the potential impacts of implementing energy-saving measures. It can also aid property owners or consultants in decision-making processes. Construction companies may employ building typology as a tool for evaluating the energy performance of their building portfolios. Cities around the world are implementing greening plans, ranging from urban forests and vertical gardens to green roofs. Urban areas are increasingly becoming greener, adapting both to climate change and the evolving needs of modern urban populations. The redesign of public spaces—expanding pedestrian zones and bicycle paths, implementing traffic reduction and restriction measures, protecting urban nature, expanding green spaces, and planting trees wherever feasible—are among the activities fundamentally transforming urban management paradigms. This transformation also reshapes the way we move, work, live, and interact within urban environments. Figure 3 illustrates the various flows and dispersion patterns of pollutants within street canyons, with and without different vegetation schemes, as well as an example of green building infrastructure.
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Figure 3. Analysis of flow dynamics and pollutant dispersion within a street canyon, comparing scenarios with varying types of vegetation: (a) street canyon without vegetation, (b) street canyon with tree vegetation, (c) street canyon with hedge vegetation.
5. CONCLUSION
Eliminating air pollution requires a multifaceted strategy which comes in the form of technical solutions, policy instruments, and public education. It is of great importance to identify the complex setups of pollutant emissions and their effects to devise efficient solutions. Strategies such as technical improvements, legal reforms, and decentralized approaches, including green rooftop and air-cleansing technologies, have the potential to reduce the pollution level. Moreover, there are large scale inventions, for instance, a congestion charge and solarassisted cleaning systems that can be key players with regards to major modifications. Collective effort among people, communities, companies, state, national, and international levels, is highly required for success.
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