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Abstract – Gas flaring in oil fields releases nitrogen dioxide (NO₂), a pollutant linked to respiratory illness. This study models the atmospheric dispersion of NO₂ from high‑pressure (HP) and low‑pressure (LP) flares using the AERMOD steady‑state plume model with five years (2020–2024) of meteorological data from local ground stations and the WRF mesoscale model. Emission rates (0.218 g/s per flare) were calculated from 43–47 MMSCFD of flared gas. Two scenarios were simulated: (1) both flares active, and (2) HP only active. Wind analysis revealed a persistent northeast direction (65% of observations), strongly influencing downwind transport. Predicted 1‑hour average NO₂ concentrations reached maxima of 0.682 µg/m³ (Scenario 1) and 1.70 µg/m³ (Scenario 2) both far below the WHO guideline of 10 µg/m³. Concentrations fell below 0.1 µg/m³ beyond 10 km, indicating negligible regional impact. Dual‑flare operation produced lower ground-level concentrations than a single flare, suggesting beneficial plume interaction. Results demonstrate that current flaring operations do not pose short‑term NO₂ exceedance risks under the studied arid, northeast‑wind‑dominated conditions.
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1. Introduction

Nitrogen dioxide (NO₂) is a toxic air pollutant that primarily affects the human respiratory system, increasing risks of asthma, lung infections, and cardiovascular problems. Children, the elderly, and people with pre-existing conditions are the most vulnerable (WHO, 2021). In oil fields, NO₂ is emitted from combustion processes such as gas flaring, as well as from heavy vehicle traffic and power generation. Depending on terrain, meteorology, and atmospheric chemistry, these emissions can accumulate or disperse, leading to variable local air quality (Ismail & Umukoro, 2016).
Gas flaring remains common in many oil-producing regions, particularly where gas utilization infrastructure is limited. During flaring, high-temperature combustion generates nitrogen oxides (NOx), primarily nitric oxide (NO) which rapidly oxidizes to NO₂ in the atmosphere. Once emitted, NO₂ dispersion is governed by wind speed and direction, atmospheric stability, mixing height, temperature, and surface conditions.
Several studies have investigated NO₂ dispersion from gas flaring. Ismail & Umukoro (2016) applied the Gaussian plume model in the Niger Delta, reporting peak NO₂ levels exceeding 200 µg/m³. Giwa et al. (2019) used AERMOD in Nigeria, finding concentrations approaching 150 µg/m³ within 2 km downwind. Al-Harbi & Al-Bassam (2021) modeled flare emissions in a desert environment using CALPUFF, noting that high solar insolation enhanced vertical mixing, resulting in lower ground-level NO₂.
Research gap: No study has combined five consecutive years of WRF‑downscaled meteorological data with AERMOD to assess NO₂ from gas flaring in an arid, northeast‑wind‑dominated environment. This study aims to: (1) model NO₂ dispersion from HP and LP flares using AERMOD driven by five years of WRF data; (2) predict 1‑hour average NO₂ concentrations under two operational scenarios; (3) compare with WHO guideline (10 µg/m³); and (4) identify the spatial extent of NO₂ dispersion.

2. Methodology

Study Area: The study area is located in the Mar oil field (Libya), characterized by arid climate, flat terrain, and sparse population. Two elevated gas flares (HP and LP) were modeled with identical stack parameters: height 16 m, inner diameter 0.5 m, exit velocity 39.2 m/s, exit temperature 1273 K.
Emission Rate Calculation: Total flared gas volume ranged from 43–47 MMSCFD, equally distributed between flares. Using US EPA AP-42 methodology with an NO₂ emission factor of 2.75 g/m³, the emission rate was calculated as: E = Q × EF = 7.7 m³/s × 2.75 g/m³ = 0.218 g/s per active flare.
Meteorological Data: Five years (2020–2024) of data were obtained from a local ground station (hourly wind speed, direction, temperature) and the WRF mesoscale model (12 km resolution, providing mixing heights, turbulence parameters, stability classes). Wind analysis revealed a dominant northeast wind direction (65% of observations), mean wind speed 4.2 m/s, calm conditions <5% of time.
AERMOD Configuration: AERMOD (version 22112) was run in steady-state mode with rural, flat terrain, desert land use, surface roughness 0.1 m, albedo 0.35, Bowen ratio 5.0. A polar receptor grid extended 20 km radius with 100 m spacing within 1 km. Two scenarios were simulated: Scenario 1 (HP+LP active) and Scenario 2 (HP only active). Predicted concentrations were compared against WHO 2021 guideline of 10 µg/m³ (1‑hour average).

3. Results

3.1 Meteorological Analysis: The five‑year wind rose (Figure 1) shows approximately 65% of hourly observations from the northeast quadrant (30°–60°). Mean wind speed was 4.2 m/s, with neutral (Class D) and slightly unstable (Class C) conditions dominating daytime hours. Mixing heights ranged from 200 m (night) to 1,800 m (afternoon), with a five‑year mean of 850 m.
Scenario 1 (Both flares active): Maximum predicted 1‑hour NO₂ concentration was 0.682 µg/m³ at 850 m downwind. Concentrations decayed rapidly: 0.341 µg/m³ at 1 km, 0.118 µg/m³ at 2 km, 0.042 µg/m³ at 5 km, and 0.015 µg/m³ at 10 km. The 0.50 µg/m³ isopleth extended approximately 3 km downwind.
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Figure (1) WindRose at Mar (2020-2024) 
Figure 1. Wind rose for Mar oil field (2020–2024, five‑year composite). Wind direction is predominantly from the northeast (30°–60°), accounting for approximately 65% of all hourly observations. Wind speed is color‑coded (0–2, 2–4, 4–6, 6–8, and >8 m/s). Calm conditions (<0.5 m/s) occurred in less than 5% of observations. Data sources: local ground station and WRF mesoscale model.
Scenario 2 (HP only active): Maximum predicted concentration was 1.70 µg/m³ at 620 m downwind—approximately 2.5 times higher than Scenario 1. Concentrations decayed: 0.85 µg/m³ at 1 km, 0.31 µg/m³ at 2 km, 0.11 µg/m³ at 5 km, and 0.04 µg/m³ at 10 km. The 0.50 µg/m³ isopleth extended approximately 6 km downwind.
Comparison with WHO Guideline: Both scenarios produce maxima far below the WHO guideline of 10 µg/m³. Scenario 1 reached only 6.8% of the guideline, Scenario 2 reached 17%. Safety margins are 14.7× and 5.9×, respectively. Statistical summary for Scenario 1 over five years: median 0.083 µg/m³, 90th percentile 0.214 µg/m³, 95th percentile 0.387 µg/m³, 99th percentile 0.562 µg/m³

4. Discussion

The modeling results demonstrate that 1‑hour average NO₂ concentrations from both flaring scenarios remain extremely low compared to the WHO guideline. The counterintuitive result—higher concentration when only the HP flare operates—can be explained by plume interaction. When both flares operate, plumes may interact, enhance vertical mixing, and reduce ground-level impact. A single HP flare produces a more coherent, less diluted plume that may reach the ground before full vertical mixing occurs.
Comparison with previous studies: Our results align with Al-Harbi & Al-Bassam (2021) in a desert environment, but are much lower than Niger Delta studies (Ismail & Umukoro, 2016; Giwa et al., 2019). Key differences include: arid climate (high Bowen ratio enhances vertical mixing), persistent northeast winds (no recirculation), flat terrain (no trapping), and modest emission rates (0.218 g/s per flare).
Limitations: (1) No on‑site NO₂ measurements for model validation; (2) Emission factor (2.75 g/m³) may not reflect actual flare combustion efficiency; (3) Constant emission rate assumption ignores hourly/daily flaring variations; (4) No NO₂ chemistry included (conservative for short distances); (5) No background concentration added.
Implications: Even at the maximum predicted concentration (1.70 µg/m³), health risk from short‑term NO₂ exposure is negligible. From a regulatory perspective, results suggest current flaring permits are protective of public health for NO₂. Nevertheless, the precautionary principle supports continued efforts to reduce flaring through gas reinjection or utilization.
5. Conclusion & Recommendations

This five‑year environmental assessment (2020–2024) modeled NO₂ dispersion from gas flares in an arid, northeast‑wind‑dominated oil field using AERMOD+WRF. Key conclusions:
· Maximum predicted 1‑hour NO₂ concentrations: 0.682 µg/m³ (both flares) and 1.70 µg/m³ (HP only)—both well below WHO guideline of 10 µg/m³
· Concentrations decay rapidly, falling below 0.1 µg/m³ beyond 5–10 km
· Dual‑flare operation produced lower ground-level concentrations than single‑flare operation
· Persistent northeast winds (65% of observations) create a consistent downwind transport corridor
· Arid climate conditions favor effective pollutant dispersion
Recommendations:
· Install a real‑time NO₂ sensor 500–1000 m downwind of flares to validate future modeling
· Include NO‑NO₂‑O₃ chemistry in future simulations
· Conduct a low‑wind‑speed subset analysis to assess LP flare contribution
· Continue flaring reduction efforts through gas reinjection or power generation
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