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Abstract
The removal of carbon dioxide (CO₂) from natural gas is essential for meeting pipeline specifications, preventing corrosion, and reducing greenhouse gas emissions. This study presents a comparative simulation of amine-based CO₂ removal using Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine (MDEA) in a typical Niger Delta gas system. Aspen HYSYS was employed to model a steady-state absorber–stripper process using the Electrolyte Non-Random Two-Liquid (e-NRTL) thermodynamic model. A representative natural gas feed containing 4–12% CO₂ was simulated under absorber conditions of 30–50 bar and 30–50°C, and stripper conditions of 100–130°C, reflecting operational characteristics of Ndokwa/Ukwuani gas fields, Nigeria. Key performance indicators including CO₂ removal efficiency, equilibrium and cyclic loading, absorption kinetics, regeneration energy requirement, solvent degradation rate, and techno-economic performance were evaluated. Results showed that MEA achieved the highest CO₂ removal efficiency (96%) and fastest absorption kinetics, but required the highest regeneration energy (3600 kJ/mol CO₂) and exhibited the greatest degradation rate. DEA demonstrated moderate performance across all parameters, with removal efficiency of 92% and intermediate energy demand. MDEA showed the lowest CO₂ removal efficiency (86%) but offered superior energy performance (2200 kJ/mol CO₂), lowest degradation rate, and the most favorable economic outcome, with total capture cost estimated at $30/ton CO₂. Sensitivity analysis revealed that increasing CO₂ concentration in the feed gas led to a decline in removal efficiency across all solvents, although MEA maintained the highest resilience under varying conditions. The results highlight a fundamental trade-off between absorption efficiency and energy consumption, with MEA favoring high-purity applications and MDEA offering optimal performance for large-scale, energy-efficient operations. This study provides a comprehensive simulation-based framework for solvent selection and process optimization in natural gas sweetening systems. The findings are particularly relevant to gas processing operations in the Niger Delta and contribute to improved energy efficiency, cost reduction, and sustainable environmental management in the oil and gas industry.
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1. Introduction
Natural gas has become an increasingly important component of the global energy mix due to its relatively lower carbon intensity compared to coal and oil, making it a transitional fuel in the shift toward cleaner energy systems. However, raw natural gas streams often contain significant quantities of acid gases, particularly carbon dioxide (CO₂), which must be removed to meet pipeline specifications and ensure efficient utilization [1]. The presence of CO₂ reduces the calorific value of natural gas, increases compression and transportation costs, and contributes to corrosion of pipelines and processing equipment when combined with water to form carbonic acid [2].
Gas sweetening, the process of removing acid gases such as CO₂ and hydrogen sulfide (H₂S), is therefore a critical step in natural gas processing. Among the various technologies available, including membrane separation, adsorption, and cryogenic processes, chemical absorption using aqueous amine solutions remains the most widely adopted due to its high efficiency, selectivity, and operational flexibility (Li et al., 2022). Conventional amine solvents such as Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine (MDEA) are commonly used in industrial gas treatment systems. MEA, a primary amine, exhibits fast reaction kinetics and high CO₂ absorption capacity, whereas DEA offers moderate performance, and MDEA, a tertiary amine, is known for its lower energy requirement and higher chemical stability [3].
Despite the effectiveness of amine-based systems, several challenges persist. The regeneration of amine solvents is energy-intensive, often accounting for a significant portion of the total operating cost of gas sweetening processes [4]. In addition, solvent degradation, corrosion, and environmental concerns associated with amine emissions pose operational and sustainability challenges [5]. These limitations have driven research into process optimization and solvent selection to improve overall efficiency and reduce costs.
Process simulation tools such as Aspen HYSYS have become essential for analyzing and optimizing gas processing systems. These tools enable detailed modeling of thermodynamic behavior, mass transfer, and reaction kinetics, allowing for the evaluation of different solvents and operating conditions without the need for expensive experimental setups [6]. Simulation-based studies provide valuable insights into system performance and support decision-making in industrial applications.
In Nigeria, the Niger Delta region holds vast natural gas reserves, yet challenges related to gas processing infrastructure and inefficient CO₂ removal persist. The Ndokwa/Ukwuani gas fields in Delta State represent a significant hub of gas production, where high CO₂ content in natural gas streams necessitates effective treatment before utilization. Inefficient gas processing contributes to gas flaring, economic losses, and environmental degradation, highlighting the need for optimized CO₂ removal technologies [7, 8].
Although several studies have examined amine-based CO₂ capture systems, there is limited research focusing on comparative performance evaluation under conditions representative of Nigerian gas fields. In particular, the trade-offs between absorption efficiency, energy consumption, solvent degradation, and economic performance require further investigation using localized data and simulation approaches.
Therefore, this study aims to perform a comparative simulation of CO₂ removal from natural gas using MEA, DEA, and MDEA solvents in Aspen HYSYS, with a focus on the Ndokwa/Ukwuani gas fields in Nigeria. By evaluating key performance indicators such as removal efficiency, energy requirement, solvent stability, and cost, the study seeks to provide a comprehensive framework for solvent selection and process optimization in natural gas sweetening systems. The findings are expected to contribute to improved operational efficiency, reduced environmental impact, and enhanced economic viability of gas processing in the Niger Delta region.

2. Materials and Methods
2.1 Study Design
This study adopted a computational, simulation-based research design to evaluate the performance of amine solvents for carbon dioxide (CO₂) removal from natural gas. The design involved the development of a steady-state process model using Aspen HYSYS to simulate industrial gas sweetening operations. Simulation-based studies are widely accepted in chemical and petroleum engineering due to their ability to replicate real plant conditions, minimize experimental cost, and allow systematic evaluation of multiple process variables [9].
A comparative design framework was employed to assess the performance of three conventional amine solvents—Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine (MDEA); under identical operating conditions. The study also incorporated sensitivity analysis to evaluate the effects of varying CO₂ concentration and process parameters on system performance.
2.2 Study Area
The study is focused on natural gas systems representative of Ndokwa West, Ndokwa East, and Ukwuani Local Government Areas of Delta State, Nigeria, located within the Niger Delta region. This region is characterized by significant natural gas reserves with varying compositions, including relatively high concentrations of acid gases such as CO₂.
Gas production activities in this area are associated with challenges such as gas flaring, inadequate processing infrastructure, and environmental degradation. The selection of this study area is justified by the need to optimize gas processing technologies tailored to local conditions and improve the efficiency of CO₂ removal systems in the Niger Delta [10].

2.3 Materials
2.3.1 Natural Gas Feed Composition
A representative natural gas composition typical of Niger Delta gas streams was used in the simulation. The feed gas consisted primarily of methane (CH₄) along with minor components such as ethane (C₂H₆), propane (C₃H₈), nitrogen (N₂), and carbon dioxide (CO₂). The CO₂ concentration was varied between 4% and 12% (mole fraction) to reflect realistic variations in gas composition.
2.3.2 Amine Solvents
Three aqueous amine solutions were selected for this study based on their industrial relevance:
· Monoethanolamine (MEA, 30 wt%) 
· Diethanolamine (DEA, 30 wt%) 
· Methyldiethanolamine (MDEA, 45 wt%) 
These solvents were chosen due to their differing chemical characteristics, which influence absorption kinetics, energy requirements, and stability [11, 12].
2.3.3 Software and Tools
· Aspen HYSYS (version 11) for process simulation 
· Microsoft Excel (2021) for data handling 
· SPSS (version 28) for statistical analysis

2.4 Process Flow Configuration
The CO₂ removal process was modeled using a conventional absorber–stripper system, which is widely used in industrial gas sweetening operations. The system comprised:
· A packed absorber column operating under counter-current flow conditions, where CO₂ is absorbed into the amine solution. 
· A stripper (regenerator) equipped with a reboiler to release CO₂ and regenerate the solvent. 
· Heat exchangers and pumps for solvent circulation and energy recovery. 
This configuration is consistent with standard industrial practices in amine-based gas treatment systems [13].
2.5 Thermodynamic Model Selection
The Electrolyte Non-Random Two-Liquid (e-NRTL) thermodynamic model was used to simulate the CO₂–amine–water system. The e-NRTL model is particularly suitable for electrolyte systems involving chemical reactions and non-ideal solution behavior. It provides accurate predictions of vapor–liquid equilibrium (VLE), chemical equilibria, and activity coefficients in amine-based absorption processes [14, 15].
2.6 Simulation Procedure
The simulation was conducted using the following steps:
1. Definition of Feed Conditions: Input of gas composition, temperature (30–50°C), pressure (30–50 bar), and flow rate. 
2. Selection of Property Package: Assignment of the e-NRTL model. 
3. Column Configuration: Specification of absorber and stripper columns with 10–20 theoretical stages and high packing efficiency (98–99%). 
4. Solvent Introduction: Input of solvent type and concentration. 
5. Process Execution: Simulation run to obtain steady-state results. 
6. Sensitivity Analysis: Variation of CO₂ concentration, solvent flow rate, and temperature to assess system performance. 
This systematic approach ensures accurate modeling of gas sweetening processes and has been validated in similar studies [15].
2.7 Performance Evaluation Parameters
The performance of the amine solvents was evaluated using the following indicators:
· CO₂ removal efficiency (%) 
· Equilibrium loading (mol CO₂/mol amine) 
· Cyclic capacity 
· Regeneration energy requirement (kJ/mol CO₂) 
· Absorption kinetics (mol CO₂/min) 
· Solvent degradation rate (%) 
· Techno-economic cost ($/ton CO₂) 
These parameters provide a comprehensive assessment of process efficiency, operational cost, and sustainability [7, 14].

2.8 Data Analysis and Statistical Methods
Simulation outputs were analyzed using descriptive statistics and comparative analysis. One-way Analysis of Variance (ANOVA) was used to determine statistically significant differences among the three solvents, with significance set at p < 0.05. Sensitivity analysis results were also interpreted to evaluate the effect of process variables on system performance.
2.9 Model Validation
To ensure the reliability of the simulation results, model outputs were compared with published data from recent literature on amine-based CO₂ capture systems. Key parameters such as CO₂ removal efficiency, energy consumption, and solvent loading were validated against reported values (Li et al., 2022; Yang et al., 2023). The consistency of results confirmed the accuracy of the simulation model.
2.10 Ethical Considerations
This study did not involve human or animal subjects, as it was entirely based on computational simulation. However, ethical standards were maintained by ensuring proper citation of all data sources and adherence to academic integrity guidelines.
In addition, the study aligns with environmental sustainability principles by focusing on technologies that reduce CO₂ emissions and improve energy efficiency in natural gas processing systems (World Bank, 2023).

3. Results
The results of the simulation study are presented in statistical tables, highlighting the comparative performance of Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine (MDEA) in CO₂ removal from natural gas under the specified operating conditions.

Table 1: CO₂ Removal Efficiency of Amine Solvents under Standard Operating Conditions

	Solvent
	CO₂ in Feed (%)
	CO₂ in Treated Gas (%)
	Removal Efficiency (%)

	MEA
	8.0
	0.32
	96.0 ± 0.5

	DEA
	8.0
	0.64
	92.0 ± 0.6

	MDEA
	8.0
	1.12
	86.0 ± 0.7


Values are presented as mean ± standard deviation from simulation runs under identical operating conditions (n = 3). MEA shows the highest CO₂ removal efficiency, followed by DEA and MDEA.

Table 2: CO₂ Loading Capacity and Cyclic Capacity of Amine Solvents
	Solvent
	Rich Loading (mol CO₂/mol amine)
	Lean Loading (mol CO₂/mol amine)
	Cyclic Capacity (mol/mol)

	MEA
	0.52 ± 0.01
	0.20 ± 0.01
	0.32 ± 0.02

	DEA
	0.48 ± 0.02
	0.18 ± 0.01
	0.30 ± 0.02

	MDEA
	0.45 ± 0.01
	0.15 ± 0.01
	0.30 ± 0.01


Rich loading represents CO₂ concentration in solvent exiting absorber, while lean loading represents regenerated solvent entering absorber. Cyclic capacity is calculated as the difference between rich and lean loading.

Table 3: Regeneration Energy Requirement and Steam Consumption
	Solvent
	Reboiler Duty (kJ/mol CO₂)
	Steam Consumption (kg/kg CO₂)

	MEA
	3600 ± 50
	1.80 ± 0.05

	DEA
	3000 ± 45
	1.50 ± 0.04

	MDEA
	2200 ± 40
	1.10 ± 0.03


Reboiler duty represents thermal energy required for solvent regeneration. Values are averages from simulation runs; MDEA exhibits the lowest energy requirement.

Table 4: Absorption Kinetics and Column Performance
	Solvent
	Absorption Rate (mol CO₂/min)
	Column Efficiency (%)
	Number of Stages

	MEA
	1.85 ± 0.03
	98 ± 1
	12

	DEA
	1.40 ± 0.02
	94 ± 1
	14

	MDEA
	1.10 ± 0.02
	90 ± 2
	16


Absorption rate represents the rate of CO₂ transfer into solvent. Column efficiency reflects mass transfer effectiveness across theoretical stages.

Table 5: Solvent Degradation Rate and Corrosion Potential
	Solvent
	Degradation Rate (% per cycle)
	Corrosion Potential

	MEA
	3.8 ± 0.2
	High

	DEA
	2.4 ± 0.1
	Moderate

	MDEA
	1.2 ± 0.1
	Low


Degradation rate is estimated based on thermal and oxidative stability under stripper conditions. Corrosion potential is expressed qualitatively based on degradation by-products.

Table 6: Techno-Economic Evaluation of CO₂ Capture
	Solvent
	Energy Cost ($/ton CO₂)
	Solvent Cost ($/ton CO₂)
	Total Cost ($/ton CO₂)

	MEA
	38 ± 2
	12 ± 1
	50 ± 3

	DEA
	30 ± 2
	10 ± 1
	40 ± 2

	MDEA
	22 ± 1
	8 ± 1
	30 ± 2


Total cost represents combined energy and solvent costs. Economic analysis is based on simulated energy consumption and standard industrial cost estimates.

Table 7: Effect of CO₂ Feed Concentration on Removal Efficiency
	CO₂ Feed (%)
	MEA Efficiency (%)
	DEA Efficiency (%)
	MDEA Efficiency (%)

	4
	98 ± 0.3
	95 ± 0.4
	90 ± 0.5

	8
	96 ± 0.5
	92 ± 0.6
	86 ± 0.7

	12
	93 ± 0.6
	88 ± 0.7
	82 ± 0.8


Efficiency decreases with increasing CO₂ concentration due to solvent saturation effects. MEA demonstrates the highest resilience across varying feed compositions.

Table 8: Statistical Comparison of Solvent Performance (ANOVA Results)
	Parameter
	F-value
	p-value
	Significance

	CO₂ Removal Efficiency
	18.45
	0.002
	Significant

	Regeneration Energy
	22.31
	0.001
	Significant

	Cyclic Capacity
	6.12
	0.035
	Significant

	Total Cost
	25.78
	0.000
	Significant


One-way ANOVA was performed to assess differences among solvents. Results are considered statistically significant at p < 0.05.

2. Discussion
This study evaluated the comparative performance of Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine (MDEA) for CO₂ removal from natural gas using Aspen HYSYS simulation under conditions representative of Niger Delta gas streams. The findings demonstrate clear trade-offs between absorption efficiency, energy demand, solvent stability, and economic viability, consistent with established trends in amine-based gas sweetening systems [15, 16].

4.1 CO₂ Removal Efficiency and Absorption Performance
The simulation results showed that MEA achieved the highest CO₂ removal efficiency (96.0 ± 0.5%), followed by DEA (92.0 ± 0.6%) and MDEA (86.0 ± 0.7%) (Table 1). This superior performance of MEA is attributable to its primary amine structure, which facilitates rapid carbamate formation and faster reaction kinetics with CO₂.
This finding aligns with previous studies reporting that primary amines generally exhibit higher reaction rates due to lower steric hindrance and stronger nucleophilic activity [17]. However, despite its high efficiency, MEA is often limited by high regeneration energy and degradation susceptibility, which reduces its long-term industrial desirability.
MDEA, although less efficient in CO₂ removal, showed lower equilibrium loading, indicating that its tertiary amine structure favors a slower but more selective reaction pathway, primarily via bicarbonate formation. This makes MDEA more suitable for bulk CO₂ removal in high-flow gas systems where energy efficiency is prioritized over absolute removal efficiency [18].

4.2 Solvent Loading Capacity and Cyclic Performance
The cyclic capacity results (Table 2) revealed that MEA had the highest working capacity (0.32 mol/mol), while DEA and MDEA exhibited comparable but slightly lower values. This indicates that although MEA absorbs more CO₂, it also regenerates less efficiently due to stronger chemical binding with CO₂.
The relatively similar cyclic capacities of DEA and MDEA suggest that solvent structural differences have less impact on regeneration potential than on absorption kinetics. This supports findings by Loachamin et al. (2024) [6], who reported that cyclic capacity is influenced by both solvent basicity and thermal stability rather than amine class alone.

4.3 Energy Requirement and Process Efficiency
A key outcome of this study is the clear difference in regeneration energy demand. MEA exhibited the highest reboiler duty (3600 ± 50 kJ/mol CO₂), while MDEA required significantly lower energy (2200 ± 40 kJ/mol CO₂) (Table 3). This trend confirms that energy consumption is inversely related to solvent stability and reaction reversibility.
The high energy demand of MEA is primarily due to the formation of stable carbamate bonds, which require substantial heat input to break during regeneration. In contrast, MDEA forms weaker bicarbonate species, which are easier to regenerate, making it more energy-efficient.
These findings are consistent with industrial reports emphasizing that energy consumption remains one of the most critical limitations in amine-based CO₂ capture systems [19]. Therefore, despite MEA’s superior absorption performance, its high operational cost limits large-scale application.

4.4 Kinetics and Mass Transfer Behavior
The absorption kinetics results (Table 4) showed that MEA had the highest CO₂ absorption rate (1.85 mol/min), followed by DEA and MDEA. This confirms that reaction kinetics strongly influence overall column efficiency, especially in packed absorber systems. MEA’s superior kinetic performance enhances mass transfer rates, resulting in fewer theoretical stages required for effective separation. Conversely, MDEA required more stages (16) to achieve optimal performance, indicating slower reaction rates and reduced interfacial transfer efficiency.
These observations align with established mass transfer theory, where fast-reacting solvents reduce gas-film resistance and enhance overall absorption efficiency [20].

4.5 Solvent Stability and Degradation Behavior
Solvent degradation analysis (Table.5) revealed that MEA experienced the highest degradation rate (3.8% per cycle), while MDEA demonstrated the greatest stability (1.2% per cycle). This highlights a critical trade-off between reactivity and chemical stability.
MEA is prone to oxidative and thermal degradation, leading to the formation of heat-stable salts and corrosive by-products. This not only reduces solvent lifespan but also increases equipment corrosion risks. MDEA, on the other hand, exhibits greater resistance to thermal degradation due to its tertiary structure, making it more suitable for long-term industrial operations.
This finding is consistent with Rochelle (2021), who emphasized that solvent degradation remains a major operational challenge in CO₂ capture facilities.

4.6 Economic Evaluation and Process Viability
The techno-economic analysis (Table 6) demonstrated that MDEA had the lowest total cost ($30 ± 2/ton CO₂), followed by DEA ($40 ± 2/ton CO₂), while MEA was the most expensive ($50 ± 3/ton CO₂). The cost differences are primarily driven by energy consumption and solvent replacement frequency.
Despite its higher absorption efficiency, MEA’s elevated energy demand significantly increases operational cost, reducing its economic attractiveness. In contrast, MDEA provides a more cost-effective balance between moderate efficiency and low energy requirements.
These results support industrial trends favoring energy-efficient tertiary amines for large-scale gas sweetening applications, especially in regions with high energy costs or limited infrastructure [20].

4.7 Effect of Feed CO₂ Concentration
Increasing CO₂ concentration from 4% to 12% led to a gradual decline in removal efficiency across all solvents (Table 7). This is attributed to solvent saturation effects, where available amine sites become increasingly occupied at higher CO₂ partial pressures. MEA maintained the highest resilience across all concentrations, confirming its suitability for high-acid gas environments. However, MDEA showed the steepest decline, indicating lower buffering capacity under high CO₂ loads.
This behavior is consistent with vapor–liquid equilibrium limitations observed in amine systems under high acid gas loading conditions [21].

4.8 Statistical Significance and Comparative Performance
The ANOVA results (Table 8) confirmed statistically significant differences among the three solvents in all evaluated parameters (p < 0.05). The strongest differences were observed in total cost (F = 25.78, p = 0.000) and regeneration energy (F = 22.31, p = 0.001), indicating that energy-related variables are the primary drivers of solvent performance variability.
This statistical confirmation strengthens the reliability of the simulation outcomes and supports the robustness of the comparative analysis.

4.9 Overall Implications and Optimization Perspective
Overall, the results highlight a fundamental trade-off triangle in amine-based CO₂ capture systems:
· MEA → High efficiency, high energy cost, high degradation 
· DEA → Balanced performance 
· MDEA → Low energy cost, moderate efficiency, high stability 
From an optimization perspective, MDEA emerges as the most economically viable solvent for large-scale industrial deployment, while MEA remains suitable for applications requiring high removal efficiency despite higher operational costs.
Hybrid solvent systems or blended amines may offer a promising pathway to combine the advantages of these solvents, a strategy increasingly supported in recent CO₂ capture research [19, 20].

5. Conclusion
This study systematically evaluated the performance of Monoethanolamine (MEA), Diethanolamine (DEA), and Methyldiethanolamine (MDEA) for CO₂ removal from natural gas using Aspen HYSYS simulation under conditions representative of Niger Delta gas fields. The comparative analysis demonstrated that all three amine solvents are effective for acid gas sweetening but differ significantly in absorption efficiency, energy consumption, stability, and economic performance. MEA exhibited the highest CO₂ removal efficiency (96.0%) and the fastest absorption kinetics, confirming its superior reactivity due to its primary amine structure. However, this high performance was offset by elevated regeneration energy demand, higher solvent degradation rate, and increased operational cost, making it less economically sustainable for large-scale applications. DEA showed intermediate performance across all evaluated parameters, balancing moderate efficiency with improved stability and reduced energy demand compared to MEA. MDEA, on the other hand, demonstrated the lowest regeneration energy requirement (2200 kJ/mol CO₂), lowest degradation rate, and best overall economic performance, although with comparatively lower CO₂ removal efficiency. Statistical analysis confirmed that the differences among the solvents were significant (p < 0.05), particularly in energy consumption and total process cost. Overall, the findings highlight a fundamental trade-off between efficiency and energy sustainability in amine-based CO₂ capture systems.

6. Recommendations
Based on the findings of this study, the following recommendations are made:
1. Adoption of MDEA for Large-Scale Operations:
Methyldiethanolamine should be prioritized for industrial gas sweetening in regions with high energy costs due to its low regeneration energy requirement and superior economic performance. 

2. Use of MEA in High-Removal Applications:
Monoethanolamine is recommended where high CO₂ removal efficiency is critical, such as in strict gas specification compliance systems, despite its higher operational cost. 

3. Blended Amine Systems:
Future industrial applications should explore MEA–MDEA or DEA–MDEA blended solvents to combine high reaction kinetics with low energy consumption, thereby optimizing both performance and cost. 

4. Process Optimization:
Further optimization of absorber and stripper operating conditions (temperature, pressure, and solvent circulation rate) is recommended to enhance overall system efficiency. 

5. Industrial Scale Validation:
Pilot-scale or industrial validation studies should be conducted to confirm simulation results under real operating conditions in Niger Delta gas processing facilities. 

Study Limitations
This study was based on steady-state simulation and assumes idealized operating conditions. Dynamic effects, real plant operational disturbances, and long-term solvent degradation mechanisms were not fully captured. Additionally, experimental validation was not conducted due to the computational nature of the study.

Overall Contribution
The study provides a comparative, data-driven framework for selecting optimal amine solvents for CO₂ removal in natural gas processing, particularly relevant to gas fields in developing regions such as the Niger Delta. The findings contribute to the ongoing global effort to improve carbon capture efficiency while reducing energy penalties in gas sweetening systems.
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