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CO2 capture using monoethanolamine (MEA) is one of the important decarbonization options and often considered as a benchmark, while the optimal MEA contraction and systematic process study are still lacking. In this work, firstly, the MEA concentrations between 15 and 30 wt% were studied from both process simulations with Aspen Plus and experimental measurements in the pilot-scale. 20 wt% MEA was identified as the preferable solution. Subsequently, a systematic analysis was conducted for CO2 capture using 20 wt% MEA with/without CO2 compression to study how various parameters, including gas flow rate, CO2 concentration, and CO2 removal rate, affected the energy demand and techno-economic performances quantitatively. The influence of each parameter on both energy demand and cost showed an obvious non-linear relationship, evidencing the importance of systematic analysis for further study on decarbonization. The evaluation indicated that the regeneration heat required the largest portion of energy demand. The economic analysis showed that the capital cost was more sensitive to the selected parameters than the operational cost, while the operational cost created a major change in the overall cost. In addition, the gas flow rate and CO2 concentration were the main parameters affecting the cost, rather than the CO2 removal rate. Finally, it was suggested that, for a new plant, CO2 capture showed the minimum investment cost per ton CO2 when operating the plant on a large scale, high CO2 concentration, and high CO2 removal rate; for an existing plant, the capture preferred to run with the high CO2 removal rate.
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1 INTRODUCTION
Anthropogenic emission of CO2 is one of the main causes of global warming. According to the Intergovernmental Panel on Climate Change (IPCC), global anthropogenic emissions of CO2 should be reduced to net-zero by 2050 to avoid a temperature increase of greater than 1.5°C (Masson-Delmotte et al., 2018). The main sources of CO2 emissions are the combustion of fossil fuels and industrial processes, such as the cement industry. To mitigate CO2 emissions, different decarbonization options have been proposed, such as improving energy efficiency, using hydrogen-based energy, replacing fossil fuels with biomass, combining with carbon capture and storage (CCS) processes, etc. Among all these options, the CCS with novel CO2 capture, such as membrane, adsorption with zeolites, absorption with new solvents like ionic liquids, are promising for deployment in the future, but restricted by the low technology readiness level (TRL) in the current. Among the CCS technologies, chemical absorption is the most mature one with the advantages of high stability, capacity, and TRL, and specifically, monoethanolamine (MEA) is the most used solvent in numerous processes because of its excellent capture performance (Li et al., 2013). It is of importance to evaluate the most technology-ready MEA-based CO2 capture process as detailed as possible in case of urgent deployment of CO2 mitigation in a short-term period. Besides, in the long-term period, a solid conclusion of the MEA-based CO2 capture process is necessary to function as the reference for evaluating the newly developed advanced technologies.
Many researchers were focusing on the MEA-based CO2 capture in coal-fired and gas-fired power plants owing to its largest share of anthropogenic CO2 emissions, the effect of the CO2 capture process on the overall plant efficiency and electricity price has been studied, and efforts have been made in order to compensate the plant efficiency as well (Abu-Zahra et al., 2007a; Dave et al., 2011; Duan et al., 2012; Gupta et al., 2015). Later, the research effort was shifted to other industrial sectors, as industrial emissions were considered as another important CO2 source. On the one hand, techno-economic analyses and comparisons have been conducted to assess the feasibility of the MEA-based CO2 capture process in the iron and steel sector and aluminum production (Hassan et al., 2007; Mathisen et al., 2013; Mathisen et al., 2014; Sundqvist et al., 2018; Liu et al., 2019). Another study evaluated the performance of different amine(s)-based solvents at comparably higher CO2 concentrations (Laribi et al., 2019). A configuration study compared various options and proposed ones to further reduce the energy demand of the capture process (Dubois and Thomas, 2018). On the other hand, some researchers have devoted themselves to combining the experimental data with various models and improving the existing capture processes, in order to reduce the investment from research and development to the plant operation (Abu-Zahra et al., 2007a; Li et al., 2014; Li et al., 2016a; Garcia et al., 2017; Moioli and Pellegrini, 2019).
Most of the research mentioned above uses the 30 wt% aqueous MEA solutions as the reference case, i.e., 30 wt% aqueous MEA as the optimal concentration compromised between capture performance and MEA degradation and corrosion. The results from the pilot plant study conducted by Notz et al. also suggested 30 wt% MEA (Notz et al., 2012). While others indicate that the selection of MEA concentration needs to be carefully considered with other parameters, such as CO2 concentration (Gardarsdottir et al., 2015). Arachchige and Melaaen studied the effects of MEA concentration on the removal efficiency and concluded that 22–25 wt% MEA concentration as the optimal region for maximizing the removal efficiency (Arachchige and Melaaen, 2012), while others suggested even higher than 30 wt% MEA (Abu-Zahra et al., 2007b; Li et al., 2016b). Besides, a rapid corrosion rate was observed when using 30 wt% MEA, and prone degradation in the high MEA concentration was also mentioned by Wagner (Wagner, 2006). Replacing carbon steel with stainless steel 316L can only partially moderate the corrosion issue (Fytianos et al., 2016). Additionally, it has been pointed out that 30 wt% MEA can lead to other problems, such as thermal and oxidative degradation, as well as high bulge temperature. However, to the best of our knowledge, no clear and universal conclusion has been drawn regarding the selection of MEA concentration, and the concentration study, especially lower than 30 wt%, is limited and needs to be fulfilled. Another information shortage is that the gas from different industries differs in CO2 concentration, gas flow rate and other conditions, and the CO2 removal rate can be adjusted significantly (Garđarsdóttir et al., 2015; Nguyen and Zondervan, 2018). All the mentioned scenarios may have significant impacts on the selection of optimal MEA concentration when different industries and plants are interested. It is worthy to note that, in many of the research, only the energy demand was used as the key performance indicator for the MEA concentration selection, even though the investment presents a straightforward way of demonstrating how the MEA concentration influences the overall economics in the plant level.
This work is to analyze the effect of MEA concentrations (15–30 wt%) on the performance of the MEA-based CO2 capture process and identify the optimal concentration of MEA on different operation conditions via Aspen Plus simulation. Experimental data of 30 wt% MEA from the literature and new pilot experiments with 20 wt% MEA were provided for model validation. Finally, the energy demands and CAPEX/OPEX of the capture plant were predicted under various CO2 concentrations, gas flow rates, and removal rates.
2 METHODOLOGIES
In this work, pilot-scale experiments were carried out for CO2 capture with 20 wt% MEA, as the previous results on the pilot-scale testing were only available for 30 wt% MEA. The experimental set-up and procedures were described in this section. The systematic investigation of CO2 capture was mainly based on process simulations with the commercial software Aspen Plus, the process and the corresponding specifications were described briefly, and the methods for estimating energy demand and cost were summarized.
2.1 Pilot experimental testing
2.1.1 Chemicals and materials
In experiments, the inlet gas containing 12.5 Vol % CO2 was prepared. The gas preparation started with the pressure release from the CO2 gas cylinder (99.9% purity provided by Nanjing special gases Co., Ltd.) to the gas reservoir, and the CO2 was blown into the gas buffer tank, in which the flow rate of CO2 was controlled by the pressure relief valve and flowmeter. Air was blown directly from the atmosphere. The air and CO2 were well mixed and then fed into the absorber at a certain flow rate. The gas composition, temperature, and pressure were measured by Kane KM9106E combustion analyzer (Keison, UK). The 20 wt% aqueous MEA solution was prepared by mixing MEA (Jiaxing Jinyan Chemical Co., Ltd.) and deionized water.
2.1.2 Experimental set-up and specifications
The experimental set-up used for pilot-testing is depicted in Figure 1. Two thermometers (Kangle Instruments Co., Ltd.) were equipped at the top and bottom of absorber and desorber, respectively, to measure the temperature of columns. Similarly, two pressure gauges (XueHu Special Instrument Technology Co., Ltd.) were equipped at the top and bottom of absorber and desorber, respectively, to record the column pressure. The specifications are listed in Table 1. In the absorption-desorption process, CO2 in the gas stream was absorbed by the 20 wt% MEA solution, and then the CO2-rich solvent was preheated by a rich-lean heat exchanger (HEX) and sent to the regeneration column. The regenerated CO2 gas stream was condensed in a condenser to separate water and obtain a 99% CO2 product. The CO2-lean solvent from the reboiler was pumped to the rich-lean heat exchanger to recover the heat. The CO2-lean solvent stream was further cooled and then recirculated to the absorber with a solvent makeup stream to compensate for the solvent loss.
[image: Figure 1]FIGURE 1 | Schematic flow diagram of the pilot test with 20 wt% MEA solution.
TABLE 1 | Experimental specifications of 20 wt% MEA-based CO2 capture process.
[image: Table 1]2.2 Process and simulation
2.2.1 Process description
In simulations, the MEA-based capture process combined with a CO2 compression unit is shown in Figure 2. The inlet gas travels through a pretreatment unit to cool the gas and reduce the water content. The treated gas is then fed into the absorber, where CO2 is reactively absorbed by the MEA solvent. The CO2-rich solvent exiting the absorber is pumped into the internal heat exchanger, where the CO2-rich solvent is preheated and fed into the regeneration column. The CO2 exiting from the top of the regeneration column then flows into a series of compression units to reach a specific condition for transportation, storage, or utilization. The makeup streams, which contain water and MEA, are added into the recycle stream.
[image: Figure 2]FIGURE 2 | Schematic diagram of the MEA-based CO2 capture process in Aspen Plus.
2.2.2 Process specifications
The inlet gas may contain O2, CO2, H2O, N2, CO, H2, and several trace components, such as NOx and SOx. However, to simplify the process, only O2, CO2, H2O, and N2 were considered, and the gas was assumed to contain 2.4 wt% O2, 4.2 wt% H2O, and balanced CO2 and N2 concentrations.
In this study, two gas flow rates were assumed, and the large flow rate was 252.7 ton/hr (i.e., 70.2 kg/s), corresponding to the full capacity of the St. Marys cement plant (Hassan, 2005). The medium gas flow rate was half the large flow rate, representing the capacity of a medium-sized plant. The CO2 concentration of 31.8 wt% is the original data from the St. Marys cement plant, and then the CO2 concentration was further expanded to a range of 10–50 wt% for generalizing the study. The CO2 removal rate was defined as the ratio between the amount of CO2 captured in the process and the total amount of CO2 entered the process. It was set between 65% and 95% to investigate its influence on the energy demand and economy (cost), and values lower than 65% were not included owing to the CO2 capture requirement. These parameters are listed in Table 2. Based on these parameters, 60 cases of various CO2 removal rates, gas flow rates, and CO2 concentrations were created for process simulation. Other process parameters are listed in Table 3.
TABLE 2 | Input parameters in the process simulation.
[image: Table 2]TABLE 3 | Initial specifications in the MEA-based CO2 capture process.
[image: Table 3]2.2.3 Simulation specifications
The process development strategy follows the same principle as the study by Penteado et al. (2016). Both columns were designed with the equilibrium model and then switched to the rate-based model that simultaneously described the mass and heat transfer rate phenomena with equilibrium and kinetic controlled reactions. A design specification was set in the absorber to reach a certain capture target by varying the lean MEA flow rate. The other two design specifications were configured in the desorber: one matched the lean CO2 loading of 0.3 molCO2/molMEA by varying the reboiler duty, and the other ensured that the gas stream exiting the desorber reached 98 mol% CO2 purity by changing the distillate flow rate. The heights for both columns were determined by sensitivity analyses, where the required lean MEA flow rate in the absorber and the minimum reboiler duty in the desorber were calculated.
The recycle stream should be closed in the process simulation to achieve process stability and simulation convergence. However, closing the recycle stream by a blocked connection increases the computing time and could create convergence problems. In addition, the labor becomes more complex when adjusting the operating conditions. Thus, in this study, the method described by Penteado et al. was used to improve the stability and usability of the simulation, i.e., instead of connecting the lean MEA recycle stream with the absorber inlet, a transfer block was used to virtually close the recycle. This was performed using two steps. 1) The design specifications were used to fix the lean loading of the bottom stream from desorber, and 2) a balance block was created to control the flow rates of the makeup streams. These two steps ensured that the recycle stream and lean MEA stream were nearly identical in composition and flow rate. The initial specifications of the process are listed in Table 3. It is worth noting that IMTP 1.5-IN NORTON was chosen in this work because of the following reasons: 1) the surface area of this type of packing is available in the database, and 2) a similar IMTP packing was used in the pilot plant, where the data was used for the validation of process simulation. The comparison with the experimental data using a similar packing will increase the reliability of holdup calculation, leading to credible results.
The simulation results depend on the accuracy of the properties, phase equilibria, mass and heat transfer, and reaction kinetics. Proper models were chosen to calculate the required thermodynamic properties (enthalpy, entropy, Gibbs free energy, and volume) and transport properties (viscosity, thermal conductivity, diffusion coefficient, and surface tension) in the liquid and vapor phases. The thermodynamic and transport properties were extracted from the Aspen Plus database and configured in the component specifications.
The electrolyte non-random two liquid model was used to describe the non-ideal behaviors of the liquid phase, and the Redlich-Kwong equation of state was chosen for the vapor phase to describe the phase equilibria (Liu et al., 1999; Zhang et al., 2009; Zhang and Chen, 2010). Both models have been implemented in Aspen Plus and verified for MEA-based technologies for CO2 capture (Chalmers and Gibbins, 2007; Thiele et al., 2007; Hi et al., 2015). The parameters (pure, binary, and electrolyte-pair) for all the components were maintained as default values, as this simulation was conducted based on the example file used for the MEA-CO2 system.
The widely used reaction mechanism described by Freguia and Rochelle (2003) with three equilibrium reactions and two reversible kinetically controlled reactions was adopted, and the corresponding parameters were obtained from Austgen et al. (1989), Pinsent et al. (1956), and Hikita et al. (1977). The reactions and corresponding kinetic parameters are listed in the Supplementary Table SA).
For the mass and heat transfer calculations, the Onda-68 correlation was selected for the mass transfer coefficient and interfacial area. The Chilton and Colburn correlation was applied to obtain the heat transfer coefficient, and the packing holdups were calculated using the approach by Bravo et al. (1992).
2.3 Energy demand and economic analyses
The energy calculation in this study consisted of two scenarios: the energy demand of the process with and without a compression unit. Energy demands in the MEA-based CO2 capture process are: 1) the heating duty of the reboiler for solvent regeneration and the heaters; 2) the electric power required for the blower, pumps, and CO2 compressor; and 3) the cooling duty of the condenser for solvent regeneration and the coolers. The energy demand mentioned above was estimated in energy power and then converted into cost with the energy prices listed in Table 4 for discussion and comparison.
TABLE 4 | Utilities and solvent prices.
[image: Table 4]An economic analysis was conducted with the Aspen Process Economic Analyzer (APEA) based on the industry-standard Icarus System (Aspen, 2010). Figure 3 shows the procedures of economic analysis in the APEA. The APEA is an equipment-based approach to estimate the economy. It maps and sizes the equipment to create a volumetric model, which is used to estimate the total installed cost. With other input parameters used in the APEA, the template defines the equipment-based parameters required in the analysis. It also defines the currencies and interest rates for the cost calculation, and the investment options offer the plant life setting and operating hours that could be used for quantitatively calculating the operational cost. The stream and utility prices assist the material and energy cost processes. With this information, the cost can be evaluated and generated (e.g., equipment and utilities).
[image: Figure 3]FIGURE 3 | The liquid temperature profiles as simulation outputs and pilot plant experimental data. (A) absorber and (B) desorber of the pilot plant at the University of Texas at Austin, (C) absorber and (D) desorber of the pilot plant at the University of Kaiserslautern.
The annualized total cost (ATC) was calculated as a sum of the operational cost (OPEX) and capital investment cost (CAPEX). ATC was estimated using Eq. 1.
[image: image]
where CAPEX is the total cost of the plant, which consists of the direct and indirect costs, i.e., the total installed cost, contracts, contingencies, overheads, and other costs; OPEX is the summation cost of the raw material, utility, operating labor, maintenance, operating charges, plant overhead, and general and administrative cost; i is the interest rate, and N is the operating life of the plant. In this study, i was set to 10%; N was set to 25 years, and the plant operating time was assumed to be 8,700 h per year (Biegler et al., 1997). Other parameters used for the CAPEX and OPEX calculations were set to the default values. Table 4 lists the utilities and solvent prices used in the OPEX calculation (Eurostat, 2016; Jakobsen et al., 2017).
3 RESULTS AND DISCUSSION
In this study, pilot-testing was conducted, proving new experimental results. The process was configurated in Aspen Plus with the initial specifications listed in Table 3, and the simulation was validated with the practical data using both 20 and 30 wt% MEA solvent. Then the effect of MEA concentrations on the process performance was investigated, and optimal MEA concentration was determined. Afterward, a systematic study was conducted based on process simulation, where the effects of MEA concentration, along with selected parameters, on the energy and cost results were analyzed individually and interactively.
3.1 Experimental results and simulation validations
3.1.1 New experimental results for 20 wt% aqueous MEA and the corresponding model validation
Using the experimental set-up described in Figure 1, the key experimental results of CO2 capture, i.e., CO2 removal rate, desorber bottom section temperature, and gas-to-liquid ratio, with 20 wt% MEA are listed in Table 5. This is the first time to report the data with 20 wt% MEA, and no comparison with other available data can be conducted.
TABLE 5 | Key experimental and simulation results for validation of 20 wt% MEA solvent.
[image: Table 5]The newly determined experimental results were used to validate the process simulation results, where the simulations were performed under the same conditions used at the real pilot plants. As shown in Table 5, a comparable simulation output proved a reliable process model in our study with 20 wt% MEA solvent. However, due to the undesirable insulation on the regeneration column, the reboiler heating duty recorded in the experiment was higher than the simulation results but still in an acceptable range if the heat loss was considered.
3.1.2 Validation of simulation with 30 wt% aqueous MEA pilot plants results
In 3.1.1, the simulation results were validated with 20 wt% aqueous MEA. Moreover, the experimental results with 30 wt% MEA solutions taken from the pilot plants at the University of Texas at Austin and the University of Kaiserslautern (Dugas, 2006; Notz et al., 2012) were used for further validation.
For 30 wt% MEA, again, the simulations were conducted under the same conditions used at the real pilot plants. The comparison results are listed in Table 6 and depicted in Figure 3, showing that good agreements were obtained between the simulation output and experimental data. The minor difference in the reboiler heating duty from that in the pilot plant data at the University of Texas at Austin can be explained by the re-absorption in the desorber, which was also reported by Zhang et al. (2009).
TABLE 6 | Simulation and experimental results for 30 wt% MEA solvent.
[image: Table 6]3.2 The effect of MEA concentrations under different selected parameters
For the MEA-based technologies for CO2 capture, 30 wt% MEA is often used in academic research, while a lower concentration of MEA solution is widely used in industrial applications. To further study the CO2 capture performance with different MEA concentrations, solvents with 15–30 wt% MEA were selected to simulate the capture process with fixed inlet gas and lean loading, and the solvent flow rate was adjusted to obtain a 95% CO2 removal rate. The effects of lean loading on reboiler duty were studied by Hassan et al., concluding that the minimum reboiler duty was achieved when the lean loading achieved around 0.3 molCO2/molMEA (Abu-Zahra et al., 2007b; Hassan et al., 2007). Therefore, in this study, a fixed lean loading of 0.3 molCO2/molMEA was used to simplify the study, and more efforts were devoted to the influence of selected parameters.
Figure 4 shows that, by decreasing the MEA concentration from 30 wt%, through 25 and 20 until 15 wt%, the bulge temperature decreased from 358.15 to 328.15 K, creating a better absorption performance because the lower temperature promotes the exothermic absorption for CO2. However, it is not exactly the same story when discussing the MEA concentration regarding the reboiler duty and investment cost. The specific heat requirement and cost estimation were calculated based on these four MEA concentrations and all the combinations of selected parameters. Only the cases with boundaries of the selected parameters were discussed.
[image: Figure 4]FIGURE 4 | Temperature profile and bulge temperature in the absorber.
3.2.1 The effect of removal rate
The lower and upper boundaries of removal rate were selected to illustrate the effects of MEA concentration and removal rate on specific energy demand and capture cost with fixed gas flow rate (large scale) and CO2 concentration (31.8 wt% CO2 concentration). As we can conclude from Figure 5, no considerable effect of removal rate is observed even if the removal rate increases from 65% to 95%. However, the specific heat requirement as well as the costs are sharply decreasing with increasing MEA concentration from 15% to 20%, and then a slight decrease and increase are observed with increasing the MEA concentration from 20% to 25% and from 25% to 30%. It can be explained that when using too low MEA concentration (e.g., 15 wt% MEA), it will lead to a large solvent flow rate and thus expand the equipment dimension and higher CAPEX. The heat demand required for heating up the solvent is also high, resulting in a sharp increase in OPEX. When increasing the MEA concentration into 20–25 wt%, a lower solvent flow rate could reach the fixed capture target and lower the heat requirement compared to that of 15 wt% MEA case. The higher bulge temperature in the absorber is insignificant compared with enhancement due to the decrease in solvent flow rate. When a high MEA concentration (30 wt% MEA) is used, a lesser solvent flow rate is required. However, the bulge temperature is too high to maintain the desired CO2 solubility, again resulting in a larger solvent flow rate for compensating the solubility losses. Even though the solvent flow rate is still less than that for the case with a lower MEA concentration, the heat duty is a bit higher and not optimal in this case.
[image: Figure 5]FIGURE 5 | Influence of MEA concentration on investment cost and specific heat requirement. (A): 65% removal rate; (B): 95% removal rate.
3.2.2 The effect of CO2 concentration
Similar to the evaluation of removal rate, the boundary value of CO2 concentration, 10 and 50 wt% were selected to study the effect of MEA concentration under different CO2 concentrations, as depicted in Figure 6. When the CO2 concentrations were set at a 10 and 50 wt%, the lowest specific energy demands were reached for the solvent with 25 wt% and 20 wt% MEA concentrations, respectively. This is highly related to the CO2 concentration. When using 30 wt% MEA with 10 wt% CO2 concentration, the higher bulge temperature is avoided, leading to an insignificant difference between 25 and 30 wt% MEA. However, when using 30 wt% MEA with 50 wt% CO2 concentration, the high bulge temperature is promoted, resulting in an obviously increased specific energy demand compared with the case of 25 wt% of MEA.
[image: Figure 6]FIGURE 6 | Influence of MEA concentration on investment cost and specific heat requirement. (A): 10 wt% CO2 concentration; (B): 50 wt% CO2 concentration.
Moreover, the lowest investment costs were reached for the solvent with 25 wt% and 20 wt% MEA concentration when using 10 and 50 wt% CO2 concentrations, respectively. The conclusions above indicate the significant effects of CO2 concentration on both energy demand and investment cost. Therefore, the solvent concentration should be carefully considered with CO2 concentrations.
We can conclude that the MEA concentration of 20–25 wt% is the optimum range in our study instead of 30 wt% MEA, and a concentration lower than 20 wt% will significantly increase the reboiler duty. Besides, other researchers also drew a similar conclusion when the study methods are customized; Garđarsdóttir et al. (2015) also studied the solvent concentration effect on the temperature profiles and heat duty that lower concentrations of MEA could benefit the bulge temperature in absorber and reboiler heat duty, especially under low CO2 concentration condition. In addition, the pilot testing also supports that the MEA concentration lower than 30 wt% requires lower stripping steam in the regeneration process (Notz et al., 2012). Furthermore, a lower MEA concentration solvent benefits a lower degradation and corrosion rates, and reduces the equipment, maintenance, and solvent costs. Based on all the analyses in this section, 20 wt% MEA solvent was selected for further study in this work.
3.3 Systematic analysis of energy demand and cost with 20 wt% MEA
In this section, a systematic analysis of energy demand and cost with 20 wt% MEA was discussed. It is worth mentioning that the ranges of the values for the defined parameters, i.e., gas flow rate, CO2 concentration, and CO2 removal rate, were adopted from Table 2.
3.3.1 Energy demand analysis
First, the energy demand and variance with the studied parameters were evaluated for the process with and without the compression unit. The heating duty, cooling duty, and electric power were analyzed to identify the energy-intensive units, and then the effect of the parameters on these units was quantitatively evaluated. In this section, a number of examples are illustrated to represent the effects of parameters, and other cases have shown the same trend as the cases presented in the following sections.
Figure 7 shows the results of specific energy power for different cases as well as with and without the compression unit. The specific energy power in the high CO2 concentration cases was lower than that in the low CO2 concentration cases. For example, with a 65% CO2 removal rate, the heating duty was 0.14 kW/ton-CO2 for 10 wt% CO2 concentration, while it was 0.105 kW/ton-CO2 for 50 wt% CO2 concentration. Thus, the specific energy power decreased with increasing CO2 concentration. In addition, the energy power decreased with increasing CO2 removal rate, except for the cooling duty. For the cases with the compression unit, the cooling duty showed a fluctuation with increasing CO2 removal rate owing to the design of the multistage compressors. The CO2 streams contained different volumetric flow rates and temperatures, requiring various compressor setups (outlet pressure and temperature in each stage) and different cooler sizes in each stage, and influencing the overall process cooling duty.
[image: Figure 7]FIGURE 7 | Specific energy power per ton-CO2 captured. Darker color: with compression, lighter color: without compression [(A): 10 wt% CO2 case, (B): 50 wt% CO2 case].
The specific energy powers include cooling, heating, and electric power. The cooling duty, which is used in pre-stage cooling and the condenser in the desorber, requires the largest percentage of energy power. There was no difference between the heating duty with and without the compression unit, because the heating duty was only owing to the reboiler. The value of electric power was lower than the other two energy powers, especially without the compression unit. The significant difference between the electric powers with and without the compressors indicates that the compressors are the main electricity requirement. The summation of heating and cooling duty accounts for the most part of the energy power required in the process, indicating that consideration of waste heating and cooling management might be interesting.
Figure 8 shows the variations of the total energy cost with the considered parameters as well as with and without the compression unit, where the observations are different from those in Figure 7. The different results observed from Figure 7 and Figure 8 highlight the importance of energy price in analyzing the economics rather than the energy demand. In contrast to Figure 7, the cost of cooling energy in Figure 8 is insignificant compared to the overall energy cost. Moreover, the energy cost without the compression unit showed at least a 20% cost reduction from that with the compression unit; therefore, the compression unit played a significant role in the energy demand. In addition, the total energy cost slightly decreased with increasing CO2 removal rate in each case; however, the reduction was large for increasing CO2 concentration. For instance, for 10 wt% CO2 with the increased CO2 removal rate, the reductions were 7.3% (with compression) and 7.5% (without compression), while the cost reductions owing to the increased CO2 concentration were 26.4%–30.4% and 33.7%–37.9%, respectively.
[image: Figure 8]FIGURE 8 | Heating, cooling, and electricity cost in the MEA based CO2 capture process. Darker color: with compression, lighter color: without compression. [(A): 10 wt% CO2 case, (B): 50 wt% CO2 case].
Figure 8 also shows the energy costs of heating duty, cooling duty, and electric power. The heating duty, which is owing to the reboiler, accounts for 50% of the total energy cost in each case. For 10 and 50 wt% CO2, the cost of the heating duty was slightly reduced: 2.7% and 1% with the increased CO2 removal rate, while increasing the CO2 concentration from 10 to 50 wt% created a 23%–24.4% reduction. Therefore, the CO2 concentration had a larger effect on the cost reduction of the heating duty than that of the CO2 removal rate. Large cost reductions in electric power were observed by removing the compression unit. For 10 wt% CO2 concentration, 52% and 62% reductions were observed for the 65% and 95% CO2 removal rates, respectively. These numbers were larger for 50 wt% CO2 concentration: 86% and 87% reductions for the 65% and 95% CO2 removal rates, respectively. When the CO2 concentration increased from 10 to 50 wt%, the additional electric power for the gas blower and solvent pumps was smaller than the reduction of the electric power for the compression unit. Therefore, the compression unit dominated the overall electric demand, especially for high CO2 concentrations.
The effect of the CO2 concentration and CO2 removal rate on the electric power was further evaluated for the cases with and without the compression unit. For the cases with a compression unit, when increasing the CO2 removal rate from 65% to 95%, 14.9% and 4% cost reductions were observed in the 10 and 50 wt% CO2 cases, respectively. However, the effect of the CO2 concentration achieved 31.9%–39.5% cost reductions when increasing the CO2 concentration from 10 to 50 wt% for the CO2 removal rates ranging from 65% to 95%. For the cases without the compression unit, when increasing the CO2 removal rate from 65% to 95%, 30.9% and 30.3% cost reductions were observed in the 10 and 50 wt% CO2 cases, while the CO2 concentration showed a larger effect than that of the CO2 removal rate: 82.3%–82.5% cost reductions when increasing the CO2 concentration from 10 to 50 wt% with the CO2 removal rates of 65%–95%. In both scenarios, the CO2 concentration had a larger impact than that of the CO2 removal rate on the cost reductions in the electric power. The cooling duty represented a small percentage of the energy cost, and the absence of a compression unit showed a minimal effect. In addition, the percentages of heating, electricity, and cooling costs to the total costs were plotted in cheese portion diagrams in the Supplementary Figure S1 to visually demonstrate the energy cost percentages when changing the defined parameters.
3.3.2 Techno-economic analysis
The energy analysis is related to the operational cost. For the entire plant, the investment cost is another important concern. In this section, the effects of individual and multiple parameters on CAPEX, OPEX, and total cost were discussed. In addition, the estimated costs for the MEA-based CO2 capture plant for all cases were summarized and plotted in a single figure, where CAPEX and OPEX are shown for the combinations of considered parameters. Beforehand, the sensitivity analysis of the impact of utility cost on total cost was conducted. The results are shown in the Supplementary Figure S2. The utility costs were varied for 50%, 75%, 125%, and 150% of its original cost adopted from Table 4. Four sets of cases, i.e., large/medium flow fate with 65%/95% CO2 removal rate, were selected to represent how the variations of these utility prices affect the calculated costs. The results showed that the heating cost affected the total cost in the most effective way rather than the electricity cost, and the cooling cost only slightly changed the total cost. For example, in the case of large flow fate with 65% CO2 removal rate, 50% increase in heating cost caused 12.9% increase in the total cost, while 50% increase in electricity and cooling costs led to 8.4% and 1% increases in the total cost, respectively.
3.3.2.1 Influence of CO2 removal rate on the CAPEX and OPEX
Figure 9 shows the influence of the CO2 removal rate on the CAPEX and OPEX per ton CO2. The case with 10 wt% CO2 concentration was used as one example. A larger removal rate provided a lower CAPEX per ton CO2. However, the total CAPEX increased with increasing CO2 removal rate, even though the CAPEX per ton CO2 decreased. This was because of the lower increment of CAPEX than that with the extra amount of CO2 captured. For OPEX, it decreased with increasing CO2 removal rate, and its value was approximately 3 times that of CAPEX. Therefore, OPEX dominated the total cost in the MEA-based CO2 capture process. In the large flow rate cases, the CAPEX per ton CO2 decreased from $26.9 to 21.08, corresponding to a 21.6% reduction, while only a 9.4% reduction was observed for the OPEX per ton of CO2. Therefore, CAPEX was more sensitive than OPEX to the increase in the CO2 removal rate.
[image: Figure 9]FIGURE 9 | Effect of the CO2 removal rate on the CAPEX and OPEX per ton CO2 captured (10 wt% CO2 concentration).
3.3.2.2 Influence of the gas flow rate on the CAPEX and OPEX
Figure 10 shows the influence of the gas flow rate on the CAPEX and OPEX per ton CO2 for a 65% CO2 removal rate. When fixing the CO2 removal rate and comparing the CAPEX for the cases with different gas flow rates, the cases with a larger gas flow rate provided a lower CAPEX per ton CO2. The doubled gas flow rate provided twice the amount of CO2 gas flow; however, CAPEX was not linearly doubled, leading to a CAPEX reduction. For OPEX, when the gas flow rate was doubled from medium flow to large flow, OPEX decreased from $44.81 to 40.69 (9.1% reduction). Meanwhile, the CAPEX reduction reached approximately 25%, from $8.87 to 6.57.
[image: Figure 10]FIGURE 10 | Effect of the gas flow rate on the CAPEX and OPEX per ton CO2 (65% CO2 removal rate).
3.3.2.3 Influence of the CO2 concentration on the CAPEX and OPEX
Figure 11 shows the influence of the CO2 concentration on the CAPEX and OPEX per ton CO2. The cases with a medium flow rate are listed as examples. When fixing the gas flow rate and comparing the cases with different CO2 concentrations, the higher CO2 concentration created a lower CAPEX per ton CO2. The amount of captured CO2 increased with increasing CO2 concentration, thus increasing the solvent flow as well as the equipment size and cost. However, the total volume of the gas stream was fixed, and the increase of CAPEX owing to the increased solvent flow and increased CO2 gas flow was small compared to the extra amount of captured CO2 owing to the increased CO2 concentration. In addition, the increased cost of the compressors was caused by the increased amount of captured CO2 exiting the desorber.
[image: Figure 11]FIGURE 11 | Effect of the CO2 concentration on the CAPEX and OPEX (medium flow rate).
OPEX decreased with increasing CO2 concentration. A sharp reduction of OPEX was obtained when the CO2 concentration increased from a low value. For example, the increase of the CO2 concentration from 10 to 20 wt% provided a sharp reduction in OPEX from $78.92 to 57.75 (a reduction of 26.8%). However, a further reduction in OPEX was slower, resulting in $41.59 at 50% CO2 concentration.
Combining the results from Figures 9, 10, based on the cases of large flow, 65% CO2 removal rate, and increasing CO2 concentration from 10 to 50 wt%, a 75.6% CAPEX reduction was observed, i.e., from $26.9 to 6.57, while OPEX decreased from $74.03 to 40.69, i.e., 45% reduction.
When combining the results from Figures 10, 11, based on the cases of medium flow, 50 wt% CO2 concentration, with an increasing CO2 removal rate from 65% to 95%, a 19.7% CAPEX reduction was observed, i.e., from $8.87 to 7.12, while OPEX decreased from $44.81 to 41.59, i.e., 7.2% reduction.
From Figures 9, 11, for a 95% CO2 removal rate, 10 wt% CO2 concentration showed a 66.2% CAPEX reduction by increasing the gas flow rate from medium to large scales, i.e., $21.08 to 7.12, while OPEX decreased from $67.09 to 41.59, i.e., 38% reduction.
The individual and multiple parameter studies revealed that CAPEX was more sensitive to the considered parameters than that of OPEX in percentage. However, the absolute value of OPEX was larger than that of CAPEX, and thus, OPEX accounted for a greater proportion of the total investment cost. The next section discussed the OPEX percentage change with parameter variations.
3.3.2.4 Change in the OPEX percentage with parameter variations
Figure 12 shows the OPEX percentage with respect to the total cost. When the CO2 concentration increased from 10 to 50 wt%, the OPEX percentage increased. When the CO2 removal rate and gas flow rate were fixed, the increased CO2 concentration required more CO2 to be treated to achieve the same removal rate, and more power and heat were required to achieve the capture task. Meanwhile, the equipment size would not change owing to the fixed gas flow rate, as the gas flow rate is the decisive factor for sizing the equipment. In addition, the increased rate of OPEX decreased with increasing CO2 concentration; thus, OPEX was more sensitive at a low CO2 concentration.
[image: Figure 12]FIGURE 12 | OPEX percentage variations.
When fixing the CO2 concentration, the increased CO2 removal rate from 65% to 95% increased the OPEX percentage. When the capture requirement increased, the solvent flow rate and regeneration energy increased, leading to a high OPEX percentage. However, the increase of OPEX percentage became slow at a high CO2 removal rate; therefore, the OPEX was more sensitive at the low CO2 removal rate.
3.4 Overall economic analysis results
CAPEX, OPEX, and total cost of all the studied cases (all combinations of gas flow rates, CO2 concentrations, and CO2 removal rates) are shown in Figure 13. CAPEX and OPEX decreased with 1) increasing CO2 concentration, 2) increasing CO2 removal rate, and 3) increasing gas flow rate. The individual evaluation of each parameter on cost indicated that all three parameters had a larger impact on CAPEX than that of OPEX proportionally. However, OPEX dominated the total cost owing to its larger absolute value (approximately three times that of CAPEX). Consequently, if the percentage change is smaller in OPEX than in CAPEX, the change in the total investment cost (in $) is larger in OPEX than in CAPEX. Additionally, non-linear relationships between the defined parameters and CAPEX, OPEX, and total cost were observed in Figure 13. This non-linearity can be attributed to the effect of sole parameter (i.e., CO2 removal rate affects the sizes/costs of absorber and desorber) and/or multiple parameters (i.e., gas flow rate and CO2 concentration collectively affect the size of absorber and the electric power demand), making it necessary and meaningful to conduct further detailed systematic study and analysis to quantitatively identify the reasons behind these observations.
[image: Figure 13]FIGURE 13 | Annualized (A) CAPEX and OPEX, and (B) annualized total investment cost.
3.5 Further discussions on the practical implementation
Based on the overall economic analysis, suggestions were provided for the CO2 capture plant in an industry based on a new or existing plant.
As summarized in Section 3.4, the total cost decreased with increasing the values of parameters. In order to reach the optimal economic situation, a newly designed plant should be operated with a high gas flow rate, the CO2 concentration should be as high as possible, and the capture plant should aim for the highest CO2 removal rate.
For adding a CO2 capture process to an existing plant, the most effective method to decrease the cost of CO2 capture is to increase the CO2 concentration, especially for plants with low CO2 concentrations. When the CO2 concentration increased from 10 to 20 wt%, the total investment cost decreased from $126.56 to 83.17 (i.e., 34.3% reduction) for the case with a 65% removal rate, medium flow, and 10 wt% CO2. However, this method required a large modification of the production process, which could be expensive. In addition, increasing the gas flow rate could reduce the investment cost, and thus, a fully operational plant is preferred for the capture plant economy. Finally, the highest CO2 removal rate should be used, without significantly influencing the plant operation. Although the effectiveness of increasing the CO2 removal rate was lower than that of the other two factors, the efficiency of increasing CO2 removal rate showed greater potential in a lower CO2 removal rate range.
4 CONCLUSION
The MEA-based CO2 capture process was studied systematically, including experimental measurements and process simulations with different MEA-concentrations and parameters, with and without the compression unit. The comparison of the simulations with the newly measured experimental data and those from the real pilot plants ensured reliable simulations, and 20 wt% MEA solution was identified as the optimal concentration. The energy evaluation results revealed that the cooling duty required the largest energy power; however, the heating duty accounted for the largest energy demand based on the energy price. The heating duty contributed to more than 50% of the total energy cost in all cases, regardless of the presence of the compression unit. In addition, the compression unit used more than half of the required electric power, especially for the large CO2 concentration cases.
The qualitative evaluation and comparison of the effect of each parameter on cost indicated that the CO2 concentration and gas flow rate had larger influences than that of the CO2 removal rate. Since the extent of influence for each defined parameter was difficult to measure and compare, in other words, the parameters were at different dimensions, i.e., gas flow rate in ton/hr, CO2 concentration in weight percentage; the CO2 concentration ranging from 10 to 50 wt% while the CO2 removal rate being ≥65% owing to the CO2 capture requirements, it is impossible to conduct quantitative analysis. However, the cost variance trends with the studied parameters were established, and the results provided an optimal solution for process modification. In addition, the CAPEX percentage was more sensitive to all the studied parameters than that of OPEX; however, the study showed that OPEX dominated the total investment costs owing to its larger absolute value (approximately 3 times of CAPEX). Therefore, a small percentage change in OPEX affected the total investment cost more than that in CAPEX.
Suggestions were provided for the capture plant of new and existing plants based on the impact of the studied parameters (CO2 concentration, gas flow rate, and CO2 removal rate). From the overall economic analysis plot, the capture plant for a new plant should be designed to process a fully operational plant, where the flow rate, CO2 concentration, and CO2 removal rate are as high as possible. For an existing plant, although increasing the CO2 concentration and gas flow rate were effective methods for improving the economy, running the capture plant with the highest CO2 removal rate reduced the total investment cost.
This systematic techno-economic analysis with the MEA-based CO2 capture process in the industry provided valuable energy and economic data under various parameters, and thus further comparison could be performed with other commercially or newly developed solvents. MEA aqueous solvent is the benchmark solvent in the CO2 capture area, owing to its high thermal stability, excellent CO2 capacity, low cost in the solvent price, and easy process operation. However, high thermal regeneration energy demand and the critical problem with high MEA concentration also limit the application. Therefore, a great interest should be in the techno-economic comparison between the MEA-based solvent and other commercially or newly developed solvents, such as advanced amines with great potential and competitivity in terms of amine concentration and regeneration energy demand; ionic liquids with potentials in the concepts of green solvent and designability, where the data provided in this work can be widely used. Furthermore, the generated energy and cost data for carbon capture technologies can also be used in a long-term energy system optimization model to assess the transition to a carbon-neutral industry. For example, the energy system model describes the material and energy flows for analyzing synergies and obstacles in transitioning to a climate-neutral society, where collective data from various industrial sectors, including material and energy flows as well as the carbon footprints, are required.
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Steam, $/GJ 6.00
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Absorber
Packing type IMTP 1.5-IN NORTON
Number of stages 20
Top section pressure 12bar
Desorber
Packing type | IMTP 1.5-IN NORTON
Number of stages 2
Top section pressure 2.1 bar
Inlet MEA temperature 31315K
Lean loading. 0.3 molcoz/molyea
Gas condition 43315 K, at atmospheric pressure
Compressed CO, condition 30315 K C, 150 bar
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Validation with the pilot plant at the University of Texas at Austin

€O, loading in LEANOUT, molcoa/molyea 0.286 0299

€O, loading in RICHIN, molcoy/molyes 0.539 0485
€O, removal, % 6 69.3

CO, stripping, kg/hr | 92 94.23

Reboiler heat duty, MJ/hr 738 546

Validation with the pilot plants at the University of Kaiserslautern

€O, loading in LEANIN, molcoa/molyea 0262 0254

€O, loading in RICHOUT, molcoa/molyes 0387 0385
CO; removal, % 76.1 85

Reboiler heat duty, MJ/hr 647 7.048
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