Performance Analysis of Aqueous Ammonia for Post-Combustion CO Capture in Aspen Plus: Low-Temperature Absorption and Ammonia Volatility



Abstract
In this study, a rate-based simulation for post-combustion CO2 capture with aqueous ammonia using Aspen Plus was developed and demonstrated, particularly emphasizing on low-temperature absorption and reducing solvent loss. This model was based on the RadFrac module utilizing the eNRTL thermodynamic package to accurately describe the mass transfer phenomena, reaction kinetics and electrolyte phenomena in the NH3-CO2-H2O system. A feed containing 132.11 kg/h CO2 flue gas was processed through a 10-stage absorber with lean aqueous ammonia entering at 7 0C. High efficiency was observed in the simulated post-combustion CO2 capture (exceeding 99%), and more than 90 kg/h of CO2 were effectively regenerated at stripper. However, there was substantial solvent loss of ammonia: 44.75 kg/h of NH3 was lost from lean out stream when 418.86 kg/h of aqueous ammonia fed. Sensitivity analysis indicated that increase in the lean solvent temperature from 7 0C to 20 0C could decrease CO2 capture significantly, which supports that cooled aqueous ammonia is beneficial to increase efficiency. The calculation of total capital investment ($2,917,490) and annual operating costs ($1,529,310) for the system shows a relatively economical design; however, the volatility issue is an important problem that needs to be addressed. The rate-based model can be a helpful tool in designing efficient low-temperature aqueous ammonia CO2 capture system with minimized solvent loss.
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Introduction
Post-combustion carbon dioxide (PCC) capture is one of the few mature and viable technology solutions for addressing the vast emissions of fossil-fuel fired power plants and industrial emitters during the transition to a net-zero economy. It is ideal for retrofitting conventional flue gas streams (3-15% CO2 concentration) and has the potential to cope with the growing energy demand. The benefit of this method is that it does not require modifications to upstream combustion processes (Boot-Handford et al. 2014). Among chemical absorption methods, monoethanolamine (MEA), at 30 wt % concentration in aqueous solution, is the most thoroughly studied and tested in both pilot and demonstration-scale projects due to its strong chemical affinity towards CO2. However, the major drawbacks of MEA based post-combustion carbon capture processes are its high energy penalties in solvent regeneration (3.5-4.5 GJ/ton CO2), solvent loss/degradation issues through oxidation and thermal stress leading to corrosive effects, and the formation of potentially carcinogenic nitrosamines (Garcia et al. 2017; Luo and Wang 2017; Otitoju et al. 2021).
In view of the limitations of MEA, other solvents are being explored to achieve a lower regeneration energy and improve environmental performance, such as aqueous ammonia. In an ideal configuration ammonia shows favorable absorption thermodynamics and has lower regeneration energy demand compared to MEA-based solvents (commonly <2.5 GJ/ton CO2). Furthermore, ammonia co-captures pollutants such as SO2 and NOx from flue gas (Chehrazi and Kamyab Moghadas 2022; Du et al. 2024; Wang et al. 2018). Unlike MEA, ammonia has a much lower degradation rate at operating conditions and operates efficiently at lower temperatures thus lowering the process energy demands.
Chilled ammonia process (CAP) operating with low-temperature absorption (0-20 0C) is proposed as an alternative process to enhance CO2 capture efficiency while minimizing solvent volatility due to lower vapor pressure of ammonia at low temperature (Amara, 2021; Darde et al., 2010). Previous kinetic and process simulation studies proved that the CO2 absorption performance of aqueous ammonia can reach similar to or even exceed that of MEA when operating at chilled temperatures, although absorption rate is reduced at low temperature and larger columns or improved mass transfer designs are required (Darde et al., 2011). Darde et al. (2011) measured experimentally CO2 absorption rates into aqueous ammonia solutions (1-10 wt% NH3) over a temperature range and loading and directly compared with 30 wt% MEA at 40 0C. Their findings coupled with process simulations suggested that compared to MEA which has faster absorption kinetics at traditional temperature, chilled ammonia with advantages of energy efficiency and reduced solvent degradation may become a competitive technology if volatility problem is controlled.
Nevertheless, high ammonia slip (volatility) from absorber causing solvent loss, high makeup requirement, and emissions is an inherent disadvantage of aqueous ammonia system. Ammonia vapor pressure increases significantly with temperature while decreases with CO2 loading, the volatility control is an important aspect in low-temperature operating conditions (Spietz et al., 2019; Wang et al., 2018). Without mitigation methods, emissions are very likely to exceed the regulation limits, resulting in extra washing stages and advanced process designs. Recent reviews confirmed that solvent loss is one of the major hindering factors of commercializing ammonia absorption processes for CO2 capture, chilled absorption helps suppress volatility, but careful control of operating parameters like lean solvent temperature, CO2 loading and column configuration are required (Chehrazi & Kamyab Moghadas, 2022; Du et al., 2024).
Though equilibrium and simplified rate-based simulation studies are increasingly reported, there is still a research need for rate-based modeling of chilled aqueous ammonia processes in Aspen Plus considering solvent loss mechanisms explicitly. Most studies have either utilized equilibrium assumptions or only focused on optimization of energy demand without a clear quantifications of ammonia volatilization and slip in varying low temperature ranges (Bonalumi et al., 2017; Lillia et al., 2017; Stojanovski et al., 2026). Also, although advanced configurations are considered favorable, their performance under industrial-scale conditions with practical flue gas compositions and dynamic solvent handling should be validated by rate-based simulation utilizing a robust thermodynamics model (e.g., eNRTL or Extended UNIQUAC) and mass transfer correlations (Dragan et al., 2023; Kang et al., 2016; Liu et al., 2015).
This study attempts to address this research gap by conducting a detailed rate-based simulation of post-combustion CO2 capture using aqueous ammonia in Aspen Plus, especially taking low-temperature absorption and mitigation of solvent loss into account. Both absorber and stripper columns will be modeled in Aspen Plus by adopting the RateFrac or RadFrac model equipped with precise mass & heat transfer correlations, reaction kinetics and electrolyte thermodynamics to investigate the CO2 capture efficiency, energy consumption and ammonia slip under low-temperature (0-20°C) absorption conditions. Both conventional and advanced (e.g., split-flow) configurations will be analyzed and parameters including lean solvent temperature, NH3 concentration, CO2 loading and column packing will be analyzed to find their effects on solvent loss and overall process performance. Strategies to minimize volatilization such as intercooling, water washing and optimized flow splitting will be investigated through sensitivity analysis.
This study continues upon initial kinetic and simulation work (Darde et al., 2011; Darde et al., 2010) while including updated ideas about process configurations (Prez-Calvo et al., 2021; Jeong et al., 2022) and rate-based modeling techniques (Lu et al., 2017; Liu et al., 2015). By proposing a complete rate-based framework for the process implemented in Aspen Plus, the work yields practical recommendations for minimizing the energy penalty and solvent losses for ammonia-based PCC, ultimately furthering the goal of sustainable and economic CO2 capture technologies. The results from this study may prove useful in guiding future pilot-scale testing and industrial implementation of chilled ammonia processes for global decarbonization.
2.0 Methodology
2.1 Process simulation setup
The rate-based simulation of post-combustion CO2 capture by aqueous ammonia was carried out using Aspen Plus. The post-combustion capture process consisted of an absorber and a stripper (used to regenerate the solvent). In order to accurately model the mass, heat, and reaction within the packed columns, rate-based modeling was performed using RadFrac (RateFrac).
The flue gas that enters the system consisted of 12%  CO2, 4%  H2O, and 84%  N2 on a molar basis. The inlet flow rate was 378 ft/min and the inlet temperature was 59.23°C (404.6 K) at an inlet pressure of 1.02 atm. This results in 132.11 kg/hr of CO2 mass flow entering the absorber.
The aqueous ammonia (lean stream) entering the absorber at an overall mass flow rate of 2311.3 kg/hr contained 418.86 kg/hr of ammonia. The temperature of the lean stream was 7°C (280 K) at an inlet pressure of 1.702 bar. The low temperature (chilled) was set to minimize volatility of the ammonia and thus increase absorption. This concept of a chilled process was utilized (Amara, 2021; Darde et al., 2010).
All other flue gas components such as O2, N2, NOx and SOx were neglected to focus on the chemistry of NH3-CO2-H2O
2.2 Column Design and Rate Based Modeling
The absorber was modeled with 10 stages and the stripper with 20 stages. The rich solvent from the bottom of the absorber was fed into the stripper at stage 2. A cross-heat exchanger was used to exchange heat between rich and lean streams and a lean solvent cooler was used to maintain the temperature at 7 0C. Condenser and reboiler duties were added on the stripper.
Rate based calculations were activated in RadFrac with film discretization of 5-10 segments for the resolution of interfacial profile. The mass transfer correlations (e.g., Onda or equivalent) and hydrodynamic models for packed columns were activated to model the rate-based behavior which is relevant especially for the low temperature process where reaction rates are considerably slower (Liu et al., 2015; Lu et al., 2017).
2.3 Reactions and Thermodynamics
There are several equilibrium and kinetics reactions in NH3-CO2-H2O system. The important reactions in the simulation model were:
Protonation of ammonia
 						(1)

Solubility and hydration of CO2
						(2)
						(3)
						(4)
							(4)
Formation of carbamate (most important at low loading)
				(5)
Formation of bicarbonate and carbonate salts (overall reaction)
					(6)
					(7)
These reactions were modeled as equilibrium and kinetic expressions in Aspen Plus. The kinetic parameters were retrieved from literature data most especially absorption rate data at low temperatures (Darde et al., 2011). This is an exothermic reaction in the absorber and endothermic reaction in the stripper, where heat of absorption is important for energy recovery performance.
The thermodynamic framework utilized was eNRTL (electrolyte non-random two-liquid) which is known to be appropriate for strongly non-ideal electrolyte systems with ions present (NH4+, HCO3-, CO32-, NH2COO-). As a reference, the Extended UNIQUAC was also tested (Darde et al., 2012). The binary interaction parameters and equilibrium constants were selected from Aspen Plus databank or adjusted based on experimental data.
Transport properties (density, viscosity, diffusivity and surface tension) were estimated by using the electrolyte correlations. Heat of absorption and reaction enthalpies were computed from the thermodynamical model. Assumptions made were: steady state operation; no solid salt deposition (to assure, it was run in cooled regime and with adequate loadings (Bonalumi et al., 2017; Lillia et al., 2017)); vapor phase behaves as ideal gas.
2.4 Validation Method
The model was validated against several literature values for CO2 capture efficiency, rich and lean loading, regeneration energy, temperature profiles and ammonia slip. The main reference was constituted by the kinetic data and wetted-wall column results of Darde et al. (2011) that have been collected in 1-10%wt ammonia solution in the temperature range of 6-31 0C and loading range of 0.8 mol CO2/mol NH3. They were compared against rate-based Aspen Plus models (Liu et al., 2015; Lu et al., 2017) and results based on advanced configurations (Jeong et al., 2022; Prez-Calvo et al., 2021).
Discrepancies between equilibrium stages and rate-based calculation have been used to support the need for a rate-based model at low temperature to properly evaluate the ammonia slip and mass transfer.
2.5 Sensitivity Analysis
Sensitivity analysis on lean solvent inlet temperature (LeanIn stream) was conducted by varying the temperature between 280 K and 293 K (7 to 20 0C) whilst keeping constant the other parameters. The outcome on the amount of CO in the treated gas (GasOut) and capture efficiency as well as the loss of ammonia in the lean-out stream were observed.
2.6 Economic Analysis
The economic analysis was performed directly in Aspen Plus utilizing the Economic Analyzer tool. An estimated cost of capital for equipment and installation and an annual operating cost (utilities, solvent make-up for losses, maintenance and labor) were calculated for the system. This was performed for industrial-scale operation assuming flow rates and conditions from the simulation.
This rate-based modelling approach for the CO2 capture system utilizing Aspen Plus helped illustrate a detail analysis on the CO2 capture performance, solvent losses and economics for the low-temperature aqueous ammonia absorption process. The inclusion of explicit kinetics and electrolyte thermodynamics of the reaction system assured that predicted behavior of high CO2 capture and ammonia slip observed in the results would be realistic.
3.0 Results and Discussion
3.1 Ammonia Carbon Capture Analysis
[image: ]
Figure 1 Ammonia Carbon Capture Process Flow Diagram
Aqueous ammonia was considered as the absorbent for the post combustion CO2 capture process. Following the procedure Darde et al. (2011) described, the lean ammonia stream was fed into the absorber at a low temperature of 7°C. This low temperature was needed to enhance CO2 absorption while reducing ammonia vapor pressure.
The incoming flue gas to the absorber had a CO2 loading of 132.11 kg/hr, as given from the simulation results, and the GasOut stream leaving the absorber has virtually 0% CO2 (greater than 99% capture efficiency) at the operating condition of 7°C. Such high capture efficiency also showed to be in accordance with the literature; Darde et al. (2011) stated that they obtained efficiencies above 90% for low temperature operation in aqueous ammonia. However, a considerable amount of solvent loss was identified: 90+ kg/hr of CO2 was obtained leaving the stripper, but the stream had a composition that 44.75 kg/hr NH3 was not absorbed and fed into the absorber (418.86 kg/hr).
3.2.5 Ammonia Sensitivity Analysis
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Figure 2 Ammonia Sensitivity Curve
It was observed that an increased feed temperature causes a negative effect on the efficiency of absorption; as the temperature of the lean solvent increased, the level of CO2 in the GasOut stream also steadily increased, denoting that the capacity of capturing CO2 also decreased. At 7°C there was a complete removal, but as temperature increased so did the level of CO2 in GasOut stream until it was close to 20°C where efficiency was decreased drastically.
The decrease of CO2 capture efficiency with increasing temperature is expected due to the temperature dependence of solubility of CO2 in ammonia solutions and ammonia volatility. Darde et al. (2011) already pointed out that lower feed temperature is essential in aqueous ammonia system because an increased temperature causes increase in the partial pressure of NH3 and then reduced the driving force of CO2 absorption. Thus, maintaining sufficiently low feed temperature of lean ammonia (close to 7°C) is extremely important for maximizing CO2 removal efficiency and minimizes ammonia slip.
3.3 Ammonia Economic Analysis
Capital cost and operating cost for an industrial-scale plant was obtained by using the flow and conditions from the rate-based model.
Total capital investment is estimated to be $2,917,490, which include the cost of the plant construction, equipment installation and auxiliary equipment installation and cost, while the annual operating cost is $1,529,310. The cost includes utilities (cooling and heating), makeup solvent for losses, maintenance and labor. The total capital investment for the aqueous ammonia system is roughly similar to that of a conventional MEA system that also showed similar performance for the similar conditions under the assumption of industrial scale plant, while slightly lower operating cost. This is mainly due to the lower energy required for regeneration when the solvent is fed at lower temperature. However, it must be noted that the total operating cost could increase in the long term due to the solvent losses when efficient solvent recovering techniques (like water washing section or other advanced structure as suggested Jeong et al., Prez-Calvo et al., Wang et al.) were not incorporated to capture lost ammonia from outlet of stripper (Jeong et al., 2022; Prez-Calvo et al., 2021; Wang et al., 2018).
Overall economics of aqueous ammonia process may be comparable and slightly better to MEA when it is operated at low temperature with efficient solvent recovery. Further work could be performed on optimizing the column design and integrating the heat recuperation to enhance its economic viability.
Conclusion
The rate-based simulation of post combustion CO2 capture by aqueous ammonia was performed using Aspen Plus focusing on the effect of low temperature on CO2 capture efficiency and solvent loss. The simulation successfully showed more than 99% of CO2 capture (132.11 kg/hr into the absorber) when operating at a lean solvent feed temperature of 7°C and obtaining over 90 kg/hr of CO2 from the stripper. This result demonstrates that the potential of chilled ammonia is significant in CO2 capture application.
However, the large extent of solvent loss occurring at low temperatures in the aqueous ammonia process is still a major challenge to overcome. The calculated level of ammonia in the lean out stream is 44.75 kg/hr from an initial feed of 418.86 kg/hr into the stripper which proves that solvent losses from aqueous ammonia can be significant. In addition, the sensitivity analysis indicated that the CO2 capture efficiency is sensitive to lean solvent temperature and drops as the temperature is increased up to 20°C from the low value of 7°C.
Economically, the process is shown to be competitive with a total capital investment and operating cost around $2,917,490 and $1,529,310, respectively. Low regeneration energy required can help lower operating cost of the system, but it needs to be carefully designed in order to minimize the solvent losses so that total operating cost cannot be higher compared to conventional MEA system. This study provides valuable information on the design and performance of aqueous ammonia-based CO2 capture process at low temperatures. Further investigation involving the addition of solvent recovery stage and verification with experimental data is recommended for industrial scale applications.
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