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CO2 capture, storage, and, recently, utilization (CCSU) is considered effective in achieving the target of 2°C established to reduce the gradual increase in global warming. In the literature, most of research has focused on the removal of carbon dioxide from power plants, particularly those fed with coal, which account for higher amounts of CO2 emissions if compared with those fed with natural gas. CCSU in other non-power sectors is still not fully considered, while its importance in mitigating the environmental impact of industrial activities is equivalent to that of power plants. In the field of hydrogen production, treatment of gaseous streams to remove carbon dioxide is performed for producing a stream of almost pure H2 starting from syngas and for reducing carbon dioxide emissions, so that CO2 removal units can be part of different sections of the plant. In this work, a state-of-the-art steam-methane-reforming (SMR) plant for the production of 100,000 Nm3/h of hydrogen has been considered. Hydrogen is produced from syngas by employing the pressure swing adsorption (PSA) technology, and the exiting tail gas is fed to the burners of the SMR unit, after removal of carbon dioxide. This work focuses on the design of the units for the treatment of the PSA tail gas by employing an aqueous solution of methyldiethanolamine (MDEA). Simulations have been performed with the commercial process simulator ASPEN Plus®, customized by the GASP group of Politecnico di Milano for best representing both the thermodynamics of the system and the mass transfer with reaction. For the scheme composed of the absorber and the regenerator, several column configurations have been considered, and the optimal solution, which minimizes the energy requirements of the plant, has been selected.
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INTRODUCTION

The carbon capture and storage (CCS) technology has recently received great attention as a mitigation action for decreasing the environmental impact of energy conversion processes based on the use of fossil fuels. Another example of mitigation action includes the switch from a fossil fuel-based economy to an economy that relies on the use of renewable energy sources such as biomass, solar, and wind energies (Jäger-Waldau, 2007; Blanco, 2009; Nema et al., 2012; Schaber et al., 2012; Timilsina et al., 2012; Corsatea, 2014). However, given the current state of development of the latter ones, fossil fuels will continue to play an important role in the future, and as a result, actions such as CCS are worthy being investigated. In recent years, attention has also been paid to CO2 utilization, promoting the use of the expression “Carbon Capture, Storage, and Utilization” (CCSU) (Hasan et al., 2015).

In order to capture CO2, a number of processes are currently available, which can be categorized as follows: pre-combustion, post-combustion, and oxy-fuel combustion. A pre-combustion system consists of CO2 capture before the combustion step. In contrast, a post-combustion system consists of removing CO2 from flue gases after the combustion of fossil fuels in air has taken place (Alie et al., 2005; Rochelle, 2009; Moioli et al., 2019a,b). In oxy-fuel combustion, nearly pure oxygen is used for combustion instead of air, resulting in a flue gas that mainly consists of CO2 and H2O, which would allow using simpler post-combustion separation techniques (e.g., condensation) with significantly lower energy and capital costs. To cope with the demerits of other CCS technologies, the chemical looping combustion (CLC) process has also been recently considered as a solution for CO2 separation (De Guido et al., 2018).

Another possible integration of CCS is in a steam-methane-reforming (SMR)-based hydrogen plant. On a large industrial scale, SMR is the leading technology for H2 production from natural gas or light hydrocarbons, which involves a concurrent production of CO2 as a by-product (Rostrup-Nielsen and Rostrup-Nielsen, 2002; Riis et al., 2005). In particular, in this plant, CO2 can be captured from three possible locations: the shifted syngas, the PSA tail gas, and the SMR flue gas. Using aqueous solutions of methyldiethanolamine (MDEA) can be a possible method for removing carbon dioxide from these streams (Del Ben, 2018).

MDEA washing is certainly a well-established technology (Aroonwilas and Veawab, 2004), but it is well-known that the main drawback related to CO2 capture by amine absorption is due to the energy consumption for solvent regeneration (Pellegrini et al., 2019). This also applies when CO2 separation from natural gas is considered for producing either a pipeline-quality natural gas (De Guido et al., 2015) or liquefied natural gas (LNG) (Pellegrini et al., 2015b). Indeed, when the CO2 content exceeds 8–9 mol% (Langè et al., 2015), separation by means of chemical absorption into aqueous amine solutions becomes energy intensive and other types of technologies (e.g., low-temperature/cryogenic ones) can be considered valuable alternatives. This also applies when CO2 separation from biogas is considered for producing liquefied biomethane (Pellegrini et al., 2017), since biogas can be seen as a particular natural gas stream, characterized by a fixed composition (i.e., about 40 mol% CO2). Indeed, also for biogas upgrading, even if MDEA washing is more profitable than water scrubbing considering the same feedstock (Pellegrini et al., 2015a), it involves higher energy consumption (due to the heat needed for solvent regeneration and for CO2 pressurization, if considered) with respect to low-temperature technologies (Pellegrini et al., 2017).

Considering the integration of CCS in an SMR-based hydrogen plant and the energy-consumption-related issues associated with MDEA washing for CO2 capture, this work investigates the CO2 removal section for the treatment of the PSA tail gas, which can achieve a CO2 avoidance of 52% (IEAGHG, 2017) with additional energy consumption. The reference plant is the one presented in the IEAGHG technical report, which produces 100,000 Nm3/h of H2 using natural gas as feedstock and fuel. It includes the hydrogen plant, the cogeneration plant, the demi-water plant, and utilities and balance of plant (BOP) consisting of other systems (cooling water system, etc.).

The capture step, based on chemical absorption of CO2 into an MDEA aqueous solution, consists of an absorber, a flash unit, and a distillation column for solvent regeneration. Several column configurations have been taken into account. For each of them, a sensitivity analysis has been performed varying the CO2 lean loading, in order to determine the optimal configuration from an energy point of view, namely, the one that minimizes the energy required for solvent regeneration.



METHODS

In the following, the model used in the simulations and the analysis procedure are outlined.


Model Used for Simulation

The analysis of the system has been carried out by using the commercial process simulator ASPEN Plus® V9.0 (AspenTech, 2016), which was previously user customized.

In particular, vapor-liquid equilibrium with chemical reactions generating ions in the liquid phase occurs and the system is strongly non-ideal. Its description can be well-accomplished by a γ/ϕ method, based on Electrolyte-NRTL (Chen et al., 1979, 1982; Chen and Evans, 1986; Mock et al., 1986) for the calculation of the activity coefficient in the liquid phase and on the Redlich-Kwong equation of state (Redlich and Kwong, 1949) for the calculation of the fugacity coefficient in the vapor phase.

The kinetics and mass transfer of reactions have also been considered in the simulation, and the performance of the columns has been determined on the basis of a rate-based approach. To this purpose, ASPEN Plus® V9.0 has been integrated with a homemade routine developed by the GASP group of Politecnico di Milano (Moioli et al., 2013).



Procedure Employed in This Study

The analysis, the results of which are presented in this work, involved the simulation of the CO2 capture section from the PSA tail gas for the reference plant previously reported. The following seven alternatives have been taken into account, which differ because of the internal configuration of the absorption column:

- case A: tray column with 51 four-pass valve trays;

- case B: tray column with 51 two-pass valve trays;

- case C: tray column with 21 four-pass valve trays;

- case D: tray column with 21 two-pass valve trays;

- case E: packed column with structured packing (Sulzer Mellapak Standard 250X);

- case F: tray column with 24 four-pass valve trays;

- case G: tray column with 24 two-pass valve trays.

Case E is the only one involving a packed column: for it, the structured Sulzer Mellapak Standard 250X packing has been chosen because of its excellence performance in columns with a diameter of up to 15 m as reported industrially (Mellapak, 2015) and because of its choice also in previous literature studies (Zhang and Rochelle, 2014; Moioli and Pellegrini, 2019). Indeed, it offers a low pressure drop and it can be used for a quite wide range of liquid loads. For the simulation of this case, 51 stages have been considered for the discretization of the column height.

As far as the other cases, which involve a tray column, are concerned, the choice of the tray type has been made on the basis of a previous work (Cassiano, 2015). The standard tray spacings of 0.60 m and 0.76 m have been considered, and the column dimensions have been selected taking into account the sizes provided in the report (IEAGHG, 2017). According to the available data, the internal diameter and the total height of the absorption column are, respectively, 3.399 and 20 m. The value of the column diameter has been checked in the simulations by means of the tool Tray Sizing available in ASPEN Plus® V9.0 (AspenTech, 2016): the result has been found to be in accordance with the one provided in the IEAGHG report.

Case A and case B refer to an absorber with a different height, selected on the basis of a previous work concerning CO2 removal by MDEA scrubbing applied to pre-combustion syngas purification (Cassiano, 2015).

A sensitivity analysis of the CO2 lean loading has been performed, varying it in a suitable range depending on the case study under investigation, with the aim of determining the value that minimizes the reboiler duty. For each value of the CO2 lean loading, the solvent flow rate has been varied in order to meet the design specification on the CO2 capture rate (i.e., 96.49%), which can be calculated on the basis of the data available in the report (IEAGHG, 2017), as explained in the next section.

In the following, the reference case and the data available for it and relevant to the analysis are described for the sake of clarity (section Reference Case). Then, more details are given about the simulations (section Simulations).



Reference Case

The flow sheet of the simulated CO2 capture section on the basis of the reference case study is shown in Figure 1, and the data on the main streams are reported in Table 1.


[image: Figure 1]
FIGURE 1. Flow sheet of the simulated CO2 capture system.



Table 1. Data on the main streams involved in the CO2 capture section studied in this work (IEAGHG, 2017).

[image: Table 1]

The TAIL GAS stream, with a CO2 content of about 51 mol% on a wet molar basis, is initially compressed to 1.1 MPa, before being fed into the bottom of the absorption column (ABSORBER). Here, the CO2 in the gas stream is absorbed by contacting it counter-currently with the lean solvent fed at the top. The purified tail gas (GASOUT) that exits from the top of the absorber is characterized by a CO2 content of nearly 3.5 mol% on a wet molar basis. At the bottom of the absorption tower, the rich solvent is recovered and sent to the FLASH: the vapor outlet stream is sent to the burners to be employed as additional fuel in the steam reformer. In contrast, the liquid outlet stream, which is the rich solvent, is sent to the lean/rich heat exchanger, where it is heated up by the hot lean solvent coming from the reboiler of the solvent regeneration column (REGOCO21).

After being heated in the lean/rich heat exchanger, the hot rich solvent is fed into the top of the REGOCO21 for regeneration. This is accomplished by a counter-current contact with the vapor stream traveling upward, which is generated at the bottom reboiler, where low-pressure steam from the back-pressure steam turbine of the cogeneration plant is used as heating medium.

The gas stream leaving the top of the distillation column is sent to the condenser, where the steam present in the overhead gas is condensed, collected, and returned as reflux to the column. As for the CO2-rich gas exiting from the top condenser, it is delivered to the CO2 compression and dehydration unit.

From the data reported in Table 1, it is possible to calculate the CO2 capture rate according to Equation (1), where FCO2, GASIN and FCO2, GASOUT denote, respectively, the molar flow rate of CO2 in the gas streams entering and leaving the absorption column. Thus, the CO2 capture rate is 96.49%. It represents the target to be met in all the simulations described in the following section.

[image: image]
 

Simulations

Figure 1 illustrates the flow sheet of the CO2 capture section that has been simulated in ASPEN Plus® V9.0 (AspenTech, 2016).

The PSA tail gas (“TAIL GAS”) is compressed from 0.13 to 1.1 MPa before being fed into the bottom of the absorption column (ABSORBER). This value is different from the one reported in the IEAGHG report (i.e., 1 MPa), and this is due to the definition of the pressure profile in the absorber in the simulations: the pressure at the first stage from the top has been set equal to the pressure of the gas stream exiting the top of the absorber (i.e., 0.98 MPa, as reported in Table 1). When varying the solvent flow rate in the simulations in order to obtain the target CO2 absorption rate of 96.49% for each value of CO2 lean loading, for high values of the solvent flow rate, a high pressure was reached at the bottom of the absorber, higher than 1 MPa (i.e., the pressure of the PSA tail gas entering the bottom of the absorption column, according to the IEAGHG report). By setting the outlet pressure from the compression train at 1.1 MPa (rather than at 1 MPa), this has been avoided.

The data on the two streams entering the absorber are reported in Table 2. The conditions of the lean amine solvent stream (“LEANIN”) in terms of the temperature, pressure, and composition of the free MDEA solvent (composed only of MDEA and water) have been kept constant in this study in order to ensure comparison consistency. Obviously, its molar composition and flow rate vary in the sensitivity analysis of the CO2 lean loading, so that the target CO2 capture rate is always met. The composition of the lean solvent reported in Table 2 corresponds to an MDEA weight fraction of 0.5 and to a CO2 lean loading of 0.0203 mol CO2/mol MDEA.


Table 2. Data on the PSA tail gas stream entering the absorber after compression (ABSIN in Figure 1) and on the lean amine solvent stream (LEANIN in Figure 1) (the composition of the lean solvent corresponds to an MDEA weight fraction of 0.5 and to a CO2 lean loading of 0.0203 mol CO2/mol MDEA).
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The absorption tower has been simulated defining its internals depending on which of the seven case studies previously reported (see section Procedure Employed in This Study) is considered.

The rich solvent from the bottom of the absorption tower is sent to the separator (FLASH), which is operated at 74°C and 0.45 MPa. The liquid outlet stream (TOREG1) is sent to the lean/rich heat exchanger (CROSS1), in which the temperature approach between the hot outlet stream and the cold inlet stream has been set equal to 10°C, with the minimum temperature approach set equal to 5°C.

The pre-heated rich solvent (HOTREG1) is then fed at the top of the regeneration column (REGOCO21). It has been designed on the basis of the internal diameter and total height available in the IEAGHG report (IEAGHG, 2017) and making reference to a previous work (Cassiano, 2015) for what concerns the number of stages and internal type. The specifications and design parameters for the stripping column are reported in Table 3.


Table 3. Design parameters and specifications of the stripping column.
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Taking into account the availability of cooling water at 25°C, it is assumed that the condenser works at 49°C (temperature of the stream “CO2 to compressor” in Table 1, named stream CO2REG1 in Figure 1). This specification ensures a CO2 concentration in the gas stream exiting the distillation column of 96 mol%.

The other specification required to simulate the stripping column refers to the CO2 apparent molar fraction in the regenerated solvent stream, which is equal to the CO2 apparent molar fraction in the lean solvent stream fed to the CO2 capture plant (namely, stream “LEANIN” in Figure 1).

The operating pressure has been set equal to 0.29 MPa, considering the available datum for the CO2 stream exiting from the top of the column (as reported in Table 1). A sensitivity analysis was actually performed also on this operating condition, by varying it in the range 0.1–0.3 MPa. However, the reboiler and condenser duties of the stripping column were found to vary only slightly with the regeneration pressure.

With reference to Figure 1, it is possible to define the CO2 lean loading (LL) and the CO2 rich loading (RL) according to Equations (2) and (3), respectively.
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RESULTS AND DISCUSSION

The results of the sensitivity analysis performed on the CO2 lean loading are illustrated in Figures 2–4 for case B, case E, and case G, respectively (they are representatives of the trends observed in the considered case studies), showing the effect on the most important process parameters, namely, the solvent flow rate, the CO2 rich loading, and the energy requirements. It is important to point out that while performing such analysis, the operating constraint on the CO2 rich loading should also be taken into account, considering that the maximum allowable value is in the range 0.7–0.8 [mol/mol] in the case of MDEA to avoid corrosion problems. Nevertheless, for all the examined cases, the investigated values of the CO2 lean loading have led to values of CO2 rich loading that are significantly lower than the upper operational limit (as shown in Figure 2B, in Figure 3B, and in Figure 4B). Therefore, for each of the examined configurations, the optimum CO2 lean loading can be identified on the basis of the minimization of the energy requirements only.


[image: Figure 2]
FIGURE 2. Effect of the CO2 lean loading on (A) the solvent flow rate, (B) the rich loading, and (C) the reboiler duty (case B).
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FIGURE 3. Effect of the CO2 lean loading on (A) the solvent flow rate, (B) the rich loading, and (C) the reboiler duty (case E).
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FIGURE 4. Effect of the CO2 lean loading on (A) the solvent flow rate, (B) the rich loading, and (C) the reboiler duty (case G).


Considering the influence of the CO2 lean loading on the solvent flow rate (as shown in Figure 2A, in Figure 3A, and in Figure 4A), obviously when increasing the CO2 lean loading, larger solvent flow rates are required to guarantee the same CO2 removal efficiency. Indeed, an increase in the LL results in a lower purity of the solvent, thus penalizing its absorption capacity. As a result, more solvent is required in order to capture the same amount of CO2.

If accounting for the influence of the CO2 lean loading on the CO2 rich loading, different trends result from the sensitivity analysis. The functional dependence of the RL on the LL is expressed by Equation (4).

[image: image]

Since the CO2 capture rate and the molar flow rate of CO2 in the inlet gas do not change in the sensitivity analysis and in all the considered case studies, the specific trend observed in Figure 2B, in Figure 3B, and in Figure 4B depends on the relative increase in the MDEA flow rate in the lean solvent with respect to the increase in the LL as the LL increases. This increase can be more or less relevant, thus providing different trends in Figure 2B, in Figure 3B, and in Figure 4B, on the type of the characteristics of the column considered, also because of the kinetics occurring in the system.

In particular, for case B, the rich loading presents a minimum (Figure 2B); for case E, it decreases though remaining within a small range (Figure 3B); and for case G, it monotonically increases as the lean loading increases (Figure 4B). These trends can be fully understood by considering Figures 5, 6. Indeed, as previously reported, the total flow rate generally increases as the lean loading increases. However, as can be outsourced from Figure 5, the mole fraction of MDEA in the solvent decreases (due to the higher amount of carbon dioxide), so at different values of LL, the trend of the flow rate of MDEA may be different from the one of the total amine flow rate. Considering that all the analyses are carried out with the same gaseous stream to be treated (so with a fixed amount of carbon dioxide entering the absorber) and with a constant % removal of carbon dioxide, it follows that only FMDEA, LEANIN varies in the second term of Equation (4) (named “adding group” in Figure 6). Therefore, since at different values of the lean loading different values of FMDEA, LEANIN occur, different values of the “adding group” also result. The rich loading, obtained as the sum of this term and the related lean loading, is then characterized by a specific trend depending on the considered case (Figure 6).


[image: Figure 5]
FIGURE 5. Effect of the CO2 lean loading on the mole fraction of MDEA in the solvent.



[image: Figure 6]
FIGURE 6. Effect of the CO2 lean loading on the second term (“adding group”) of Equation (4) for (A) case B, (B) case E, and (C) case G.


Finally, the dependence of the reboiler duty on the CO2 lean loading is discussed. Two factors affect this, namely, the sensible heat that has to be supplied to bring the solvent temperature to the reboiler temperature and the latent heat that must be supplied in order to vaporize the needed amount of the stripping agent in the regeneration column, provided that the heat needed to reverse the chemical reaction that occurred in the absorber is the same. At low values of the lean loading, a lower solvent flow rate is sufficient to reach the target CO2 capture rate, but a higher amount of the stripping agent is necessary in the regeneration column to strip more CO2 off. Therefore, the latent heat of vaporization plays a more important role. In contrast, at high values of the lean loading, as it increases, the solvent flow rate needed to reach the target CO2 capture rate also increases and more energy is required to heat it up to the desired temperature in the regeneration column, even if less stripping agent can be produced because less CO2 has to be stripped off. Therefore, the sensible heat plays a more important role in this case. For these reasons, a minimum in the reboiler duty as a function of the CO2 lean loading is observed (as shown in Figures 2C, 3C, 4C).

For each of the examined configurations, the optimum CO2 lean loading, which guarantees the minimum energy requirement, is reported in Table 4. It is possible to observe that the optimum CO2 lean loading obtained for case E is much higher than the one involved in all the other cases. This is a direct consequence of the fact that in this case, the absorber is a packed column, with different fluid dynamics (also influenced by the type of considered packing) and mass transfer occurring inside the unit. In addition, the number of theoretical stages is different from the one of the other cases with tray columns, thus exerting an influence on the total solvent flow rate needed to perform the CO2 removal and, thus, on the optimal lean loading.


Table 4. Optimal operating conditions resulting from the lean loading sensitivity analysis.

[image: Table 4]

Another important observation concerns the extremely high solvent flow rates required to reach the desired CO2 capture rate for case C, case D, case F, and case G. This is due to the fact that in these cases, the absorption column has been modeled as a tray column with a number of stages (respectively, 21 and 24) that is considerably lower than the one involved in case A and in case B (i.e., 51). For this reason, it has been necessary to significantly increase the solvent flow rate in order to push the CO2 removal from the gaseous stream to the target value.

When comparing all the investigates case studies, case E turns out to be the most convenient one from an energy point of view: indeed, the use of a packed absorption column rather than a tray column allows reaching the target CO2 capture rate using less solvent and requiring lower energy consumptions at the reboiler of the solvent regeneration column.



CONCLUSIONS

This work has focused on the study of a purification process for the CO2 removal from PSA tail gas within an SMR-based hydrogen plant, for which data are available in the literature. For this purpose, an aqueous solution of MDEA has been employed. Despite the advantages associated with this technology, it is fundamental to account for the fact that amine-based CO2 capture processes are generally quite energy intensive. Therefore, the application of this technology at a large scale is mainly subject to the optimization of the process energy performance, with the aim of specifically reducing the energy requirement at the reboiler of the regeneration column for the solvent purification.

To this aim, different configurations have been taken into account for the absorber, performing the simulations in ASPEN Plus® V9.0, integrated with a homemade routine developed by the GASP group of Politecnico di Milano. The different configurations differ for the type of column internals. A sensitivity analysis has been performed to investigate the effect of the lean loading on the reboiler duty, as well as on the rich loading and on the solvent flow rate required to meet the target CO2 capture rate of 96.49%. The lean loading, which provides the minimum reboiler duty, varies from 0.05 to 0.17 depending on the considered case. Kinetics and mass transfer influence the needed solvent flow rate, which, in turn, has an effect on the value of the rich loading, for which different trends result as the lean loading varies, each one specific for each configuration.

When comparing all the investigated case studies, the one that has turned out to be the most convenient one from an energy point of view is the case in which the absorber has been modeled as a packed column. Indeed, in such a case, because of the characteristics of the considered column, a lower solvent flow rate can be used to reach the target CO2 capture rate, requiring lower energy consumption at the reboiler of the solvent regeneration column.
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