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ABSTRACT  
Vehicle emissions are a major contributor to the deterioration of urban air quality, tropospheric pollution, and localized climate change in developing cities. This detailed study investigates the complex relationship between vehicle maintenance schedules, age, total mileage, and tailpipe emissions specifically carbon dioxide (CO2), carbon monoxide (CO), unburned hydrocarbons (UHC), and sulfur dioxide (SO2) in the rapidly growing urban area of Calabar, Nigeria. Data was collected from a carefully selected sample of 164 operational vehicles, including commercial heavy-duty transport, mass transit buses, light utility vans, and private cars. Advanced laboratory methods, including titration and spectrophotometry, were employed at the University of Calabar to measure carbon and sulfur emissions, while operational surveys gathered information on maintenance frequency, oil change intervals, and engine overhauls. Statistical regression analysis revealed a strong positive correlation (r = 0.84, p < 0.01) between longer service intervals and increased emissions of harmful pollutants. Vehicles that exceeded the recommended maintenance schedules showed up to a 240% increase in carbon and sulfur emissions compared to those that were regularly serviced. Additionally, an analysis of fuel efficiency revealed an average decrease of 18.5% in fuel volume due to delayed maintenance. These results indicate that neglecting vehicle maintenance significantly worsens urban air pollution and economic inefficiency, underscoring the urgent need for policies mandating emission testing, stricter fuel quality regulations, and specialized training programs for mechanics in developing urban areas.  
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INTRODUCTION
The decline in urban air quality is one of the most pressing environmental, ecological, and public health challenges facing developing countries in the 21st century. As city populations grow and economic activities increase, the ownership and use of motor vehicles rise significantly. In rapidly developing urban areas like Calabar, Cross River State, Nigeria, this surge in transportation occurs alongside aging vehicle fleets, inadequate road infrastructure, weak regulatory enforcement, and inconsistent quality of petroleum products. The emissions from these vehicles pose a continuous threat to respiratory health, accelerate the deterioration of structures, and significantly contribute to regional greenhouse gas emissions.
While the intensity of vehicle emissions is primarily influenced by engine design, fuel type, and operational loads, the actual efficiency of combustion is largely determined by maintenance practices. In developing regions, economic constraints often lead vehicle owners to adopt a reactive maintenance approach only adder-
ssing issues when they become critical rather than engaging in proactive, preventive maintenance. Issues such as worn spark plugs, clogged fuel injectors, blocked air filters, worn piston rings, and old engine oils disrupt the ideal air fuel mixture, leading to incomplete combustion. This mechanical wear significantly increases the release of harmful pollutants like carbon monoxide (CO), unburned hydrocarbons (UHC), and sulfur dioxide (SO2)
Despite international agreements and regional environmental regulations, local monitoring systems in sub-Saharan Africa are still underdeveloped. As a result, there is a lack of empirical data on how specific maintenance schedules impact pollutant levels. This research aims to fill this crucial gap by creating a comprehensive framework to gather primary emission data, analyze the operating characteristics of regional vehicle fleets, calculate statistical relationships between maintenance delays and exhaust toxicity, and develop practical strategies for urban transport management.
The main goals of this multi-faceted study are:
(1) to measure baseline tailpipe emissions of carbon and sulfur compounds from various vehicle types operating in Calabar;
(2) to create mathematical regression models that link maintenance delays to increased emissions; 
(3) to assess the economic and environmental impacts of postponed servicing; 
(4) to recommend effective administrative and technical policy measures for local authorities.
HUMANIRS (LITERATURE REVIEW & THEORETICAL FRAMEWORK
The acronym HUMANIRS stands for Holistic Urban Meteorological, Anthropogenic, and Numerical Investigation of Respiratory Stressors. This section integrates key theories and previous research that explore the connections between mechanical engineering, combustion chemistry, and atmospheric science.
Stoichiometric Combustion and Engine Wear Mechanisms
In an ideal internal combustion engine, hydrocarbon fuel reacts with oxygen in specific stoichiometric ratios (approximately 14.7:1 by weight for gasoline) to produce carbon dioxide (CO2) and water vapor (H2O). However, actual automotive engines function under varying thermal and mechanical conditions. Over time, mechanical wear leads to changes in cylinder compression, valve timing, and fuel atomization. Without regular maintenance such as changing spark plugs, decarbonizing, and replacing filters combustion chambers can develop localized cooling zones and incomplete fuel oxidation. These issues can result in increased production of carbon monoxide and complex polycyclic aromatic hydrocarbons.
The Impact of Sulfur Compounds in Automotive Fuels
Sulfur impurities found in petroleum-based diesel and gasoline significantly contribute to tailpipe emissions toxicity. During combustion, organosulfur compounds are converted into gaseous sulfur dioxide (SO2) and sulfur trioxide (SO3), which can react with moisture in the atmosphere to create secondary sulfate aerosols and precursors to acid deposition. In many developing countries, imported petroleum products have historically contained higher levels of sulfur (measured in parts per million) compared to the strict Euro-IV or Euro-VI standards, exacerbating the environmental effects of poorly maintained fuel delivery systems.
Vehicle Age, Mileage, and Emission Factors
The age of a vehicle and its total mileage are key indicators of powertrain deterioration. As piston rings wear down and cylinder walls undergo micro abrasion, gases from the crankcase can contaminate the lubricating oil, diminishing its viscosity and protective capabilities. Research has consistently shown that an unmaintained vehicle with over 100,000 kilometers emits significantly higher levels of particulate and gaseous pollutants compared to a well-maintained vehicle of the same age, highlighting the importance of maintenance compliance as a crucial regulatory factor.
establishing maintenance compliance as an essential regulatory factor
Urban Air Quality Dynamics in Calabar Metropolis
Calabar, with its distinctive coastal weather, high humidity, and seasonal rainfall, exhibits unique atmospheric dispersion patterns. During early morning temperature inversions, vehicle emissions become trapped in the urban canopy layer, increasing human exposure to harmful exhaust pollutants along major roads such as Murtala Mohammed Highway, Marian Road, and the areas around Watt Market.
MATERIALS AND METHODS
This section details the thorough experimental design, sampling methods, laboratory titration processes, and statistical modeling techniques used in the study.
Study Area and Stratified Sampling Strategy
The empirical study was conducted within the urban limits of Calabar, Cross River State, Nigeria. Key traffic intersections, commercial motor parks, and industrial areas were chosen as monitoring sites to capture representative urban driving behaviors, including idling, acceleration, and deceleration. A comprehensive survey targeted 200 operational vehicles, resulting in 164 valid and fully documented sample sets that were successfully collected and analyzed. The surveyed vehicles were classified into four operational categories:
 Class A: Commercial Heavy-Duty Trucks (Haulage and Tipper units operating on diesel)
 Class B: Mass Transit Commuter Buses (Interstate and municipal passenger buses)
 Class C: Private Saloon Passenger Cars (Gasoline-powered sedans and hatchbacks)
Class D: Light Utility and Mixed Commercial Vans (Delivery and utility vehicles)
Exhaust Gas Collection and Laboratory Titration Procedures
Exhaust gas samples were collected directly from vehicle tailpipes using specialized 500 ml Pyrex glass containers while the engine operated under standardized conditions (idling at 800–900 RPM). The samples were then transported under cold-chain conditions to the Oceanography Department Laboratory at the University of Calabar for chemical analysis:
1. Carbon Analysis: The dissolved carbon dioxide and carbon components from the exhaust condensates were titrated using standard sodium hydroxide (NaOH) and sodium carbonate (Na2CO3) solutions with phenolphthalein indicators at a controlled laboratory temperature of 26°C to measure concentrations in milligrams per liter (mg/L).   
2. Sulfur Analysis:  Exhaust samples treated with hydroxylamine hydrochloride and benzidine hydrochloride reagents were titrated against standardized 0.05M NaOH solutions to determine sulfur dioxide concentrations, which were then converted to parts per million (PPM) equivalents.
Mathematical and Computational Modeling
To assess the quantitative relationship between maintenance delays and emission levels, statistical regression models were developed. The main multivariable regression equation established is represented as follows:
Y = β0 + β1X1 + β2X2 + β3X3 + ε
In this equation, Y denotes the overall exhaust pollutant concentration index, X1 indicates the time since the last maintenance (measured in months, X2 represents total vehicle mileage (in increments of 10,000 km, X3 signifies the age of the vehicle (in years), β0 is the baseline emission intercept, and ε accounts for random error terms
RESULTS
Laboratory quantification and survey analyses revealed distinct variations in pollutant concentrations across vehicle categories, closely tracking adherence to recommended maintenance schedules.
	Commercial Heavy Trucks
	32
	8.4 months
	138.5
	45.2

	Mass Transit Buses
	48
	6.2 months
	112
	32.4

	Private Saloon Cars
	64
	4.1 months
	84.5
	18.1

	Light Utility / Vans
	20
	5.5 months
	96.2
	24.6

	Composite Average / Total
	164
	6.05 months
	107.8
	30.1



Figure 1: Comparative Carbon and Sulfur Emissions Across Vehicle Operational Categories
Statistical evaluation of the dataset yielded a Pearson correlation coefficient of r = +0.84 between service delay duration and tailpipe carbon concentration. Analysis of variance (ANOVA) confirmed statistical significance at p < 0.01.
	Strictly Proactive (Serviced < 3 mos)
	28.60%
	72.4
	14.2

	Moderate / Periodic (3 to 6 mos)
	43.30%
	108.6
	29.8

	Reactive / Neglected (> 6 mos)
	28.10%
	159.2
	48.7



Figure 2: Regression Trend Showing Direct Escalation of Carbon Emissions with Service Latency

Figure 3: Proportion of Fleet Adhering to Proactive Versus Reactive Maintenance Schedules

 Figure 4: Escalation of Sulfur Emissions with Incremental Cumulative Vehicle Mileage

Figure 5: Variation of Carbon Monoxide Emissions Across Stoichiometric Air-Fuel Ratios
 
Figure 6: Percentage Increase in Volumetric Fuel Consumption Associated with Extended Service Intervals
DISCUSSIONS 
The empirical results highlight a significant link between macroeconomic limitations, consumer maintenance habits, and the quality of urban environments. In developing cities like Calabar, vehicle owners often postpone regular maintenance due to the high costs of imported spare parts and fluctuating fuel prices. However, this short-term economic decision leads to considerable external costs that affect society as a whole.  
Firstly, increased levels of carbon monoxide and particulate matter significantly contribute to respiratory health issues in the region, resulting in more hospital admissions for conditions like asthma, bronchitis, and heart problems. Secondly, unburned hydrocarbons and nitrogen oxides interact with sunlight to create tropospheric ozone, which harms local vegetation and agricultural productivity in nearby suburban areas. Thirdly, higher sulfur emissions accelerate the acidic deterioration of public infrastructure and buildings.  
Moreover, regression analyses indicate that fuel efficiency declines sharply when maintenance intervals exceed six months. As a result, vehicle owners end up incurring a net financial loss due to higher fuel consumption, which far exceeds the minor savings from skipping oil changes and filter replacements. The stoichiometric analysis (Figure 5) and fuel penalty evaluation (Figure 6) provide strong quantitative support for these mechanical concepts.
CONCLUSION AND RECOMMENDATIONS
This empirical research clearly shows that vehicle maintenance practices have a significant and measurable impact on urban exhaust emissions. Data from Calabar reveal a direct, statistically supported positive relationship between longer maintenance intervals and higher levels of harmful carbon and sulfur compounds. Vehicles that are not regularly serviced contribute disproportionately to pollution, negatively affecting both urban environmental quality and public health.
To address these issues, municipal and national policies should implement comprehensive measures:
1. Mandatory Periodic Inspection Systems: Create state-run or accredited private vehicle inspection centers that require annual exhaust emission testing as a condition for vehicle licensing.
2. Fuel Quality Standards: Implement stricter national limits on the sulfur content of imported fuels to enhance mechanical emissions reductions.
3. Auto mechanical Capacity Building: Offer subsidized technical training for local mechanics focused on modern fuel injection diagnostics, ignition timing, and emission control maintenance.
4. Public Awareness Campaigns: Initiate targeted educational initiatives that emphasize the dual benefits of regular preventive maintenance: reducing environmental emissions and decreasing long-term fuel costs.
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