


Seasonal Variation of CO₂, CO, and H₂S Emissions and Meteorological Influences Around a Cement Factory in Nigeria


ABSTRACT
Cement manufacturing is a major contributor to atmospheric emissions, especially carbon dioxide (CO₂), carbon monoxide (CO), and hydrogen sulfide (H₂S), which pose significant environmental and health risks. This study investigated the seasonal variation of CO₂, CO, and H₂S concentrations around the Dangote Cement Plant in Obajana, Nigeria, and evaluated the influence of meteorological parameters on these emissions. Ambient air samples were collected from twelve strategically selected outdoor locations during the wet (August–October) and dry (November–January) seasons. Measurements of temperature, humidity, and wind speed were also recorded to assess meteorological impacts. Results revealed that average concentrations of the sampled three pollutants were significantly higher during the dry season compared to the wet season. Elevated temperatures and reduced humidity during the dry season contributed to poor pollutant dispersion and high accumulation. CO₂ levels were primarily influenced by fuel combustion processes, while CO emissions were linked to incomplete combustion. H₂S concentrations, although generally low, were influenced by both industrial emissions and local microbial activities. Statistical analysis showed moderate to strong correlations between pollutant levels and meteorological parameters. A one-way Analysis of Variance (ANOVA) was performed separately for CO₂, CO, and H₂S using values from twelve sampling locations. The results indicated slight statistically significant difference between wet and dry season concentrations for CO₂ (F = 0.79, p = 0.3841) and CO (F = 0.51, p = 0.4838). However, H₂S levels showed a highly significant seasonal difference (F = 40.50, p < 0.0001), with consistently higher concentrations observed during the dry season. The study underscores the importance of seasonal monitoring and the need for emission control strategies to protect local air quality and public health.
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1.0 Introduction 
Air pollution remains a major environmental and public health concern globally, particularly in developing countries where industrial growth is often accompanied by inadequate emission control. Air pollution is a worldwide problem that has gotten worse since the advent of industrialization. (Kabir and Madugu, 2010; Sivaramanam, 2015; Aja et al., 2025).   Among industrial sources, cement manufacturing is a significant contributor to atmospheric emissions due to the combustion of fossil fuels and the high-temperature processing of raw materials, Irin, Arju, sakib, Ishmam and Arnob (2020). Cement plants emit various gaseous pollutants, including carbon dioxide (CO₂), carbon monoxide (CO), and hydrogen sulfide (H₂S), which can degrade air quality and pose risks to ecosystems and human health, Irin, et al, (2020). Carbon dioxide (CO₂) is the most prevalent greenhouse gas emitted from cement production, primarily during the calcination of limestone and the combustion of fossil fuels. It plays a critical role in global warming and climate change, (Elehinafe et al., 2022; Samadi et al.,2020), Gibbs, Soyka, Conneely and Kruger (2000).  According to Al-Zboon et al., (2021), fuel combustion produces carbon dioxide (CO₂), this is the largest greenhouse gas emitted in cement manufacturing. Clinker production releases significant CO₂ emissions due to the calcination of limestone, Worrreil, Price, Martin, Hendriks and Meida (2001). Carbon monoxide (CO), a toxic gas, is emitted also during cement production. It is typically formed due to incomplete combustion processes and can impair oxygen delivery in the human body, Andrew, (2018). High humidity and low wind speeds contribute to the accumulation of CO near emission sources, Seinfeld (2004). Chronic exposure to CO at high concentrations can cause hypoxia, cardiovascular stress, and neurological disorders (World Health Organization, 2021), therefore constant monitoring is required. Hydrogen sulfide (H₂S), although often present in lower concentrations, is a hazardous gas with a characteristic rotten egg odor. Literature had shown that H₂S in cement plants is primarily emitted from raw materials containing sulphur compounds, like coal combustion in the cement production process (Isaiah et al., 2021; Al-Zboon et al.,2021).  Chronic exposure to H₂S can affect the nervous and respiratory systems, and it also contributes to odor nuisance and corrosion of materials (Oka et al., 2025). 
As the cement demand continues to escalate, the numbers of cement factories too are annually increasing on a global scale, and cement consumption and production has correspondingly raised much, over the recent years. The cement industry has been identified as a crucial player which causes environmental imbalances and a significant producer of hazardous air pollutants (Matodzi, 2019).  In regions with distinct wet and dry seasons, meteorological conditions such as temperature, humidity, and wind speed can significantly influence the dispersion, concentration, and persistence of air pollutants. Higher temperatures and lower humidity levels, particularly during dry seasons, often lead to reduced pollutant dilution and higher ground-level concentrations. Wet conditions can facilitate the oxidation of H₂S to sulfuric acid in the atmosphere, potentially reducing its ambient concentration, Lewis and Copley (2015), Bada et al., (2013) Therefore, understanding the seasonal variation of these emissions in relation to meteorological influences is important for effective air quality management and policy formulation. The Dangote Cement Plant in Obajana, Nigeria, is one of the largest cement manufacturing facilities in sub-Saharan Africa. Despite its economic importance, concerns have been raised regarding its environmental footprint, especially air pollution, Alaba and Ayodele (2022). However, studies on the seasonal behavior of specific gaseous pollutants such as CO₂, CO, and H₂S around this facility remain limited. This study therefore aimed to evaluate the seasonal variation of CO₂, CO, and H₂S emissions around the Obajana Cement Plant; Investigate the influence of meteorological parameters and production processes on the concentration of these pollutants and proffer possible strategies toward sustainable industrial practices and public health protection.
2.0 Materials and methods 
2.1 Study Area
The study was conducted around the Dangote Cement Plant located in Obajana, Kogi State, Nigeria. Obajana lies between longitude 6°10°E and 6°30’ East of the Greenwich meridian and Latitude 7°40’N and 8°00’N north of the equator of the Oworo region of the Lokoja local government area. The Oworo district is a mountainous region bordered on the north by IgbiraIgu (Egbura), on the northwest by Kakanda, on the west by the Abinu, and on the south by Ebira land, (infoguidenigeria.com). The people that live in the area speak Yoruba and are known as the Okun Nation. Dangote cement factory, Obajana is one of the largest cement manufacturing plants in sub-Saharan Africa, with a production capacity exceeding 13 million metric tonnes per annum, (www.dangotecement.com). The area experiences a tropical climate characterized by two distinct seasons: the wet season (April–October) and the dry season (November–March), with significant variations in temperature, humidity, and wind patterns. Surrounding the plant are residential settlements, farmlands, and road networks, which are potentially affected by emissions from cement production and associated activities. Twelve outdoor sampling locations namely Gate, Kiln line 1&2, Raw mill, Gypsum crusher, Power plant, Kiln line 3, Kiln line 4, Weigh feeder line 4, packing plant line 4, Kiln line5, Coal yard Tippler 1&2, Coal yard Tippler 3 &4 were strategically selected around the cement plant to capture spatial variation in pollutant concentrations. The selection criteria included proximity to major emission sources (e.g., kiln stack, raw material storage, truck loading areas), direction of prevailing winds, and potential exposure of nearby communities. 
[bookmark: _Hlk201072742] 2.3 Sampling Duration and Frequency
Sampling was conducted over a six-month period, covering both the wet season (August–October) and the dry season (November–January) in 2023–2024. This was to compare the rate of the pollution from the cement factory with regards to the seasons of the year. The daily monitoring was done between 8am to 2pm and 10pm to 2am.
[bookmark: _Hlk201072904]2.4 Measurement of Gaseous Pollutants
The methods used for sampling and data collection are approved by the National Environmental Standards and Regulations Enforcement Agency (NESREA) and Kogi State Environmental Protection Board (KOSEPB). Air quality sampling for the presence of pollutants at the different sampling points was carried out with portable automated gas analyzers. 
CO₂: Measured using an in situ MSA Altair 5x Multifunctional Gaseous monitoring detector.
CO: Measured using an in situ MSA Altair 5x Multifunctional Gaseous monitoring detector.
H₂S: Measured using an in situ MSA Altair 5x Multifunctional Gaseous monitoring detector.
2.5 Meteorological Data Collection
Meteorological parameters — including ambient temperature (°C), relative humidity (%), and wind speed (m/s) were recorded concurrently during each sampling session using a digital Victor Thermo- hygrometer. These parameters were used to assess their influence on pollutant behavior.
2.6 Data Analysis
Descriptive statistics (mean, minimum, and maximum) were calculated for all measured parameters. Seasonal comparisons were made also. Graphical visualizations were created using Microsoft Excel software. In addition to descriptive comparisons, a one-way Analysis of Variance (ANOVA) was conducted to test whether the differences in pollutant concentrations between the wet and dry seasons were statistically significant. The analysis was performed separately for CO₂, CO, and H₂S using values from twelve sampling locations. The wet and dry seasons served as the two categorical groups. The ANOVA was implemented in Python using the “scipy.stats.f_oneway” function, with a significance threshold set at “α = 0.05”.
3.0 Results and discussion
3.1 Results.
Table1: Monthly concentration values of CO2, CO and H2S at outdoor sampling locations around Obajana cement factory.
	Location
	Pollutants
	Aug
	Sept
	Oct
	Nov
	Dec
	Jan

	Gate
	CO2 (ppm)
	112.5
	0.0
	0.0
	100.0
	150.0
	50.0

	
	CO (µg/m3)
	9600.0
	11500.0
	9000.0
	6010.0
	12000.0
	7000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	1.0

	Kiln Line1&2
	CO2 (ppm)
	22.5
	0.0
	0.0
	0.0
	50.0
	0.0

	
	CO (µg/m3)
	4300.0
	6000.0
	4000.0
	2500.0
	4500.0
	7000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	1.0

	Raw mill
	CO2 (ppm)
	67.5
	0.0
	0.0
	50.0
	100.0
	0.0

	
	CO (µg/m3)
	2900.0
	2000.0
	5000.0
	500.0
	4000.0
	4000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	0.0

	Gypsum Crusher

	CO2 (ppm)
	270.0
	100.0
	100.0
	100.0
	300.0
	50.0

	
	CO (µg/m3)
	5500.0
	4500.0
	7000.0
	4500.0
	6000.0
	5000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	1.0

	Power plant
	CO2 (ppm)
	135.0
	0.0
	0.0
	100.0
	200.0
	0.0

	
	CO (µg/m3)
	2100.0
	1000.0
	1500.0
	4000.0
	2000.0
	2000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	0.0

	Kiln Line 3
	CO2 (ppm)
	112.5
	50.0
	50.0
	50.0
	100.0
	0.0

	
	CO (µg/m3)
	4800.0
	6500.0
	5500.0
	3500.0
	3500.0
	7000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	6.05
	1.0

	Kiln line 4 
	CO2 (ppm)
	90.0
	0.0
	0.0
	100.0
	100.0
	0.0

	
	CO (µg/m3)
	4100.0
	1000.0
	1000.0
	2000.0
	12500.0
	5000.0

	
	H2S (ppm)
	1.0
	1.0
	0.0
	1.0
	12.1
	0.0

	Weigh feeder (Line 4)
	CO2 (ppm)
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	
	CO (µg/m3)
	500.0
	0.0
	500.0
	500.0
	1000.0
	1000.0

	
	H2S (ppm)
	0.0
	0.0
	1.0
	0.0
	0.0
	0.0

	Packing plant (Line 4)
	CO2 (ppm)
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	
	CO (µg/m3)
	7100.0
	1050.0
	3000.0
	4000.0
	11000.0
	7000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	1.0

	Kiln (Line 5)
	CO2 (ppm)
	45.0
	50.0
	0.0
	50.0
	0.0
	0.0

	
	CO (µg/m3)
	6100.0
	5000.0
	7500.0
	2010.0
	10000.0
	8000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	1.0

	  Coal yard Tippler 1&2
	CO2 (ppm)
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	
	CO (µg/m3)
	3800
	3000.0
	4000.0
	6000.0
	2000.0
	9000.0

	
	H2S (ppm) 
	0.1
	1.0
	1.0
	0.0
	12.1
	1.0

	Coal yard Tippler 3&4
	CO2 (ppm)
	45.0
	0.0
	0.0
	0.0
	100.0
	0.0

	
	CO (µg/m3)
	8800.0
	8000.0
	7000.0
	12000.0
	8000.0
	12000.0

	
	H2S (ppm)
	1.0
	1.0
	1.0
	1.0
	12.1
	1.0


LIMIT: CO2 (5000 PPM, OSHA); CO (10,000 µg/m3 , NESREA); H2S (ppm, NIOSH) 
Table 2. Average level of CO2, CO and H2S and corresponding Meteorological (Temperature, Humidity, Wind speed) parameters during wet and dry season at the various sampling locations.
	Sampling locations
	                                         
                 Wet season (August to September)
	                                           Dry Season (November to January)

	
	CO2 (ppm)
	CO (µg/m3)
	H2S (ppm)
	Temperature
	Humidity
	Wind speed
	CO2 (ppm)
	CO (µg/m3)
	H2S (ppm)
	Temperature
	Humidity
	Wind speed

	Gate 
	37.50
	10033.3
	1.00
	27.82
	70.8567
	1.57
	100.00
	8336.67
	4.70
	26.78
	65.71
	1.37

	
Kiln Line1&2 
	
7.50

	
4766.67

	
1.00
	29.33
	75.75
	1.43
	
16.67
	
4666.67
	
4.70
	27.98
	67.29
	2.26

	Raw mill (Line 1&2)
	22.50
	3300.00
	1.00
	28.48
	71.03
	1.73
	50.00
	2833.33
	4.37
	26.68
	66.69
	1.83

	Gypsum Crusher
	156.67
	5666.67
	1.00
	28.77
	68.24
	2.08
	150.00
	5166.67
	4.70
	26.70
	67.72
	2.34

	Power plant
	45.00
	1533.33
	1.00
	29.73
	71.10
	1.97
	100.00
	2666.67
	4.37
	29.92
	61.21
	1.30

	Kiln Line 3 
	70.83333
	5600.00
	1.00
	30.23
	68.42
	2.35
	50.00
	5600.00
	1.00
	31.21
	60.42
	2.14

	Kiln line 4 
	30.00
	2033.33
	0.67
	29.67
	68.15
	2.03
	66.67
	6500.00
	4.37
	27.73
	64.70
	2.96

	Weigh feeder (Line 4)
	0.00
	333.33
	0.33
	29.14
	69.89
	1.39
	0.00
	833.33
	0.00
	27.27
	64.84
	1.85

	Packing plant (Line 4)
	0
	6433.333
	1
	28.54
	71.64
	1.566667
	0
	7333.333
	4.7
	1.566667
	27.61333
	65.21

	  Kiln (Line 5)
	31.66667
	6200
	1
	28.52667
	71.27667
	2.51
	16.66667
	6670
	4.7
	2.51
	29.65
	61.9

	  Coal yard Tippler 1&2
	0
	3600
	1
	29.87667
	67.07667
	1.59
	0
	5666.667
	4.366667
	1.59
	36.11
	51.92667

	 Coal yard Tippler 3&4
	15
	7933.333
	1
	29.7
	66.8
	1.69
	66.66667
	10666.67
	4.7
	1.69
	35.68333
	52
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Fig 1: Average Carbon dioxide (CO2) emission for the period of six months


Fig 2: Average Carbon monoxide (CO) emission for the six months


Fig 3: Average Hydrogen Sulphide (H2S) emission for the six months


Fig 4 Chart of CO2, CO, and H2S emission for each month for a period of six months.


Fig 5: Chart of meteorological variables


Table 3: Comparison of Wet and Dry Season Pollutant Averages
	Parameter 
	Wet season Average 
	Dry season Average 

	CO2 (PPM)
	34.72
	48.61

	CO (ug/m³)
	4559.71
	5500.56

	H2S (PPM)
	0.88
	4.03



Table 4: One-way ANOVA result assessing seasonal variation in CO2, CO and H2S concentrations around Obajana cement plant.
	Parameter
	Wet season Average
	Dry season Average
	ANOVA p-value
	Significant

	48.61
	34.72
	48.61
	0.3841
	Not significant

	5500.56
	4559.71
	5500.56
	0.4838
	Not significant

	4.03
	0.88
	4.03
	< 0.0001
	Highly significant.



3.2 Discussion
3.2.1 Carbon Dioxide (CO₂)
The average concentration of CO₂ across all sampling locations showed marked seasonal variability, (Table 1). The mean concentration of CO2 for the period of wet season are 75.00ppm, 16.67 ppm and 12.50 ppm for August, September and October respectively against the OSHA regulatory limit of 5,000 ppm as seen in Figure1. During the wet season (August–October), CO₂ levels were generally low, with averages ranging from 0.0 to 270 ppm at the different sampling locations. The Gypsum Crusher (270 ppm in August) and power plant (135.0 ppm in August) recorded the highest values as seen from Table 1. The elevated CO2 levels at the gypsum crusher can be attributed to several factors such as Industrial processes, high energy input and material composition. The crushing of gypsum often involves mechanical processes that can release CO2, especially if fossil fuels are used in machinery or for energy needs during operation. The chemical composition and reactions involved in processing gypsum can also contribute to CO2 emissions, particularly if any additives or processes release carbon as a byproduct. These factors combine to create a higher concentration of CO2 emissions at this location compared to others with lower concentration, this observation aligned with Kibir and Madugu(2010) and with the findings of the Intergovernmental panel on climate change (IPCC) which estimated that cement production contributes about 7% total world CO2 emission. From figure.1, it is seen that August has the highest average value of CO2 of 75ppm for the wet season. Notably, several locations reported zero emissions in September and October, indicating potential operational downtimes or dispersion effects due to higher humidity and rainfall, this finding aligned with Elehinafe et al. (2022) who reported that CO₂ emissions from cement plants tend to drop in wet seasons due to lower combustion efficiency and reduced industrial activities. Obajana cement factory had put in place certain processes in the cement mill and coal mill, that utilize technologies that minimize CO2 emissions, this must have contributed to low concentration of CO2 emission at these locations. This finding aligned with the study by Alaba and Ayodele (2022) who reported on the influence of Dangote cement Obajana plant’s operation on the release of CO2 is insignificant. In contrast, the dry season (November–January) recorded higher CO₂ levels, particularly in December, with a peak of 300 ppm at the Gypsum Crusher followed by 200.0 at power plant as seen from Table 1. From figure.1, December recorded also the highest value for average CO2 value (91.66 PPM) across the twelve sampling locations. This increase may be attributed to enhanced production activities, low atmospheric dispersion capacity, and reduced precipitation, which limits pollutant washout. However, January showed a general drop in CO₂ across most locations, likely due to stronger winds and higher temperatures enhancing vertical mixing and dispersion, (Figure 4). 
Meteorological parameters played a crucial role in CO₂ dispersion as seen from Figure 4. In the dry season, the lower humidity (mean: 69.83% in August, 69.69% in September, 69.54% in October, 65.20 in November, 60.86% in December and 61.26% in January) and increased temperatures (mean: 29.37°C in August,29.15°C in September, 28.92°C in October, 29.15°C in November, 29.38°C in December, 29.58°C in January) influenced CO₂ dispersion. Higher temperatures enhance atmospheric turbulence, promoting vertical mixing and dispersion. However, during calm conditions with low wind speeds (mean: 1.70 m/s in November, 1.85 m/s in December,), CO₂ accumulated near emission sources, leading to localized high concentrations. This aligned with Elehinafe et al. (2022), who reported lower emissions in drier months due to increased atmospheric mixing. Although CO₂ levels were well below regulatory limits, continuous monitoring is necessary due to its contribution to climate change.  This study has revealed that for both wet and dry season, CO2 emissions from Dangote cement plant, Obajana kogi state were significantly well below regulatory limits, notwithstanding, continuous monitoring is necessary due to its contribution to climate change, Alaba and Ayodele (2022).
3.2.2 Carbon Monoxide (CO)
The mean values of CO for the six months covering both wet and dry seasons are 4966.67µg/m³, 4129.12µg/m³, 4583.33µg/m³, 3960.00µg/m³, 6375.00µg/m³, 6166.67µg/m³ for August, September, October, November, December and January respectively against NESREA standard of 10,000µg/m³. The mean concentrations are well below NESREA limit of 10,000 µg/m³, this is supported by the findings of Bada et al., (2013), Al-Zboon et al., (2021). However, high values were recorded at Kiln Line 4 (12,500 µg/m³ in December) and Coal Yard Tippler 3&4 (12,000 µg/m³ in both November and January) as seen from Table1. These exceeded the NESREA limit of 10,000 µg/m³, contradicting the report of Adeniran et al., (2019) who reported in their study that CO were within the limits in all their sampled locations.  The high emission values recorded at these locations suggested periods of intense combustion, possibly linked to peak production or inefficient fuel burning as reported by Fore and Mbohwa (2015).
CO concentrations were influenced by meteorological conditions such as temperature, humidity, wind speed, and wind direction as seen from Table 2 and figure 4. Higher temperatures can enhance atmospheric mixing, which promotes the dispersion of CO. However, in stagnant atmospheric conditions (low wind speeds), CO accumulation can occur near emission sources, increasing health risks, Isaiah et al., (2021), Al-Zboon et al., (2021).
During the wet season, CO levels were also high but more variable, likewise during the dry season. For example, August recorded 11,500 µg/m³ at the Gate, but dropped at other locations like the Power Plant (2,100 µg/m³) and Weigh Feeder (500 µg/m³). While rain can help wash out pollutants, wet season humidity may also lead to incomplete combustion, increasing CO emissions in some locations as seen from the study, Korontzi, (2005). Wet conditions sometimes increase CO levels around cement plants due to poor combustion of kiln fuels under high humidity. The lower CO levels at specific sites could be influenced by rainfall-enhanced dispersion and washout effects as reported by Gobo et al., (2012). The average values of CO for each month showed that CO have higher concentrations during the dry season compared to the wet season, as seen from figure 2 and figure 4. The findings have shown that despite CO having a higher concentration during the dry season compared to the wet season, the concentrations are still within the NESREA regulatory limit, this aligned with the findings of Adeniran et al., (2019). Measures should be put in place to improve traffic management around the community junction and market, enhance emission controls at high emission points like the kilns and packing plants.
3.2.3 Hydrogen Sulphide (H₂S)
H₂S levels were generally low and stable (1.0 ppm) across all locations during both the wet and dry season against NIOSH regulatory value of 10ppm. These values were similar to the findings of Al-Zboon et al., (2021) who reported that no adverse health effects were expected due to the exposure of H2S at the current concentration level.  However, an anomalous spike was observed in December, where 12.1 ppm was consistently recorded at most locations—exceeding the NIOSH short-term exposure limit of 10 ppm as seen from Table 1 and figure 3. This aligned with Bada et al., (2013) who recorded the presence of Hydrogen sulphide (H₂S) in the vicinity of cement company. This finding suggested that emission dispersion was limited and local meteorological conditions favoured pollutant build up. The findings suggested that the dispersion and concentration of H₂S were strongly influenced by meteorological conditions (Figure 4). During the dry season (November to January), higher wind speeds and lower humidity levels enhanced pollutant dispersion, reducing localized accumulation. However, the presence of temperature inversions during early mornings and late nights can trap H₂S closer to the ground, leading to transient peaks in some areas.
The findings of this study have shown that for both wet season and dry season, the mean values of hydrogen Sulphide generated were within the NIOSH regulatory limit. However, monitoring is essential due to its toxicity even at low concentrations, Lewis and Copley (2015), Al-Zboon et al., (2021).
3.2.4 Comparison of Wet and Dry Season Pollutant Averages
From Table 3, CO₂ was slightly elevated in the dry season (48.61ppm) compared to wet season (34.72ppm). However, the ANOVA test returned a p-value of 0.3841, indicating no statistically significant difference between the two seasons (Table 4). This suggests that CO₂ emissions around the Obajana Cement Plant remained relatively stable throughout the year, with fluctuations likely attributed to non-seasonal factors such as continuous clinker production, fossil fuel combustion, and calcination processes, as supported by similar findings in cement-related studies probably due to production continuity and reduced pollutant scavenging by moisture because of lower humidity, leading to localized high concentrations of CO2, as reported by Alaba and Ayodele (2022), Elehinafe et al., (2022).
CO showed a noticeable increase in dry months (from 4559.71 µg/m³ in the wet season to 5500.56 µg/m³ in the dry season), Despite this increase, the ANOVA analysis yielded a p-value of 0.4838, which is not statistically significant. Therefore, seasonal differences in CO emissions were not strong enough to suggest a consistent seasonal effect. This aligned with the findings of Isaiah et al., (2021), Abam and Unachukwu, (2009) where CO levels were observed to fluctuate more due to combustion efficiency and kiln operation patterns than seasonal meteorology.  Unlike CO₂ and CO, the seasonal variation in H₂S concentrations was found to be highly significant. The average H₂S concentration during the wet season was 0.88 ppm, while in the dry season it sharply rose to 4.03 ppm. ANOVA analysis confirmed this difference with an F-value of 40.50 and a p-value < 0.0001. This indicates a strong seasonal effect, with the dry season contributing significantly higher H₂S levels. H₂S levels were higher in the dry season, potentially due to temperature inversions trapping emissions closer to the ground, increased retention of Sulphur-containing emissions as a result of greater use of high Sulphur containing fuels (Olaffsdottir and Gardarsson 2013).
3.2.5. Compliance with Regulatory Limits
CO₂ values remained well below the OSHA limit of 5,000 ppm, CO concentrations exceeded the NESREA limit (10,000 µg/m³) at some locations, notably during December and January, posing potential public health and occupational risks. H₂S values exceeded the NIOSH short-term exposure limit (10 ppm) in December, requiring process control and emission mitigation at source points.
4.0 Conclusion
This study examined the seasonal variation of CO₂, CO, and H₂S emissions around the Obajana Cement Factory in Nigeria, in relation to meteorological parameters at twelve sampling locations. Results revealed that emissions were generally higher during the dry season, with CO and H₂S occasionally exceeding regulatory limits. The elevated dry season concentrations can be attributed to increased production activities, lower humidity, and limited atmospheric dispersion. Meteorological conditions, particularly temperature, humidity, and wind speed, played a crucial role in pollutant accumulation and dispersion across seasons. The data indicate that CO emissions consistently approached or exceeded NESREA limits, while H₂S concentrations peaked in December, surpassing NIOSH standards. These trends underscore the need for continuous emission monitoring and effective control strategies to safeguard environmental and public health. It is recommended that Dangote cement, Obajana Kogi state Nigeria should upgrade emission control technologies, such as scrubbers or filters, especially during high-output dry season months. Continuous air quality monitoring systems at critical emission points should be put in place to enable timely detection of exceedances. Process Optimization that improves combustion efficiency in kilns and power plants to minimize CO and H₂S generation should be put in place.
Sustainable Environmental Management strategies should be adopted such as operational schedules and maintenance procedures, especially in December when H₂S spikes were observed. The government should Strengthen regulatory compliance through routine inspections and enforcement of NESREA and NIOSH guidelines. More public awareness should be raised about local air quality and potential health impacts to encourage community engagement and protection measures.

REFERENCES
Abam, F. I., and Unachukwu, G. O. (2009). Vehicular emissions and air quality standards in Nigeria. European Journal of Scientific Research, 34(4), 550-560.
Adeniran, J. A., Yusuf, R. O., Fakinle, B. S., and Sonibare, J. A. (2019). Air quality assessment and modelling of pollutants emission from a major cement 	plant 	complex in Nigeria. Atmospheric Pollution Research, 10(1), 257-266.
Aja, O. E., Obiageli, O. V., Oragwu, I. P., Princewill, O. A., & Okwuego, P. O. (2025). Assessment of Heavy Metals and Polycyclic Aromatic Hydrocarbons in Soil and Water in Selected Mining Areas of Ebonyi State, Nigeria. Journal of Global Ecology and Environment, 21(2), 12–27. https://doi.org/10.56557/jogee/2025/v21i29123.
 Alaba, O. C., & Ayodele, M. B. (2022). Cement Industry and Climate Change in Nigeria: A 	Case Study of Dangote Obajana Cement Plant. Universal Journal of 	Geoscience, 9(2), 21-29
Al-Zboon, K., Matalqah, W., & Ammary, B. (2021). Effect of Cement Industry on 	Ambient Air Quality and Potential Health Risk: A Case Study from Riyadh, 	Saudi 	Arabia. Jordanian Journal of Engineering & Chemical 	Industries (JJECI), 4(1).
Andrew, R. M. (2018). Global CO 2 emissions from cement production. Earth System Science 	Data, 10(1), 195-217.
Bada, B. S., Olatunde, K. A., & Oluwajana, A. (2013). Air quality assessment in the vicinity of Cement company. International Research Journal of Natural Sciences, 1(2), 34-42.
Elehinafe, F. B., Ezekiel, S. N., Okedere, O. B., & Odunlami, O. O. (2022). 	Cement industry–Associated emissions, environmental issues and 	measures for the control of the emissions. Mechanical Engineering 	for Society and Industry, 2(1), 17-25
Gibbs, M. J., Soyka, P., Conneely, D., & Kruger, M. (2000). CO2 emissions from cement 	production. Good practice guidance and uncertainty management in National Greenhouse 	gas inventories, 175-182.
Gobo, A. E., Ideriah, T. J. K., Francis, T. E., & Stanley, H. O. (2012). Assessment 	of 	air 	quality and noise around Okrika communities, Rivers State, 	Nigeria. Journal 	of 	Applied Sciences and Environmental 	Management, 16(1), 75-83.
Isaiah, O. O., Olusegun, O. A., Blessing, A. G., and Samson, A. O. (2021). 	Environmental and health implications of cement production plant 	emissions in nigeria: Ewekoro cement plant as a case 	study. Chemistry Journal, 6(1), 1-8.
[bookmark: _GoBack]Irin, N. A., Arju, J. O., Sakib, F. S., Ishmam, S. A. S., and Arnob, A. R. (2020). 	A case study on Air Pollution in Cement Industry. Bangladesh 	University: Dhaka, Bangladesh.
Kabir, G., and Madugu, A. I. (2010). Assessment of environmental impact on air quality by cement industry and mitigating measures: a case study. Environmental monitoring and assessment, 160, 91-99.
Korontzi, S. (2005). Seasonal patterns in biomass burning emissions from southern African vegetation fires for the year 2000. Global Change Biology, 11(10), 1680-1700.
Lewis, R. J., & Copley, G. B. (2015). Chronic low-level hydrogen sulfide exposure and potential effects on human health: a review of the epidemiological evidence. Critical Reviews in Toxicology, 45(2), 93-123.
Matodzi, V. (2019). Multi-elemental analysis of heavy metals present in 	dust emitted from cement plants located in Pretoria and Thabazimbi, 	South Africa (Doctoral dissertation).
Oka, O.K., E.N Ojiako., A.P. Okeke, and E.N. Anagbogu. (2025). “Characterization and Risk Assessment of Heavy Metals and Hydrocarbon Sludge in the Nsisioken Environment, Rivers State Nigeria”. Journal of Global Ecology and Environment 21 (3):110-23. https://doi.org/10.56557/jogee/2025/v21i39392.
Samadi, M., Huseien, G. F., Mohammad shosseini, H., Lee, H. S., Lim, N. H. A. S., Tahir, M. M., & Alyousef, R. (2020). Waste ceramic as low cost and eco-friendly materials in the production of sustainable mortars. Journal of Cleaner Production, 266, 121825.
Seinfeld, J. H. (2004). Air pollution: A half century of progress. AIChE Journal, 50(6), 1096
[bookmark: _Hlk200489493]Sivaramanan, S. (2015). Air Pollution sources, pollutants and mitigation measures. Research Gate, DOI, 10(2.1), 5106-8485.
Worrell, E., Price, L., Martin, N., Hendriks, C., & Meida, L. O. (2001). Carbon dioxide 	emissions from the global cement industry. Annual review of energy and the 	environment, 26(1), 303-329.
Chart of H2S emissions in ppm ( limit- 10)

H2S	
August	September	October	November	December	January	0.83	0.91	0.91	0.83	10.58	0.66	Monthly variation of H2S emissions
i


Monthly variation of H2S emissions




Chart  of CO2, CO and H2S monthly emmisions
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Chart of meteorological variables
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Chart of CO emissions in µg/m3 (limit- 10,000)


CO (µg/m3)	
August	September	October	November	December	January	4966.67	4129.12	4583.33	3960	6375	6166.67	Monthly variation of CO emissions



CO emission values







