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ABSTRACT 

This study aimed to design, develop, and evaluate a low-cost portable carbon capture unit (PCCU-01) for 

mitigating greenhouse gas emissions at gas flare sites in the Niger Delta region of Nigeria. Five flare sites across 

Rivers, Bayelsa, Delta, Akwa Ibom, and Edo states were assessed for baseline emissions, including CO₂, CH₄, 

NOx, SO₂, and black carbon. The prototype was fabricated using locally available materials and tested under 

controlled laboratory and real-field conditions. Laboratory testing demonstrated a mean CO₂ capture efficiency 

of 75.2%, while field deployment across five flare sites achieved an average efficiency of 66.3%, with slight 

reductions attributable to environmental fluctuations and flare instability. Statistical analyses, including one-way 

ANOVA, paired t-test, and regression modeling, confirmed significant differences among sites (p < 0.001) and 

identified flare volume and co-pollutant reductions as key predictors of CO₂ capture efficiency (R² = 0.83). The 

unit demonstrated substantial environmental benefits, reducing annual CO₂ emissions by ~66% and black carbon 

by 55% per site, while ensuring economic feasibility with a payback period of less than six months. These 

findings indicate that PCCU-01 is a viable, scalable, and cost-effective solution for emission mitigation in remote 

flare-prone regions. 
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INTRODUCTION 

Gas flaring remains a persistent environmental and public health challenge in the Niger Delta region of Nigeria, 

one of the world’s most densely oil- and gas-exploited areas (Obi & Rustad, 2011; World Bank, 2018). Despite 

international and national regulations aimed at reducing routine flaring, the region continues to experience 

substantial greenhouse gas emissions, including carbon dioxide (CO₂), methane (CH₄), nitrogen oxides (NOx), 

sulfur dioxide (SO₂), and particulate black carbon, which contribute to climate change, local air pollution, and 

health risks for nearby communities (Ite, Ibok, Ite, & Petters, 2013; Efe et al., 2020). The environmental burden 

is compounded by the proximity of flare sites to agricultural lands, fishing settlements, and urban areas, 

increasing the vulnerability of local populations to respiratory, cardiovascular, and other pollution-related health 

outcomes (Onuoha, 2008; UNEP, 2011). 

Conventional large-scale carbon capture and storage (CCS) technologies have demonstrated high efficiency in 

mitigating CO₂ emissions in industrialized contexts; however, their deployment in the Niger Delta faces 

significant technical, economic, and operational constraints (Rubin, Davison, & Herzog, 2015; IEAGHG, 2017). 

High capital costs, extensive energy requirements, and long deployment timelines limit their feasibility for 

remote and small-scale flare sites, leaving substantial emissions unaddressed (Bachu, 2016; Haszeldine, 2009). 

Additionally, the heterogeneous operational conditions of flare sites in the Niger Delta varying flare volumes, 

stack heights, ambient temperatures, and proximity to sensitive receptors render uniform application of 

conventional CCS systems impractical (Adewuyi et al., 2020). There is thus a pressing need for low-cost, 

portable, and adaptable carbon capture solutions tailored to these complex field conditions. 

Recent advances in portable carbon capture technologies offer promising pathways for mitigating flare 

emissions. Small-scale, modular systems that integrate amine-based solvents, adsorption media, and hybrid 
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power solutions have been shown to achieve moderate CO₂ capture efficiencies while maintaining mobility, 

rapid deployment capability, and cost-effectiveness (Samanta, Zhao, Shimizu, Sarkar, & Gupta, 2012; Choi, 

Drese, & Jones, 2009). These systems are particularly suited to the Niger Delta context, where remote flare 

locations, intermittent operational schedules, and socio-environmental sensitivity require flexible, localized 

interventions. The study aims to design, develop, and evaluate a low-cost, portable carbon capture unit (PCCU-

01) specifically for gas flare sites in the Niger Delta, Nigeria. The overarching goal is to reduce greenhouse gas 

emissions and minimize environmental and health impacts while ensuring economic feasibility. To achieve this 

aim, the study pursued the following objectives:  

i. To review existing carbon capture technologies and identify their limitations relative to Niger Delta flare 

site conditions;  

ii. To design and fabricate a low-cost, portable carbon capture prototype using locally available materials;  

iii. To evaluate the capture efficiency of the developed unit in reducing CO₂ and associated flare emissions 

under controlled and field conditions;  

iv. To assess the environmental and economic benefits of deploying portable capture units in flare-prone 

regions of Nigeria. 

Study Area 

The study was conducted across five representative gas flare sites in the Niger Delta region of Nigeria, 

encompassing Rivers, Bayelsa, Delta, Akwa Ibom, and Edo states, selected based on flare activity intensity, 

proximity to human settlements, and environmental risk potential. The Niger Delta region, located between 

latitudes 4° and 6°N and longitudes 5° and 8°E, is characterized by extensive mangrove forests, floodplains, and 

agricultural lands interspersed with urban settlements and fishing communities. This region hosts the largest 

concentration of oil and gas operations in Nigeria and is responsible for significant anthropogenic greenhouse 

gas emissions, largely from persistent gas flaring, which adversely impacts local air quality, soil, water resources, 

and human health. The climate is tropical, with two distinct seasons: a wet season (April–October) characterized 

by high rainfall and relative humidity, and a dry season (November–March) with elevated temperatures and 

lower humidity. Average annual rainfall ranges from 2,000 mm to 3,000 mm, while temperatures vary between 

25°C and 32°C. The complex combination of meteorological conditions, low-lying floodplains, and human 

settlements creates a high-risk environment for flare-associated air pollution, making the region ideal for testing 

a portable carbon capture intervention. 

MATERIALS AND METHIODS 

Site characteristics, including flare volume, stack height, distance to the nearest community and dominant 

surrounding land use, and were determined through on-site surveys, GPS mapping, and operational data provided 

by oil companies. Flare volumes ranged from 9.8 to 22.7 MMscf/day, while stack heights varied from 24 to 32 

meters. Distances from flare stacks to the nearest human settlements ranged from 0.8 km to 2.8 km, highlighting 

substantial exposure risk. Surrounding land uses were diverse, including farmlands, fishing settlements, mixed 

agriculture, semi-urban areas, and forest fringes, reflecting the heterogeneity of socio-environmental conditions 

in the Niger Delta. Emissions were monitored over a 30-day period using portable gas analyzers and filter-based 

sampling techniques to quantify concentrations of CO₂, CH₄, CO, NOx, SO₂, and particulate black carbon. 

Measurements were taken directly at the flare stack and at 1 km downwind in host communities to assess ambient 

exposure. Field instruments were calibrated according to manufacturer specifications prior to deployment. All 

data were recorded at consistent daily intervals to capture diurnal and operational variations, ensuring 

representativeness and accuracy of baseline emissions. Ambient air quality was further evaluated by measuring 

PM2.5, PM10, CO₂, benzene, and ozone levels, using gravimetric, infrared, and photometric methods, 

respectively, to determine the extent of community exposure to airborne pollutants. 

A low-cost, portable carbon capture prototype (PCCU-01) was designed and fabricated using locally available 

materials. The unit incorporated a primary amine-based solvent absorption system with a modified 

monoethanolamine (MEA) blend for CO₂ capture and a secondary activated carbon adsorption stage for removal 

of co-pollutants, including methane, NOx, and black carbon. The structural components were fabricated from 

mild steel, and the entire unit was skid-mounted for forklift compatibility to ensure portability and rapid 
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deployment. The system had a total weight of 148 kg, a footprint of 1.2 m × 0.8 m, and was powered by a hybrid 

solar-assisted system with a 2.5 kW capacity. Estimated fabrication cost was $4,850, with an expected 

operational lifespan of 5–7 years. 

Controlled environment testing of the prototype was conducted in a laboratory setting using simulated flue gas 

compositions that reflected field-measured CO₂ concentrations (7.8–9.0% vol). Inlet and outlet gas samples were 

collected at five replicate intervals to determine capture efficiency, which was calculated as the difference 

between inlet and outlet CO₂ concentrations expressed as a percentage of the inlet value. Solvent regeneration 

efficiency was determined by measuring the recovery rate of the amine solvent after CO₂ absorption cycles. 

Results from laboratory trials provided a baseline for prototype performance under idealized conditions, yielding 

mean CO₂ capture efficiency of 75.2% and solvent regeneration efficiency of 89–92%. Field deployment of 

PCCU-01 was performed at all five flare sites to evaluate real-world performance. The unit was positioned at 

the base of flare stacks, secured on skid mounts, and operated continuously for 30 days. CO₂, CH₄, NOx, SO₂, 

and black carbon concentrations were measured at the inlet and outlet of the capture system using portable 

analyzers and filter-based particulate samplers. Environmental parameters including ambient temperature, wind 

speed, humidity, and flare volume fluctuations were recorded concurrently to assess their influence on capture 

efficiency. Field performance data were analyzed to quantify reductions in CO₂ and co-pollutants, calculate mean 

capture efficiencies, and determine the deviation from laboratory performance. Annualized emission reductions 

were projected using field data combined with flare operational hours, allowing for estimation of potential 

environmental impact in terms of CO₂-equivalent reductions. Economic feasibility was assessed through a cost-

benefit analysis, incorporating capital expenditure, annual operations and maintenance costs, potential revenue 

from carbon credits, net present value, benefit-cost ratio, and payback period over a five-year projection. 

Comparative analysis was conducted between the portable prototype and conventional large-scale carbon capture 

systems reported in the literature to evaluate relative performance, capital cost, energy demand, deployment 

time, and suitability for remote flare sites. Statistical analyses were performed to validate findings and quantify 

variability. One-way analysis of variance (ANOVA) was used to determine significant differences in CO₂ 

capture efficiency among the five flare sites. Paired t-tests compared laboratory versus field capture efficiency 

to assess performance losses under real operational conditions. Simple linear regression was employed to 

evaluate the relationship between flare volume and CO₂ capture efficiency, while multiple regression models 

quantified the influence of co-pollutant reduction (CH₄, NOx, and black carbon) on CO₂ capture efficiency. All 

statistical analyses were conducted at a 95% confidence level, ensuring rigorous evaluation of prototype 

performance, environmental impact, and operational feasibility 

RESULTS 

Table 4.1 Geographic and Operational Characteristics of Selected Flare Sites (Pre-Deployment 

Assessment, n = 5) 

State GPS 

Coordinates 

Average Flare 

Volume 

(MMscf/day) 

Flare Stack 

Height (m) 

Distance to 

Community (km) 

Dominant Surrounding 

Land Use 

Rivers 4.8156°N, 

7.0498°E 

18.4s 32 1.2 Farmland 

Bayelsa 4.7719°N, 

6.0699°E 

22.7 

 

 

28 0.8 Fishing settlement 

 

 

Delta 5.5320°N, 

5.8987°E 

15.9 30 1.5 Farmland 

Akwa 

Ibom 

4.9500°N, 

7.9300°E 

12.3 26 2.1 Farmland 

Edo 6.3350°N, 

5.6037°E 

9.8 24 2.8 Forest fringe 

 

Source: Field measurements and site surveys, (2026) 
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The table 4.1 revealed that, the flare sites vary significantly in flare volume (9.8–22.7 MMscf/day), stack height 

(24–32 m), and proximity to communities (0.8–2.8 km). Bayelsa has the highest flare volume and is closest to a 

fishing settlement, representing the highest potential environmental and health risk, while Edo has the lowest 

flare volume and is furthest from a community, representing a relatively lower exposure risk. Site-specific 

operational characteristics strongly influence potential pollutant release and exposure risk, emphasizing the need 

for tailored carbon capture interventions.  

Table 4.2: Average Flare Emission Concentrations (30-Day Monitoring Period) 

Parameter Rivers Bayelsa Delta Akwa Ibom Edo WHO/IFC Reference Limit 

CO₂ (% vol) 8.9 9.4 8.3 7.8 7.1 — 

CH₄ (ppm) 3,210 3,480 2,970 2,640 2,210 1,000 

CO (ppm) 48 55 41 38 29 10 

NOx (ppm) 62 68 54 49 37 40 

SO₂ (ppm) 27 31 24 22 16 20 

Black Carbon (µg/m³) 45 52 39 34 21 25 

 

Source: Field emission monitoring, (2026) 

Table 4.2 indicated that, all sites exceeded WHO/IFC recommended limits for CH₄, CO, NOx, SO₂, and black 

carbon. Edo state exhibited the highest emissions for all pollutants, consistent with its high flare volume and 

CO₂ concentrations ranged from 7.1–9.4% vol, indicating substantial greenhouse gas release. Flare emissions 

pose significant environmental and public health hazards, confirming the urgent need for mitigation through 

carbon capture. 

Table 4.3 Ambient Air Quality at 1 km Downwind of Flare Sites 

Parameter Mean Value WHO Limit % Above Limit 

PM2.5 (µg/m³) 58.4 15 +289% 

PM10 (µg/m³) 112.6 45 +150% 

CO₂ (ppm) 612 420 (background) Elevated 

Benzene (µg/m³) 9.8 5 +96% 

Ozone (ppb) 72 60 +20% 

 

Source: Ambient air sampling (2026). 

Table 4.3 revealed that, PM2.5 and PM10 exceeded WHO limits by 289% and 150%, respectively, indicating 

severe particulate exposure. Benzene concentrations were nearly double the WHO limit (+96%), showing 

chemical carcinogen exposure and CO₂ concentrations were elevated (612 ppm vs. 420 ppm background), 

reflecting localized greenhouse gas accumulation. Communities downwind of flare sites face acute air quality 

and health risks, reinforcing the importance of onsite mitigation technologies like PCCU-01s 

Table 4.4 Technical Specifications of Portable Carbon Capture Unit (PCCU-01) 

Component Specification 

Capture Mechanism Amine-based solvent absorption (Modified MEA blend) 

Secondary Stage Activated carbon adsorption 

Structural Material Locally fabricated mild steel 

Total Weight 148 kg 

Footprint 1.2 m × 0.8 m 

Power Requirement 2.5 kW (solar-assisted hybrid system) 
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Estimated Fabrication Cost $4,850 

Expected Lifespan 5–7 years 

Portability Skid-mounted, forklift compatible 

Source: Prototype design and laboratory characterization, (2026) 

Table 4.4 CO₂ Capture Efficiency under Laboratory Conditions 

Inlet CO₂ (%) Outlet CO₂ 

(%) 

Capture Efficiency 

(%) 

Solvent Regeneration Efficiency (%) 

8.5 2.1 75.3 91 

9.0 2.3 74.4 89 

7.8 1.9 75.6 90 

8.2 2.0 75.6 92 

 

Source: Controlled environment testing, (2026) 

Table 4.5 Field CO₂ and Co-Pollutant Reduction Performance 

State CO₂ Reduction 

(%) 

CH₄ Reduction (%) NOx 

Reduction (%) 

SO₂ Reduction 

(%) 

Black Carbon 

Reduction (%) 

Rivers 68.4 51.2 43.6 47.8 55.1 

Bayelsa 70.1 53.4 45.2 49.3 57.8 

Delta 66.7 49.8 41.5 45.6 52.4 

Akwa Ibom 64.9 46.7 39.8 42.3 48.2 

Edo 61.5 44.1 37.2 38.6 44.9 

 

Source: Field deployment evaluation, (2026) 

Table4.6 Estimated Annual Emission Reduction per Flare Site 

Parameter Annual Emission Post-Deployment Annual Reduction % Reduction 

CO₂ (tonnes) 104,500 35,200 69,300 66% 

CH₄ (tonnes CO₂e) 12,400 6,100 6,300 51% 

Black Carbon (tonnes) 8.6 3.9 4.7 55% 

 

Source: Field deployment evaluation, (2026) 

Table 4.7 Cost-Benefit Analysis per Unit (5-Year Projection) 

Parameter Value 

Capital Cost  $4,850 

Annual O&M Cost $1,200 

Carbon Credit Value ($30/tCO₂e) $2.46 million over 5 yrs 

Payback Period < 6 months 

Net Present Value (5 yrs, 8% discount) $1.89 million 

Benefit-Cost Ratio 9.4 

 

Source: Economic feasibility assessment, (2026) 
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Table 4.8 Prototype vs. Conventional CCS Systems 

Parameter Portable Prototype Conventional CCS Plant 

Capital Cost $4,850 $50–150 million 

Capture Efficiency 66–75% 85–95% 

Portability Yes No 

Energy Demand 2.5 kW 200–400 MW 

Deployment Time 2 weeks 3–5 years 

Suitability for Remote Flare 

Sites 

High Low 

 

Source: Comparative analysis with literature-reported CCS plants, 2026. 

Table 4.10 One-Way ANOVA: CO₂ Capture Efficiency Across Flare Sites (n = 5 × 5 Replicates) 

state Replicate 

Rivers 

Replicate 

Bayelsa 

Replicate 

Delta 

Replicate Akwa Ibom Replicate Edo Mean (%) 

Rivers 68.2 67.9 68.5 68.9 68.1 68.32 

Bayelsa 70.4 69.8 70.1 70.2 70.0 70.10 

Delta 66.5 66.9 66.3 66.8 66.7 66.64 

Akwa Ibom 64.7 65.1 64.9 64.6 65.0 64.86 

Edo 61.2 61.8 61.5 61.1 61.6 61.44 

 

Source: Field deployment study (2026) 

Table 4.11 Paired t-Test: Lab vs. Field CO₂ Capture Efficiency 

Site Lab Mean (%) Field Mean (%) Difference (%) 

Rivers 75.3 68.32 7.0 

Bayelsa 74.4s 70.10 4.3 

Delta 75.6 66.64 9.0 

Akwa Ibom 75.6 64.86 10.7 

Edo 75.2 61.44 13.8 

 

Source: Lab and field comparison, (2026) 

Table 4.12 Simple Linear Regression: CO₂ Capture Efficiency vs. Flare Volume 

Predictor Coefficient 

(β) 

Std. Error t p-value 

Intercept 74.5 0.92 80.98 <0.001 

Flare Volume -0.29 0.05 -5.8 0.002 

R² = 0.78 Regression Equation: CO₂ Capture Efficiency = 74.5 − 0.29 × Flare Volume 

 

Source: Field statistical analysis, (2026) 

Table 4.12 Multiple Regression: CO₂ Capture Efficiency vs. CH₄, NOx, and Black Carbon Reduction 

Predictor Coefficient (β) Std. Error t p-value 

Intercept 45.2 3.1 14.6 <0.001 

CH₄ Reduction (%) 0.21 0.05 4.2 0.007 
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NOx Reduction (%) 0.14ss 0.04 3.5 0.015 

Black Carbon Reduction (%) 0.18 0.06 3.0 0.03 

R² = 0.83 → 83% of CO₂ efficiency variability explained by co-pollutant reduction 

 

Source: Field statistical analysis (2026) 

DISCUSSION OF FINDINGS 

The findings of this study demonstrate the feasibility and efficacy of deploying a lows-cost portable carbon 

capture unit in the Niger Delta region. The assessment revealed that all five flare sites exceeded international 

thresholds for CO, NOx, SO₂, CH₄, and black carbon, highlighting significant environmental and public health 

risks for nearby communities. Ambient air quality monitoring confirmed elevated particulate matter, benzene, 

and CO₂ concentrations downwind of the flare sites, corroborating the urgent need for intervention. Laboratory 

evaluation of PCCU-01 demonstrated a mean CO₂ capture efficiency of 75.2%, aligning with reported 

efficiencies of amine-based solvent systems in literature. Upon field deployment, the mean capture efficiency 

decreased slightly to 66.3%, consistent with observed challenges in uncontrolled environmental conditions such 

as fluctuating flare volumes, ambient temperature variations, and stack turbulence. Paired t-test results confirmed 

that this reduction was statistically significant (p < 0.001), emphasizing the necessity of optimizing the prototype 

for real-world applications. 

One-way ANOVA results showed significant differences in capture efficiency across sites (p < 0.001), 

suggesting that site-specific factors, including flare volume, stack height, and surrounding land use, influence 

unit performance. Regression analyses further elucidated these relationships, revealing a negative correlation 

between flare volume and CO₂ capture efficiency (R² = 0.78) and a positive correlation between CO₂ capture 

and co-pollutant reductions (R² = 0.83). These findings suggest that PCCU-01 performs optimally in moderate 

flare conditions and exhibits synergistic pollutant mitigation, particularly for CH₄, NOx, and black carbon. 

Economic assessment confirmed the unit’s financial viability, with a capital cost of $4,850, a five-year net 

present value of $1.89 million, and a payback period of less than six months, primarily driven by carbon credit 

valuation. Compared to conventional large-scale carbon capture systems, PCCU-01 provides a portable, low-

energy, and rapidly deployable solution, demonstrating particular suitability for remote flare sites where 

conventional infrastructure is impractical. Overall, the study establishes that portable carbon capture units can 

substantially mitigate greenhouse gas and co-pollutant emissions in flare-prone regions, delivering both 

environmental and economic benefits while providing a scalable solution adaptable to other developing regions 

with similar constraints. 

CONCLUSION 

The study successfully designed, developed, and field-validated a low-cost portable carbon capture unit tailored 

for Niger Delta flares sites. Key conclusions include: PCCU-01 achieved an average field CO₂ capture efficiency 

of 66.3%, with additional reductions in CH₄, NOx, SO₂, and black carbon, demonstrating synergistic 

environmental mitigation, deployment across flare-prone sites can reduce annual CO₂ emissions by ~66% and 

total CO₂-equivalent emissions by ~82,000 tonnes per site, the unit is cost-effective, with a short payback period 

(<6 months) and a benefit-cost ratio of 9.4, making it financially attractive for oil companies and regulatory 

agencies. Its portability and rapid deployment make PCCU-01 suitable for remote flare sites where conventional 

CCS systems are impractical and site variability, flare volume, and co-pollutant reductions significantly 

influence CO₂ capture efficiency, providing guidance for optimized deployment strategies. PCCU-01 offers a 

practical, scalable, and economically feasible approach to reducing greenhouse gas emissions and improving air 

quality in flare-prone regions, providing a model for sustainable carbon mitigation in developing countries. 

RECOMMENDATIONS 

1. Regulatory bodies should incentivize adoption of portable carbon capture units at remote flare sites to reduce 

emissions and comply with environmental standards. 

https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi


INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI) 

ISSN No. 2321-2705 | DOI: 10.51244/IJRSI |Volume XIII Issue III March 2026 

Page 731 

www.rsisinternational.org 

 

    

   

2. Future development should consider modular scaling for larger flare volumes and incorporate enhanced 

control for temperature and flow fluctuations. 

3. Wider deployment across the Niger Delta and other oil-producing regions in Nigeria is recommended to 

maximize environmental and public health benefits. 

4. Utilize carbon credits to improve economic incentives for operators deploying PCCU-01 units. 

5. Implement long-term monitoring of field performance to refine efficiency predictions, track co-pollutant 

reduction, and guide adaptive design improvements. 
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