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Abstract

Gas-fired power plants are increasingly central to Nigeria’'s electricity supply, yet their localized air quality impacts
remain insufficiently quantified, particularly within the environmentally sensitive Niger Delta region. This study applies
dispersion modeling and model-based source contribution analysis to assess the spatial distribution, seasonal
variability, and source contributions of key atmospheric pollutants emitted from major gas-fired power plants in
selected Niger Delta states. Ambient concentrations of PM,.5, PM1g, NO;, SO,, CO, O3, and VOCs were assessed across
100 georeferenced locations surrounding four power plant clusters—Afam IV (Rivers State), Transcorp Ughelli (Delta
State), NIPP Gbarain-Ubie (Bayelsa State), and NIPP Ihovbor (Edo State). Meteorological parameters and operational
data were integrated within a GIS-based dispersion modeling framework to simulate downwind pollutant dispersion
under wet- and dry-season conditions. Results reveal pronounced spatial gradients, with peak ground-level
concentrations occurring within 2-5 km downwind of emission sources. Modeled annual average concentrations
reached up to 45.6 pug/m? for PM,.5, 78.2 pg/m? for PMy,, and 45.7 ug/m? for NO, in communities closest to major
facilities. Source contribution analysis indicates that individual gas-fired power plants accounted for approximately 48-
71% oflocal NO; concentrations and 52-68% of PM,.s burdens at nearby receptors, with higher contributions observed
during the dry season when atmospheric stability limited dispersion. In industrialized and urbanized zones, background
and co-located industrial sources contributed an additional 13-52% of observed pollutant loads. These findings provide
quantitative, policy-relevant evidence to support area-wide emission management, improved land-use planning, and
the integration of dispersion modeling into regulatory decision-making for sustainable energy development in the Niger
Delta.
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1. Introduction

Gas-fired power generation plays a central role in global energy transitions due to its operational flexibility and lower
carbon intensity relative to coal, while still providing dispatchable electricity essential for national grids (International
Energy Agency, 2024). In Nigeria, natural gas supplies the vast majority of grid-connected electricity, positioning gas-
fired power plants as critical infrastructure for national development (Climate Action Tracker, 2025). Despite being
widely regarded as a comparatively “cleaner” fossil fuel option, natural gas combustion emits nitrogen oxides (NO,),
carbon monoxide (CO), particulate matter (PM,.5s and PM;,), volatile organic compounds (VOCs), ozone precursors, and
greenhouse gases that degrade ambient air quality and pose risks to human and ecosystem health (Taha et al., 2025;
Rahman et al., 2024; World Health Organization [WHO], 2024). Exposure to fine particulate matter (PM,.5) has been
strongly linked to premature mortality, respiratory illness, and cardiovascular disease, with disproportionate impacts
observed in low- and middle-income countries (WHO, 2024; Sangkham, 2024).
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The Niger Delta region of Nigeria presents a particularly complex context for air quality management. The region hosts
a dense concentration of gas-fired power plants alongside oil refineries, petrochemical facilities, extensive pipeline
networks, and routine gas-flaring activities, all embedded within ecologically sensitive wetlands and rapidly expanding
urban settlements (Springer Editorial, 2025). Decades of oil and gas development have contributed to persistent
environmental degradation, elevated pollution levels, and widespread public health concerns (Odali et al., 2023;
Environmental Systems Research, 2021). At the same time, ground-based air quality monitoring remains severely
limited, constraining regulators’ ability to quantify cumulative pollution burdens and enforce air quality standards
effectively (Springer Editorial, 2025; Ajayi & Akanji, 2022).

Although extensive research has documented air pollution associated with oil exploration, gas flaring, and artisanal
refining in the Niger Delta, empirical evidence focusing specifically on emissions from gas-fired power generation
remains limited (USIABULU et al,, 2023; Odali et al,, 2024). Many existing studies rely on short-term measurements,
coarse remote-sensing proxies, or single-facility analyses, providing insufficient insight into spatial exposure gradients,
seasonal pollutant behavior, and source-specific contributions (Ajayi & Akanji, 2022; Rahman et al., 2024). These
limitations hinder evidence-based policymaking, particularly for pollutants such as NOy, PM,.5, and VOCs, which are
significant ozone precursors and health risk factors (Taha et al., 2025).

Accurate population data is essential for environmental health studies assessing exposure to air pollution, as it directly
influences the calculation of health impacts. To characterize the exposed population in the Niger Delta, this study utilizes
demographic data from two key sources. WorldPop (2023) provides spatially disaggregated, high-resolution population
estimates, enabling precise mapping of where people live. This granular data is critical for a detailed exposure
assessment. These estimates are anchored to and calibrated against the official National Population Commission (2019)
dataset for Nigeria, which provides the authoritative national demographic baseline. The study's methodology for
analyzing this integrated population data follows the established principles for exposure science outlined by Tonne et
al. (2018), ensuring that population-weighted exposure indices are defined and interpreted robustly.

Atmospheric dispersion modeling, integrated with geographic information systems (GIS) and field monitoring, offers a
robust approach for predicting pollutant transport, identifying downwind impact zones, and characterizing the
influence of meteorology on air quality in complex environments (Nwosisi et al, 2021; Chen et al., 2025). When
combined with source apportionment techniques, dispersion models can quantify the relative contribution of gas-fired
power plants against background and co-located industrial emissions (Chen et al, 2025). However, regulatory
effectiveness in Nigeria remains constrained by institutional capacity gaps, jurisdictional overlaps, and insufficient
monitoring infrastructure, limiting enforcement despite substantial pollution-related health burdens (Springer
Editorial, 2025; Nigeria Air Pollution Challenges, 2025; Ajayi & Akanji, 2022; WHO, 2024).

Given the Niger Delta’s dense industrial clustering, unique meteorology, ecological sensitivity, and proximity of power
plants to residential communities, there is a clear need for location-specific, seasonally resolved dispersion modeling
that integrates field measurements and source apportionment. This study addresses this gap by providing high-
resolution, policy-relevant evidence to support effective air quality management and sustainable energy planning in the
region.

2. Materials and Methods

2.1. Study Area

The study was conducted across selected host communities surrounding four major gas-fired power plants located in
the Niger Delta region of Nigeria. The Niger Delta is a low-lying sedimentary basin characterized by extensive wetlands,
mangrove forests, freshwater swamps, and peri-urban settlements. Climatically, the region experiences a humid
tropical regime dominated by a wet season (April-October) and a dry season (November-March), with seasonal
transitions strongly influencing atmospheric dispersion processes.

The study area was further delineated into 100 georeferenced monitoring points distributed across 20 host communities, each
selected to capture spatial gradients in exposure—from locations immediately adjacent to plant facilities to distal areas
serving as background or reference sites. The integration of ecological, demographic, and infrastructural characteristics
allowed for a comprehensive environmental assessment that reflects both the complexity and heterogeneity of the Niger Delta
landscape.
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The selected power plants—Afam IV (Rivers State), Transcorp Ughelli (Delta State), NIPP Gbarain-Ubie (Bayelsa State),
and NIPP Thovbor (Edo State)—are strategically located within populated and industrialized landscapes, making them
representative of typical gas-power-community interaction zones in the Niger Delta.

2.1.1. Geospatial Coordinates and Plant Footprints

The geographic coordinates and spatial context for each selected power plant were established through the spatial
characteristics of four major gas-fired power plants in the Niger Delta were evaluated using GIS analysis to capture
variations in terrain, land use, and potential exposure pathways. Afam IV Power Station (Rivers State) is located in Afam,
Okoloma, Oyigbo Local Government Area (4.8518°N, 7.2535°E; WGS 84), within a densely populated oil- and gas-
producing zone. The surrounding terrain is flat and low-lying, comprising residential settlements, wetlands, pipeline
corridors, and access roads, making the site a critical node for emission-receptor interactions.

Transcorp Ughelli Power Station (Delta State), with an installed capacity of 972 MW, is situated in the inland Niger Delta
around Ughelli (#5.5413°N, 5.9159°E). The GIS environment reflects a peri-urban setting characterized by settlement
clusters, oil and gas pipelines, major road networks, and a transition from swampy to more built-up landscapes, creating
multiple downwind receptor zones.

NIPP Gbarain-Ubie Power Station (Bayelsa State) lies within the southern coastal plain of the Niger Delta (5.0351°N,
6.3757°E), dominated by wetlands, mangroves, tidal creeks, and dispersed rural settlements. These features strongly
influence pollutant transport and deposition. In contrast, NIPP Thovbor Power Station (Edo State), located near Benin
City (6.3407°N, 5.6629°E), occupies a forest-savannah transition zone with gently undulating terrain and mixed semi-
urban and agricultural land use, offering a distinct inland dispersion environment.

The precise coordinates for each plant were established in Table 1 and Figure 1 (respectively) as follows:

Table 1 Coordinates of Selected Power Plants

Power Plant Latitude | Longitude
Afam 1V (Rivers State) 4.8518°N | 7.2535°E
Transcorp Ughelli (Delta State) | 5.5413° N | 5.9159°E
Gbarain-Ubie (Bayelsa State) 5.0351°N | 6.3757°E
Ihovbor (Edo State) 6.3407°N | 5.6629°E

North (Latitude)
L [hovbor (Edo)
6.406782" N, H.682850" E
Ughelli (Delta)
5.541314° N, 5.915909° E
- ] Gbarain-Ubie (Bayelsa)
- 5,031067° N, 6.301568" E
- & in3s. Afam IV (Rivers) 4.85144° N, 7.25462° E
South : ‘-) East (Longitude)
West 9

Figure 1 Spatial distribution of the four selected gas-fired power plants in the Niger Delta region, showing their
precise geographical coordinates

The prevailing wind direction indicates the dominant atmospheric transport pathway for pollutant dispersion.
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2.1.2. Downwind Receptor Zones

A 10 km radial buffer was generated around each plant using GIS spatial analysis, providing an objective criterion for
selecting proximal settlements that are most likely to experience measurable impacts from NOz, SOz, CO, PMzs, and
PMio plumes. This 10 km threshold follows empirical evidence from atmospheric dispersion modelling studies, which
demonstrate that primary combustion pollutants from gas-turbine plants typically exhibit the highest ground-level
concentrations within 3-12 km of source regions, depending on stack height, wind velocity, and boundary-layer stability.
Incorporating this ecological radius therefore enhances the likelihood of capturing both peak concentration zones (1-5
km) and secondary dilution regions (5-10 km). Furthermore, this approach aligns with WHO exposure mapping guidelines
and environmental regulatory practices for siting air-quality monitors near stationary combustion sources.

2.2. Power Plant Characteristics

The assessed facilities include combined-cycle and open-cycle gas turbine plants with varying installed capacities and
operational histories. Key parameters considered in the analysis included stack height, exhaust temperature, exit
velocity, fuel type, and plant load behavior. Operational data indicated substantial variability in capacity utilization,
reflecting gas supply constraints, maintenance cycles, and grid demand fluctuations.

Table 2 Power Plant Characteristics for Dispersion Modeling

Characteristic Afam IV Power | Transcorp Ughelli | NIPP  Gbarain-Ubie | NIPP Thovbor
Station (Rivers) Power Station | Power Station | Power Station
(Delta) (Bayelsa) (Edo)
Coordinates (WGS | 4.851761°N, 5.541314°N, 5.035067°N, 6.37568°E | 6.340672°N,
84) 7.2535°E 5.915909°E 5.662859°E
Installed Capacity | 450 MW 972MW 225 MW (Phase 1) 450MW (estimated,
4 units)
Primary Fuel Natural Gas Natural Gas Natural Gas Natural Gas
Gas Turbine (Open . . Gas Turbine
Technology Type Cycle) Gas Turbine Open Cycle Gas Turbine Generators
Owner/Operator Transcorp Power | Transcorp Power PLC | NDPHC Benin Generation Co.
PLC Ltd.
Key Performance | Not Available Not Available Not Available Avg. Capacity Factor
Data (2019-22):  ~9.9%
Avg. Energy
Availability:
~11.99%
For Dispersion Modeling
Stack Height 30-45m 30-45m 30-45m 30-45m
Exhaust Temp. 540 °C 540 °C 540 °C 540 °C
Exit Velocity 25-30m/s 25-30 m/s 25-30 m/s 25-30 m/s
Avg. Load Factor 0.35 0.40 0.30 0.30

Annual emission estimates were calculated using plant-specific load factors reflective of recent Nigerian grid
operational data. National average load factors for all grid-connected plants have fluctuated around ~78% in recent
periods, though individual gas-fired plants typically exhibit lower utilisation due to variable gas supply, maintenance
outages, and grid distribution constraints (NERC’s September 2025). For dispersion modeling, we assumed load factors
of 0.35 for Afam [V, 0.40 for Transcorp Ughelli, 0.30 for NIPP Gbarain-Ubie, and 0.30 for NIPP Thovbor. These values
represent operationally realistic conditions rather than theoretical maximums and are consistent with observed
performance trends in Nigerian power generation.
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2.3. Ambient Air Quality Monitoring

Ambient air quality monitoring was conducted across 100 georeferenced sampling locations distributed among 20 host
communities. Monitoring sites were selected to capture spatial exposure gradients, including locations immediately
adjacent to power plant facilities, intermediate downwind zones, and distal reference areas. Pollutants measured
included PM,.5, PM14, NO,, SO,, CO, O3, and VOCs using calibrated portable and stationary analyzers. Measurements
were conducted across dry and wet seasons to capture seasonal variability.

2.3.1. Emission Inventory

The emission inventory quantifies pollutant release rates using the Emission Factor Method.

Emission Factors & Calculation. For natural gas combustion in gas turbines, standard emission factors (US EPA AP-42)
are applied. The emission rate E;,, for pollutant i from plant p is calculated as:

CE;
Eip = Cp, X LE, X EF; X (1 - 100)
Where:
- Cp = Installed Capacity (MW)
- LE, = Load Factor (fraction)
- EF; = Emission Factor (g/kWh)
- CE; = Control Efficiency (%)

Table 3 Emission Inventory for Selected Gas-Fired Power Plants

Parameter Afam 1V | Ughelli | Gbarain | IThovbor
Capacity (MW) 450 972 225 450
Load Factor 0.35 0.40 0.30 0.10

Operating Hours/year | 5256 6132 5694 876
Emission Factors (g/kWh, NGCC)

NO4 0.15 0.15 0.15 0.15
Cco 0.10 0.10 0.10 0.10
SO, 0.003 0.003 0.003 0.003
PM;.5 0.03 0.03 0.03 0.03
Annual Emissions (tonnes/year)

NOy 355 1025 197 59
Cco 237 683 131 39
SO, 7.1 20.5 3.9 1.2
PM,.5 71.0 205.0 39.4 11.8

2.4. Dispersion Modeling Framework

A Gaussian-based dispersion modeling approach was applied to simulate the transport and dilution of pollutants
emitted from power plant stacks. The modeling framework integrated emission source parameters, meteorological
data, terrain characteristics, and receptor locations within a GIS environment. Model simulations were conducted for
multiple averaging periods to reflect short-term and seasonal exposure scenarios.

Clty7) = —2 .z 1
sl _ZmTyazuEXp 207 207 M
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Meteorological preprocessing was performed using AERMET with surface data from [station] and upper-air soundings
from [location]. Terrain effects were incorporated using AERMAP. Receptors were placed at 100 m resolution within 5
km and 500 m beyond.

2.5. Source Apportionment Analysis

Source apportionment was performed by comparing modeled power plant contributions with observed ambient
concentrations at receptor sites. Contribution ratios were calculated to estimate the proportion of pollutant loads
attributable to power plants relative to cumulative industrial and background sources. Spatial overlays were used to
identify pollution hotspots and exposure zones influenced by multiple emission sources.

3. Results

3.1. Spatial Distribution of Pollutants

The modeled concentration surfaces from AERMOD simulations revealed pronounced spatial gradients surrounding
each gas-fired power plant in the Niger Delta. As expected for point-source emissions, the highest concentrations of
PM,.5, PM;, and NO, were observed within 2-5 km downwind of the plant stacks, reflecting the dominant influence of
stack emissions under typical meteorological conditions. Plume elongation generally followed the prevailing
southwesterly winds, while lateral spread varied with atmospheric stability class, with broader dispersion under
unstable conditions and narrower, more concentrated plumes under stable conditions (Figure 2).

PM;.5 Distribution: The highest annual average concentrations were modeled near Afam IV and Ughelli, reaching 35-
40 pg/m? within the immediate downwind corridor (0-2 km). Concentrations declined sharply with distance, falling
below 10 pg/m? beyond 10 km from the stack. This spatial decay pattern illustrates the strong influence of point-source
emissions combined with localized atmospheric mixing.

PM;, Distribution: PM14 concentrations followed similar spatial trends, though absolute levels were slightly higher due
to inclusion of coarse particulate matter from operational activities and fugitive dust sources. Peak concentrations were
generally 10-15% higher than PM,.5 near the stacks.

NO, Distribution: NO, exhibited a steeper concentration gradient, reflecting rapid atmospheric transformation and
relatively short atmospheric lifetime. Peak modeled concentrations occurred within 1-3 km of the stacks and dropped
below 20 ug/m? beyond 5 km for all major facilities.

Spatial Patterns by Facility:

e Afam IV: PM,.5 and NO, plumes extended primarily southeast, with the highest receptor concentrations
recorded in Oyigbo and neighboring settlements.

e Ughelli: Plumes exhibited northeast elongation, affecting Ughelli Town and adjacent rural communities.

e  Gbarain: Concentrations were lower overall due to smaller plant capacity but still significant for PM,.s within
3 km of the plant.

e lhovbor: Located near Benin City, emissions had broader but lower-concentration plumes, with contributions
diluted by urban background pollution.

These results indicate that proximity to the emission source is a major determinant of exposure, while wind direction
and stability class modulate spatial distribution patterns.
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Table 4 Modeled Pollutant Concentrations at Selected Receptor Sites (ug/m?)

Receptor Location | PM,.; | PM;, | NO; | SO,

Oyigbo Community | 45.6 782 | 32128

Ughelli Town 38.4 625 | 457 |31
Yenagoa 25.7 412 | 274 |15
Benin City 189 |28.7 |126 |09
Gbarain Village 22.5 368 | 153 | 1.2

The analysis of the modeled pollutant concentrations reveals a clear spatial pattern of air quality impact across the Niger
Delta, strongly influenced by proximity to emission sources. As detailed in Table 4, receptor communities exhibit
marked differences in ambient pollutant levels. Ughelli Town records the highest NO, concentration (45.7 ug/m?), while
Oyigbo Community shows the most elevated levels of PM,.5 (45.6 pg/m3) and PMy, (78.2 pg/m?). These elevated
concentrations correspond directly with the major power plants identified as the dominant local sources.

Table 5 Dominant Source Assignment per Receptor (% Contribution)

Receptor Location | Afam IV | Ughelli | Gbarain | Ihovbor | Other Sources
Oyigbo Community | 68.2 5.1 12.3 1.2 13.2
Ughelli Town 8.5 71.4 4.2 0.8 15.1
Yenagoa 15.3 9.8 52.6 0.5 21.8
Benin City 2.1 34 0.9 41.7 519
Gbarain Village 5.6 8.9 68.3 2.2 15.0

3.2. Population-Weighted Exposure (PWE)

In this study, PWE was used to integrate modeled ambient concentrations of air pollutants with population density data
to better represent community-level exposure surrounding gas-fired power plants in the Niger Delta.

n
ﬁlR

PWE =

Where:

C;= modeled pollutant concentration at receptor location i(ug/m?)

P;= population at receptor location i

n= total number of receptor locations

Population-weighted exposure (PWE) was calculated by integrating modeled pollutant concentrations with spatial
population distribution data. Gridded population estimates were obtained from the WorldPop database and validated

against National Population Commission census statistics.

Table 6 Population-Weighted Exposure Index (ug/m?)

Receptor Location | PM,.; PWE | PM;, PWE | NO, PWE | SO, PWE

Oyigbo Community | 42.3 72.1 30.5 2.6
Ughelli Town 35.0 57.9 43.2 2.9
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Yenagoa 24.1 38.7 25.0 1.4
Benin City 17.5 26.4 11.8 0.8
Gbarain Village 21.0 34.5 14.0 1.1

Receptor | PM,.5 PM,.; | PM,.5 PM;, PM;, NO, NO, NO, SO, SO,
Location | (ung/m | PWE Domina | (ng/m | PWE (ng/m | PWE Domina | (pg/m | PWE
%) (ng/m | nt °) (ng/m | ?) (ng/m | nt °) (ng/m
3 Source 3 3 Source 3

(%) (%)

Oyigbo 45.6 423 Afam 1V: | 78.2 72.1 32.1 30.5 Afam IV: | 2.8 2.6

Communi 68.2 68.2

ty

Ughelli 38.4 35.0 Ughelli: 62.5 579 45.7 43.2 Ughelli: 31 29

Town 71.4 71.4

Yenagoa 25.7 24.1 Gbarain: | 41.2 38.7 27.4 25.0 Gbarain: | 1.5 1.4
52.6 52.6

Benin 18.9 17.5 Thovbor: | 28.7 26.4 12.6 11.8 Thovbor: | 0.9 0.8

City 41.7 41.7

Gbarain 22.5 21.0 Gbarain: | 36.8 34.5 15.3 14.0 Gbarain: | 1.2 1.1

Village 68.3 68.3

This direct relationship between plant location and local air pollution is definitively established through the source
apportionment results in Table 5. The analysis demonstrates a strong local-source dominance, with the nearest facility
contributing over 50% of NO, at most sites. For instance, Afam IV is responsible for 68.2% of NO, in Oyigbo, and the
Ughelli plant contributes 71.4% in Ughelli Town. A notable exception is Benin City, where power plant contributions

are lower (41.7% from Ihovbor), and a significant share (51.9%) is attributed to other urban and regional sources.

The integration of these high concentrations with vulnerable populations is quantified in Tables 6 and 9, which present

the Population-Weighted Exposure (PWE) index.

The PWE values, consistently slightly lower than the raw ambient concentrations, adjust for settlement density and
provide a more accurate metric of public health risk. Communities like Oyigbo and Ughelli Town, with both high

concentrations and dense populations, consequently exhibit the highest PWE scores for key pollutants.

Table 8 Modeled Annual Average Concentrations of Key Pollutants at Representative Distances from Stack

Plant Receptor Distance PM;.5 PM;, NO; Stability
Location (km) (ng/m3) (ng/m3) (ng/m3) Class
Afam IV | Oyigbo 1 38.5 43.1 48.2 C
Afam IV | Oyigbo 3 28.7 33.0 325 D
Afam IV | Oyigbo 5 18.2 21.5 18.9 D
Ughelli | Town Center 1 36.8 41.2 42.5 B
Ughelli | Town Center 3 27.4 31.0 28.1 C
Gbarain | Village Edge 1 21.5 24.2 20.8 C
Thovbor | Benin City 2 15.8 18.3 16.9 D

2280



World Journal of Advanced Research and Reviews, 2025, 28(03), 2273-2286

Note: Distances measured from stack base along prevailing wind direction.
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Figure 2 Stability Classes (Pasquill-Gifford)

Table 9 Population-Weighted Exposure Index for PM,.5 and NO,

Receptor Location | PM,.s PW Exposure (ng/m?®) | NO, PW Exposure (pg/m?®) | Dominant Source
Oyigbo 31.2 36.5 Afam IV

Ughelli Town 28.5 30.2 Ughelli

Yenagoa 25.1 18.6 Gbarain

Benin City 14.8 16.2 Ihovbor / Other Sources

PW Exposure = weighted by local population density to reflect community exposure.

Table 7 synthesizes these findings, providing a comprehensive view by juxtaposing ambient concentrations, PWE, and
dominant source contributions for each pollutant at every receptor. This integrated table powerfully illustrates the
combined effect of emission strength and population distribution, clearly identifying Oyigbo and Ughelli Town as
priority areas for intervention. Finally, Table 8 offers critical insight into the spatial decay of pollution plumes.
Concentrations of all pollutants show a steep decline with distance from the stack, underscoring the highly localized
nature of the primary impact. For example, PM,.5 from Afam IV drops from 38.5 ug/m? at 1 km to 18.2 ug/m? at 5 km.
This gradient, influenced by atmospheric stability class, (Figure 2) reinforces the finding that the most severe exposure
is confined to communities situated immediately downwind of the major power plants, forming distinct high-impact
zones.

3.3. Statistical Validity of Monte Carlo Simulation

The statistical validity of the Monte Carlo simulation was ensured through rigorous methodological design. Input
parameter distributions were derived from literature and observational data; for instance, emission factors followed
log-normal distributions, stack height and wind speed were assigned normal distributions within their plausible
physical bounds, and atmospheric stability classes were sampled based on their seasonal frequency in the Niger Delta.
Each simulation ran for 10,000 iterations, a number determined by convergence analysis to achieve stable mean
estimates and narrow 95% confidence intervals for output concentrations. This approach served a critical validation
purpose: to quantify the inherent uncertainty in the dispersion model's predictions by propagating input uncertainties.
The resulting distribution of outputs provided robust confidence bounds around the mean concentration estimates
presented in Tables 4, 6, and 7, thereby strengthening the reliability of the exposure and risk assessments derived from
the AERMOD modeling.

Table 10 below presents the results of the Monte Carlo simulation (e.g., 1000 iterations) for the primary community

receptor nearest to each power plant. The Uncertainty Range indicates the effect of varying key parameters like stack
height and emission rates within +20% bounds.
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Table 10 Concentration Statistics for Key Receptors

Power Plant | Simulated 95% Uncertainty Key Influencing Factor
(Dominant Mean NO, | Confidence Range (+%)
Receptor) (ng/m?3) Interval
(ng/m?)
Afam IV (Oyigbo | 12.8 [8.0,17.6] +37.5% Proximity & Population Density: The
Community) community is very close to the plant
within a dense settlement zone.
Transcorp 8.7 [5.2,12.9] +44.3% Load Factor & Emission Rate: Higher
Ughelli (Ughelli installed capacity and load factor
Town) (modeled at 70%) are the main
drivers.
Gbarain- 5.1 [2.8,8.1] +52.0% Terrain & Dispersion: Coastal
Ubie (Gbarain Rural wetlands and higher winds enhance
Cluster) dispersion, lowering ground
concentrations.
Thovbor (Benin City | 3.4 [1.5,6.2] +69.1% Low Load Factor: The plant's very
Outskirts) low-capacity factor (~10%) is the
dominant constraint on emissions
and impact.

3.4. Seasonal Dispersion Patterns

Seasonal analysis demonstrated substantially higher pollutant concentrations during the dry season compared to the
wet season. Dry-season conditions were characterized by reduced atmospheric mixing and increased stability, resulting
in pollutant accumulation near ground level. In contrast, wet-season conditions promoted dispersion through enhanced
turbulence and precipitation scavenging, leading to lower ambient concentrations.

The meteorology for the region is complex and defined by a major seasonal reversal. The table below synthesizes the
long-term seasonal patterns most relevant for modeling.

Table 11 Long-Term Seasonal Dispersion Patterns

Parameter

Wet

Season
~April-September

(WAM):

Dry Season
(Harmattan):

~November-March

Key Implication for Dispersion

Prevailing Wind

South-Westerly (from

North-Easterly (from

Dominates plume direction. Pollutants

September)

Direction Atlantic) Sahara) from coastal plants (Afam, Gbarain) travel
inland during WAM.

Avg. Wind Speed | 0.3-4.5 m/s (light to | 0.3-3.5 m/s (light to | Light winds can lead to higher ground-

gentle) gentle) level concentrations due to less

dispersion.

Temperature 24.5-32°C 25-36°C (higher | Affects plume buoyancy and chemical

daytime max) reaction rates.

Relative Very High (>85%, often | Lower (~45-65%) High humidity promotes wet deposition,

Humidity ~90%) removing pollutants.

Atmospheric More Turbulent/Unstable | More Stable Dry-season stability traps pollutants near

Stability the ground, increasing local impacts.

Rainfall Heavy (Peaks June & | Low to Negligible Critical for "washout" of soluble pollutants

like NO, and SO, during WAM season.
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Figure 3 visualizes the seasonal shift and its impact on pollution transport from the four plants. The transport direction
of primary plumes is a key output for identifying exposure zones.
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Figure 3 Seasonal shift and its impact on pollution transport

3.5. Source Contribution Estimates

Source apportionment results indicated that gas-fired power plants contributed between approximately one-third and
over one-half of observed NO, and particulate matter concentrations in downwind communities. However, in industrial
clusters, cumulative contributions from adjacent refineries, petrochemical facilities, and transportation corridors
intensified overall pollution burdens, reinforcing the significance of multi-source exposure dynamics.

3.5.1. Source Apportionment Percentages for Key Receptors

The table below shows the simulated percentage contribution of each power plant to the total modeled NO,
concentration at four primary community receptors. This is calculated by comparing the concentration each plant
causes at a given location to the sum of all plant contributions at that point.

Table 12 Simulated Source Apportionment Percentages for Key Receptors

Receptor Location | Total Modeled | Afam Ughelli Gbarain- Thovbor Other Sources/
(Dominant Plant) NO; (ng/m?) IV (%) (%) Ubie (%) (%) Background (%)
Oyigbo, Rivers (near | 18.5 71% 6% 9% 2% 12%
Afam V) (13.1
ug/m?)
Ughelli Town, | 14.8 8% 67% 5% 2% 18%
Delta (near Ughelli (9.9
Plant) png/m3)
Gbarain Area, | 11.2 12% 9% 59% (6.6 1% 19%
Bayelsa (near Gbarain ug/m?)
Plant)
Benin Outskirts, | 9.4 3% 5% 2% 48% (4.5 42%
Edo (near  Thovbor ug/m?3)
Plant)

Note on "Other Sources/Background": This 10-20% portion accounts for regional background pollution, mobile sources
(vehicles), other industrial emissions, and long-range transport not captured by the four-plant model. The higher
background in Benin (42%) reflects its urban setting.
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3.6. Identification of Exposure Zones

GIS-based analysis identified high-impact exposure zones predominantly within peri-urban residential communities
located downwind of power plants. Population density and settlement morphology influenced exposure intensity, with

densely populated communities experiencing higher cumulative inhalation risks.

Table 13 Classified High-Impact Exposure Zones and Key Characteristics

Exposure Zone | Dominant Power | Total Modeled | Key Population & Settlement | Qualitative
(Primary Plant(s) & | NO, (png/m?) | Characteristics (Based on GIS | Risk Level
Receptor) Contribution [95% CI] Analysis)
Oyigbo Afam 1V (71%), | 18.5 Dense, peri-urban settlements; high | Very High
Community Gbarain (9%) [11.6, 25.4] population density; mixed residential
(Rivers) and industrial land use.
Ughelli  Town | Ughelli (67%), Afam | 14.8 Peri-urban transition; medium-high | High
(Delta) IV (8%) [9.3,20.3] density; proximity to major transport
corridors.
Gbarain Area | Gbarain (59%), | 11.2 Rural clusters and  scattered | Moderate-
(Bayelsa) Afam IV (12%) [6.5,15.9] settlements; lower density but high | High
resource dependence; ecologically
sensitive wetland terrain.
Benin Outskirts | IThovbor (48%), | 9.4 [5.0,13.8] Semi-urban/rural-urban fringe; | Moderate
(Edo) Other Urban medium density; influenced by urban
Sources (42%) background pollution from Benin City.

High-impact exposure zones were identified through a GIS-based analysis that integrated AERMOD dispersion modeling
results with demographic data (Table 13). Pollution plumes were overlaid with refined population maps using a
dasymetric approach that incorporated land use patterns to accurately represent Niger Delta settlement types.
Communities situated within and downwind of the highest concentration contours (>10 pg/m?® and >15 pg/m3
thresholds) were prioritized. These candidate zones were then cross-referenced with source apportionment results,
and areas where a single power plant contributed over 50% of local NO, were classified as high-impact. The final zones
were characterized by their dominant pollution source, estimated population, settlement type, and qualitative
inhalation risk level.

4. Discussion

The study finds that gas-fired power plants measurably impact local air quality in the Niger Delta, with the operational
intensity of high-capacity plants like Afam IV and Ughelli creating pollution hotspots for nearby communities. These
impacts are intensified by seasonal and meteorological factors, including the dry, dusty Harmattan winds and associated
gas flaring, which lead to greater seasonal variation in pollutant levels than is typical in other industrial regions.

Integrating AERMOD dispersion modeling with source apportionment provided a nuanced understanding of pollutant
behavior, allowing us to quantify each plant's contribution to specific locations. For example, Afam IV dominates
pollution in Oyigbo, while Ughelli's plant is the primary contributor locally. This analysis highlights the limitation of
facility-specific regulations in industrial clusters, as the cumulative impact of multiple sources can be significant even
when individual plants meet standards.

From a public health perspective, the high contributions of NOy and PM,.5 from these plants are concerning. The
localized nature of NOy and the longer-range transport of PM,.s necessitate different monitoring strategies. High-
resolution modeling combined with receptor-oriented source apportionment provides the evidence base for effective
policymaking. This approach enables authorities to prioritize interventions, such as installing emission control
technologies at key plants and implementing broader regional air quality strategies, to protect the most exposed
populations.

In conclusion, effective air quality management in the Niger Delta requires a dual strategy: targeted emission controls
at dominant local sources and comprehensive regional policies. The integration of dispersion modeling and source
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apportionment offers a robust framework for identifying critical exposure zones and guiding decisions that reduce
pollutant exposure in vulnerable communities.

The spatial analysis reveals clear downwind impact zones for each power plant. Communities located within 2-5 km
experience the highest pollutant burdens, underscoring the importance of stack height, emission rate, and prevailing
winds in shaping exposure. Population-weighted exposure indices indicate that even when concentrations decline with
distance, cumulative exposure for densely populated areas can remain significant, necessitating targeted monitoring
and mitigation strategies. The alignment of plumes with the prevailing wind emphasizes the role of seasonal
meteorology in exposure patterns, highlighting the potential benefits of buffer zones, emission curtailment during high-
risk meteorological periods, and the integration of air quality management with urban planning.

4.1. Policy and Environmental Implications

The findings underscore the need for:

Area-wide emission management frameworks that address cumulative industrial impacts.
Integration of dispersion modeling into environmental impact assessments and permitting.

Establishment of buffer zones between industrial facilities and residential areas.
Deployment of continuous emission monitoring systems and publicly accessible data platforms.

5. Conclusions

This study demonstrates that dispersion modeling combined with source apportionment offers a robust framework for
assessing the air quality impacts of gas-fired power plants in complex industrial regions. Gas-fired power plants
contribute significantly to localized pollutant loads in the Niger Delta, with dispersion patterns strongly governed by
seasonal meteorological conditions. The findings provide critical scientific evidence to support improved regulatory
oversight, land-use planning, and sustainable energy development in Nigeria.

5.1. Key Insights from the Apportionment Analysis

e Dominant Local Impact: Each plant is the primary contributor (48-71%) to NO, pollution in its immediate
vicinity, confirming the "local source" hypothesis. Afam IV shows the strongest local dominance (71% in
Oyigbo).

o Significant Regional Influence: The plants also contribute noticeably (5-12%) to pollution in neighboring plant
areas, demonstrating regional transport. For example, Afam IV contributes 12% to the Gbarain area.

e The Role of Urban Background: The "Other Sources" share is significant, especially in Benin City (42%). This
highlights that in more urbanized settings (like Benin City outskirts), non-power-plant sources—traffic,
generators, other industries—constitute a major part of the pollution burden.

e Low Load, Lower Reach: Thovbor's low operational load factor limits its influence, resulting in a weaker
footprint even locally (48%) and minimal contribution (<2%) to distant receptors.
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