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Abstract

:

The thermodynamic cycle, as a significant tool derived from equilibrium, could provide a reasonable and rapid energy profile of complicated energy systems. Such a function could strongly promote an in-depth and direct understanding of the energy conversion mechanism of cutting-edge industrial systems, e.g., carbon capture system (CCS) However, such applications of thermodynamics theory have not been widely accepted in the carbon capture sector, which may be one of the reasons why intensive energy consumption still obstructs large-scale commercialization of CCS. In this paper, a kind of thermodynamic cycle was developed as a tool to estimate the lowest regeneration heat (Qre) of a benchmark solvent (MEA) under typical conditions. Moreover, COPCO2, a new assessment indicator, was proposed firstly for energy-efficiency performance analysis of such a kind of CCS system. In addition to regeneration heat and second-law efficiency (η2nd), the developed COPCO2 was also integrated into the existing performance analysis framework, to assess the energy efficiency of an amine-based absorption system. Through variable parameter analysis, the higher CO2 concentration of the flue gas, the higher COPCO2, up to 2.80 in 16 vt% and the Qre was 2.82 GJ/t, when Rdes = 1 and ΔTheat-ex = 10 K. The η2nd was no more than 30% and decreased with the rise of the desorption temperature, which indicates the great potential of improvements of the energy efficiency.
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1. Introduction


Due to the activities of human beings, the concentration of CO2—the main greenhouse gases, which accounts for 76%—has passed 400 ppm and now reached a new high level of 415 ppm, on 13 May 2019 [1,2]. The Intergovernmental Panel on Climate Change (IPCC) indicated the rise of global mean temperature is limited to 1.5 °C rather than 2.0 °C, and it will definitely bring more benefits to humans and natural ecosystems. At the same time, by 2030, global CO2 emissions need to fall by 45% compared to 2010 [3,4]. In order to achieve this goal, efforts of all components of our society are required. CCS plays a vital role in the mitigation of climate change, which could contribute 14% to the reduction of CO2 emission according to the International Energy Agency (IEA) [5]. With the development of CCS technologies, amine-based post-combustion technologies could approach a commercial-scale project first, which remains the preferred CO2 capture technology for the short and medium term [6,7]. However, high energy consumption obstructs the popularization and application of CCS [8]. In recent years, many researchers have given much attention to the development of new amine-based solvents. Table 1 summarizes the energy performance of three kinds of new amine-based solvents.



A blend of amines solvents integrates the properties and advantages of various amines, such as a classic combination of primary amines (e.g., MEA) or secondary amines (e.g., DEA) mixed with tertiary amines (e.g., MDEA) [32,33]. The performance of this kind of solvent, which combines the high reaction rate of primary or secondary amines with the high absorption capacity and lower absorption heat of tertiary amines, has been tested at the pilot scale or even higher scales for many years [34,35]. Additionally, ionic liquids (ILs) are also a kind of modifier, which possess suitable characteristics, such as high thermal stability, nonflammability, and high CO2 solubility [36]. Researchers added ILs into amines in an attempt to improve the absorption ability of solvents and reduce the energy consumption of regeneration [37,38]. Gao et al. [39] added [Bmim][BF4] into MDEA/PZ, with the result showing larger CO2 cyclic capacities, which indicated that the anion species of ILs could lower the sensible heat. However, one of the inevitable problems with IL solvents is that the viscosity of the solution will increase. Then, as a result, it brings a decrease of the mass transfer rate and reaction rate along with the absorption process [40,41]. Despite these good advantages, including being environmentally-friendly, the expensive cost of ILs is an obstruction, whose price are up to 1000 $/kg, limiting its application at large scales [42].



In the regeneration process, due to the high specific heat of water, plenty of heat is used to the sensible heat and the latent heat of steam [43]. Then, a kind of amine-based solvent, water-lean/nonaqueous absorbents, has gain the attention of researchers. The most common method is to reduce the proportion of water in solution, even to water-free. Water-lean or nonaqueous absorbents replace the water by organics, such as alcohols and glycols, to maintain the advanced capability of the absorption of CO2, like aqueous amines [44]. However, the changes are not always beneficial to all processes. The high viscosity of the solutions/absorbents leads to poor mass transfer, which strongly affects the absorption capacity [45,46]. Furthermore, nonaqueous solvent components with lower molecular weights may pollute the air because of the presence of volatile organic emissions in the exhaust [22]. The feasibility of water-lean/nonaqueous absorbents entails a deeper exploration and higher scale demonstration.



In recent years, phase change solvents have caught the attention of researchers. Phase change solvents are single-phase solvents before absorbing CO2 or being heated, and if the CO2 loading or temperature is changed, they will transform into a two-phase (liquid–liquid or liquid–solid). Then, only the CO2-enriched phase is sent to the regeneration process. There will be a heat decrease due to the mass of the solvents reducing. Liu et al. [30] developed a novel phase change solvent, DEEA (50 wt%)-AEEA (25 wt%), with a high CO2 cycle capacity (0.64 mol CO2/mol) and a regeneration energy consumption as low as 2.58 GJ/t, which is even cheaper. Shen et al. [29] investigated the 18 kings of amines, which were used as the main components of the phase change solvent. The result revealed that the tertiary amine’s alkalinity had a closed relation with the absorption ability, and the lowest heat duty (TMPDA + TETA) was as low as 1.83 GJ/t in some cases. However, the phase change process remains in a development stage, with a complex process design, extra equipment, and slurry along with a scale-up required, and the stability needs to be further tested [24].



In addition to these, there are also some unique attempts in using a catalyst in amine-based absorption. Leimbrink et al. [47] investigated the enzyme-catalyzed reactive process with an MDEA solvent through lots of experiments, showing the specific reboiler heat duty was 40% lower than the MEA solvent, and decreased to 2.18 GJ/t without a special process design. Solid acid catalysts were added into amine solutions or packed columns, such as γ-Al2O3 or HZSM-5 [48] and nanostructured TiO(OH)2 [49], bringing a low desorption temperature. They all concluded that the addition of catalysts was effective in energy reduction to some degree.



In summary, these amine-based methods all bring a certain improvement in the energy reduction of the regeneration process. They all reveal different characteristics of the absorption or desorption process, while being simultaneously accompanied by some limitations. At this stage, considering all aspects, like energy consumption, price, stability, environment pollution, and so on, MEA may not be the best but the most mature solvent, which is used as a benchmark solvent in the CCS field. Single MEA and amine blend solvent remain the best choices for the short and medium term with a tight competition [6]. However, there is a significant difference in the energy consumption in these pilot plants or at a higher scale. From Figure 1, even in similar flue gas conditions (CO2 concentration from 9% to 15%), the energy consumption ranges from 2.8 GJ/t CO2 to 7.7 GJ/t CO2, with the details shown in Table 2. This result appeared not only due to the different absorption solvents and facility, but also the different operating conditions and evaluation methods. Thus, this situation indicates that there is room for amine-based absorption to improve the energy efficiency and to lower the cost of CCS.



Generally, there are two different kinds of models that are applied to energy analysis of the CCS process. The first type of model, such as the mixed gas separation model, as a tool for separation theory, was formed in the 1940s. It focuses only on the state of the gas before and after separation, thereby calculating the minimum work of separation, which provides a simplified analysis method. House et al. [61] applied the separation model on post combustion CCS and derived an analytic relationship for the energy penalty from the thermodynamics. Douglas et al. [62] examined the relationship between the minimum work of separation and the “separative work” from the theory stage and analyzed their differences in numerical values on specific carbon capture scenarios. However, such a black box model is too idealistic, without the combination of the specific process and operating condition, and cannot effectively guide engineering technology.



The second type of model is mainly used for the simulation of the carbon capture process, such as the widely used equilibrium model and the rate-based model. The equilibrium model uses the basic MESH equilibrium equation assumption, which stipulates that each stage is in thermodynamic equilibrium and chemical reaction equilibrium [63,64]. Although there is a good match between the simulation results and the experimental results in the temperature and pressure of columns, it also has a drawback, which requires re-implementation of the comprehensive design parameters. Therefore, this kind of process model, just like the experiment method, adjusts the operating parameters to adjust the CO2 removal result and energy consumption [65]. The specific calculation process is complicated and time-consuming and cannot grasp the common problems of this kind of technology thoroughly. The rate-based model, although in some cases, has better accuracy results than the equilibrium model, has good predictions for the range of temperature bulges in the column [66,67], but it also has similar defects.



Compared with the previous work [65], this paper aims to develop the thermodynamic cycle, which will be constructed from the ideal cycle to the actual cycle, to evaluate the energy performance of the amine-based absorption process and the lowest regeneration heat, through an example using the benchmark solvent (MEA), shown in Figure 2. COPCO2, a new assessment indicator, is proposed firstly, which is used to estimate the highest efficiency of energy conversion of the CCS technologies through the comparison of the input heat and Gibbs free energy change in a thermodynamic cycle system. In addition, the second-law efficiency is applied to evaluate the thermodynamic perfection, which makes the assessment framework more complete and reasonable.




2. Methodology


2.1. Framework of Thermodynamic Research


Thermodynamic, as a mature, self-consistent theory, could be applied as a powerful tool to access the energy-efficient performance of an innovative energy system. Taking the most commonly applied MEA absorption as an example, the thermodynamic cycle, which is used to provide an energy profile of a complicated energy system, should be based on the properties of the MEA solution. Moreover, the absorption and desorption process should be designed reasonably, then multiple processes are connected to form a cycle. Finally, the energy-efficient analysis is performed based on the developed cycle. In addition, performance indicators, which are developed based on thermodynamics, such as COP or perfection, could provide valuable insights on exactly how the energy-efficient performance of such a system could be. This paper provides a new method to analyze the energy conversion efficiency of CCS technologies, as shown in Figure 3. The chemical potential of CO2 is enhanced by the input heat, changing from the low CO2 concentration state, μ1, to the high CO2 concentration state, μ2, through an amine-based absorption cycle. The ratio of the Gibbs free energy change of the CO2 gas to the input heat in the cycle means the energy conversion efficiency.




2.2. Thermodynamic Cycle Construction


2.2.1. Thermodynamic Properties


• Isothermal Equilibrium Curves



Vaper–liquid equilibrium (VLE) data is vital to the study of absorption and desorption processes, which determines the performance of the CO2 removal effect. Many studies have measured the VLE data of MEA solution at different temperatures and pressures. This study, according to the empirical model from [68], used a ternary aqueous solution to manifest the isothermal equilibrium curves of 30 wt% MEA solution. The equilibrium partial pressure of CO2 correlates with the temperature and CO2 loading, given by Equation (1):


lnPCO2=39.3−12155T−19.0α2+1105αT+12800α2T,



(1)




where T is the temperature in K; P is the CO2 partial pressure in Pa; and α is the CO2 loading in mol (CO2)/mol (MEA). This empirical equation could be applied for such a state, where the temperature was between 313.15 and 423.15 K. The partial pressure of water in the stripping process was estimated by the Antoine equation corresponding to the water saturated vapor pressure, as shown in Equation (2) [69]:


PH2O=xH2O×PH2O*=xH2O×exp(72.55−7207T−7.139lnT+4.046×10−6T2),



(2)




where PH2O* is the saturated vapor pressure in Pa; xH2O is the molar fraction of 30 wt% MEA solution; and T is the temperature in K.



• Specific Heat Capacity



In the heating process, the most relevant parameter is the specific heat capacity, Cp, in kJ/kg°C. Cp is a function of the temperature shown in Equation (3), obtained from the Aspen Plus V 8.8 software, and using the E-NRTL model to calculate:


Cp=10−7T3−10−5T2+0.0022T+3.0205.



(3)







• Heat of the Absorption (ΔHabs)



The heat of absorption accounts for the greatest part of energy consumption in the regeneration process. When it comes to the energy consumption, there is an assumption that the value of absorption heat equals desorption. ΔHabs (kJ/mol CO2) varies greatly with the CO2 loading change and is a correlation given by Equation (4) in [68]:


−ΔHabs=−13.67+0.308T(α≤0.46)−ΔHabs=−127.13+246.65α+1.02T−1.54αT(0.46≤α≤0.66)−ΔHabs=35.66(0.66≤α).



(4)








2.2.2. Processes


A classical chemical absorption process should be divided into a four-step process, including absorption, pre-heating, desorption, and cooling. Firstly, the handled flue gas gets into the capture system, and is absorbed by MEA solvent in the absorber (1–2). Then, the rich solvent (high CO2-loading) will be pre-heated by the heater (2–3). Then, the rich solvent enters the desorber to release CO2, where plenty of steam is produced by the reboiler (3–4). Finally, the lean solvent (low CO2-loading) is cooled to the initial temperature (4–1).




2.2.3. Construction from the Ideal Cycle to the Actual Cycle


An ideal four-step chemical amine-based cycle is drawn in an isothermal equilibrium curves diagram as given in Figure 4. Before the configuration, there are some assumptions to simplify the ideal cycle:




	
The absorption and the desorption are set to an isothermal process.



	
During the pre-heating and cooling process, the CO2 loading remains unchanged, that is, no CO2 desorption occurs.



	
The absorption and the desorption process are in a gas–liquid equilibrium state.



	
All kinds of heat loss in the cycle are not considered.



	
The solution does not react with other types of gases in the flue gas except CO2, and the flue gas is assumed to be an ideal gas.








Based on the above assumptions, the ideal four-step chemical amine-based cycle was established as follows:



Step 1(a–b): The process is an isothermal absorption process, CO2 is absorbed, and the absorption process can be regarded as slowly reaching the equilibrium state, point b, along the gas–liquid isothermal equilibrium line. The determination of the state point, b, is determined by the concentration of CO2 in the flue gas, that is, by the carbon source. For example, the flue gas pressure is set at an atmospheric pressure of 101 kPa and the CO2 concentration is 10%, then the state point b corresponds to a CO2 partial pressure of 10.1 kPa, which is according to Dalton’s partial pressure law.



Step 2(b–c): The process is a pre-heating process in which the rich solvent is heated up by the heater, and no CO2 desorption occurs, that is, CO2 loading remains unchanged.



Step 3(c–d): The desorption process, in which a large amount of water vapor is generated by the reboiler in the process, resulting in a decrease in the partial pressure of CO2, and the CO2 in the liquid phase is desorbed along with the isothermal equilibrium line.



Step 4(d–a): The cooling process, in which the lean solvent is cooled by the condenser, returning to the state point a, and starting a new cycle.



As shown in Figure 3, the ideal cycle implies the reaction time is infinitely long and the performance of the absorbent is too ideal. At the same time, it indicates the ideal energy efficiency that the actual cycle can never reach, which is also not easy to compare with other models. Therefore, combined with the actual performance of the MEA solution and other practical constraints, the lean and rich solvent loading were set to 0.2 mol/mol and 0.50 mol/mol, respectively. Within the constraints of the carbon source and carbon sink, this ensures the state points 2 and 4, the driving force, Rabs and Rdes, and a condition parameter will be used to describe the how close the actual partial pressure is with the equilibrium partial pressure in the absorption and desorption process, which are defined as Equation (5) and Equation (6):


Rabs=P1P1′,



(5)






Rdes=P3′P3,



(6)




where Rabs and Rdes are the partial pressure ratios for absorption and desorption; P1′ and P3′ are the equilibrium CO2 partial pressure of lean and rich solvent; and P1 and P3 are the CO2 partial pressure of the inlet of the absorber and the inlet of the desorber.



Then, a new four-step chemical amine-based cycle, 1-2-3-4-1, a close match with the actual cycle, is formed.





2.3. Performance Indicators


Thermodynamics has proper analysis tools for efficiency assessment and improvement. The intuitive energy consumption, energy conversion efficiency, and the second-law efficiency are shown in Table 3.



2.3.1. Regeneration Heat


Regeneration heat is the most important part of the chemical absorption method. The total regeneration heat, Qre, can be divided into three parts [70]: Sensible heat, Qsens, for solution heating; absorption heat, Qabs, for the reaction process, and latent heat, Qvap, for generating stripping steam as shown in Equation (7) to Equation (11):


Qre=Qsens+Qabs+Qvap,



(7)






Qsens=ms∫Tlean,endT3CpdTq,



(8)






ms=Msol∗ηXCO2Δαxsolv∗F,



(9)




where ms is the mass flow rate of the solution in kg/sec; Tlean,end is the temperature of the lean solvent entering the desorber in K; q is the mass flow rate of captured CO2 in kg/sec; η is the capture rate; XCO2 is the concentration of CO2 in the flue gas; F is the molar flow rate of the flue gas in mol/sec; xsolv is the molar fraction of the solvent; and Msol is the molar mass of the solution; Δα is the CO2 capacity in mol/mol.


Qabs=∫α3α4ΔHabsdαMCO2,



(10)




where α is the CO2 loading of the corresponding states in mol/mol; MCO2 is the molar mass of CO2.


Qvap=Hvap∗xH2O∗PH2O*PCO2*∗Rdes∗1MCO2,



(11)




where PH2O* and PCO2* are the equilibrium pressure of H2O and CO2 in the desorber; xH2O is the molar fraction of water; and Hvap is the latent heat of vaporization of water, Hvap = 41 kJ/mol.




2.3.2. COPCO2


The concept of COP was first used in refrigeration and heat pumps, which represents the ratio of the released cooling (heat) of the chiller (heat pump) to its net input energy. Using COP for energy efficiency analysis of refrigeration (heat pump) units, it can intuitively describe the energy conversion efficiency, and has a clear meaning in improving energy efficiency and reducing energy consumption. For this new cycle system that brings the Gibbs free energy change of gas caused by the driving work or heat, the traditional thermodynamic assessment indicators cannot evaluate its effect in energy conversion efficiency well. Then, based on the meaning of income and cost, expanding its application to CCS technologies is a key point of this paper. Then, COPCO2, a new assessment parameter, is introduced from the meaning and expression. In the beginning, the environmental model proposed by J. Szargut [71] should be introduced to calculate the chemical exergy of the substance. For example, at an ambient temperature of 298.15 K, an ambient pressure of P = 0.101325 MPa, and a CO2 concentration of 0.0004% in the ambient atmosphere, as long as the gas has a higher concentration or temperature, thus, it possesses chemical exergy. Figure 5 shows the description of the physical meaning of COPCO2. Based on the carbon pump theory [72], a feed gas with a low concentration of CO2, which can be a combustion flue gas, through the carbon pump turns into a high CO2 concentration product gas, gaining an increase of the chemical energy. The ratio of the increase in chemical energy to the input heat is the value of COPCO2. The expression of COPCO2 is shown in Equation (12) and Equation (13) is the fractional molar Gibbs free energy of each component of the ideal gas:


COPCO2=(ΔG′+ΔH1)+(Wmin+ΔH2)Wmin+ΔH2,



(12)






∂G∂ni=RTln(pip)+Gi0,



(13)




where ΔG′ is the Gibbs free energy change from the standard state, G, to a middle state, G′, which is an isothermal and isobaric process; ΔH1 is the metamorphosis from state G′ to state G1, which is an isoconcentration process; Wmin is the minimum separation work and has been discussed in many references, such as [61,62]; here Wmin = G1′ − G1; and ΔH2 is the metamorphosis from state G1 to state G1′, which is an isothermal and isobaric process too.




2.3.3. The Second-Law Efficiency


The second-law efficiency is the ratio of the minimum separation work, Wmin, to the exergy of the system of the actual process as shown in Equation. (14), which has a certain guiding significance to engineering:


η2nd=WminWP+Qre(1−T0TH)−Qc(1−T0TL),



(14)




where WP is the electric energy consumed by the carbon capture process, mainly pump work, which accounts for a small proportion compared with the regenerative heat; Qc is the heat required for cooling, whose value could approximately equal Qsens + Qvap, provided by cooling water; T0 is the environment temperature, 298.15 K; TH is the heat source temperature set to the desorption temperature; and TL is the cold source temperature, where the cooling water temperature is usually equal to T0.






3. Results and Discussion


Based on the thermodynamic cycle constructed in Section 2.2, the energy performance was analyzed with the representative parameters, and the regeneration heat was compared with the equilibrium model, the detailed information of which can be seen in Table 4. The following cases are based on Rabs = 100 and the pinch temperature of the heat exchanger was 10 K.



3.1. Effect of the Ratio of Liquid:Gas (L/G)


The liquid:gas ratio is an important parameter for the absorption effect of the absorption process and the energy consumption required for the desorption process. It is generally believed that the absorption effect is better when the liquid:gas ratio is larger, but at the same time, the energy consumption of the solution regeneration process will increase. It is extremely important to select a reasonable liquid:gas ratio for the carbon capture process. Figure 6 and Figure 7 show the effect of L/G for the thermodynamic cycle and equilibrium model. L/G varies from 2.2 to 3, and both thermodynamic cycle and equilibrium model show a similar trend. Qsens and Qvap increase lightly and Qabs decreases, then the best L/G is in the actual carbon capture process. The value ranges from 2.84 to 2.82 GJ/t, and then it stars to increase up to 2.88 GJ/t when L/G varies from 2.2 to 3. The difference is greater in the equilibrium model, which ranges from 4.15 to 3.99 GJ/t, and then to 4.22 GJ/t.



The effect to Wmin, COPCO2, and η2nd is acting on the change of the capture ratio. With the increase of L/G, the capture ratio should be higher, then causes the Wmin to increase, which increases from 150.0 to 172.2 kJ/kg. The COPCO2, however, representing the energy conversion efficiency, decreases from 2.54 to 2.40 and means it is harder for work or heat transformation to the chemical energy of CO2 with the CO2 removal ratio increasing. In another point, η2nd rises from 23.4% to 26.4% with Wmin increasing, which means the room for improvement of the energy performance of the cycle becomes less. There is another factor that should be taken into account, which is that the L/G increase will bring extra pump work and needs an increase in some degree in the actual situation, which is also bad for a hole capture system.




3.2. Effect of CO2 Concentration of Gas


The concentration of CO2 in the flue gas varies, especially in different power plants which use different coal and operating equipment or different industrial senses. This is a key parameter in the input of the CCS system and Figure 8 and Figure 9 show the effect of variable CO2 concentrations of gas from 8% to 16%, which is suitable for the component of flue gas of coal-fired power plants.



At low concentrations, the energy consumption is apparently high both in the thermodynamic cycle and equilibrium model at 3.43 and 4.97 GJ/t, respectively, which may be similar to the effect a high L/G brings. Then, as the CO2 concentration increases, the regeneration heat declines sharply. However, it has a limitation as when the concentration is higher than the absorption capacity for a certain L/G value, the regeneration heat will not continue to decline. The lowest value is 2.82 and 3.89 GJ/t, respectively. On the other hand, when it comes to the energy conversion efficiency, the higher CO2 concentration is good news. The Wmin decreases from 201.1 to 128.2 kJ/kg continuously and COPCO2 continuously increase to 2.80. The η2nd has a similar trend with Wmin, which decreases from 27.8% to 20.0%, with lower values indicating more room for improvement of energy performance.



In summary, the higher the CO2 concentration, the higher the result of energy conversion. However, the actual solvent could not achieve such an ideal level and the existing technological process of absorption is also a limitation, which hinders the energy performance.




3.3. Effect of Desorption Temperature


The desorption temperature is an important factor of solvent properties and operating conditions. Figure 10 and Figure 11 show the result of the energy performance with different desorption temperatures. Attention should be given to the desorption temperature as the final stage temperature in the equilibrium model. The Qsens and Qabs have a slight increase, while the Qvap decreases due to the PCO2 growth. Then, the regeneration heat of the thermodynamic method and equilibrium model both have a growth trend and the equilibrium model is more obvious from 3.75 to 4.32 GJ/t, while the thermodynamic cycle is from 2.82 to 2.85 GJ/t in the ideal condition. The COPCO2 and η2nd both have a decreasing trend, but it is not obvious, from 2.48% to 2.43% and from 26.1% to 24.4%, respectively. Compared to the effect of the thermodynamic properties of MEA solvents, such as thermal degradation, the temperature change of desorption has little influence on the energy performance in ideal conditions, but in actual sense, the heat loss of every part will be greater.




3.4. Effect of Rdes and Pinch Temperature of the Heat Exchanger


The desorption driving force, Rdes, is the degree of closeness of the actual process to the ideal thermodynamic equilibrium process. The ideal condition (Rdes = 1) has the lowest energy consumption of Qvap, which was discussed above. Figure 12 shows a validation of the desorption temperature, T3, with different Rdes. The Qvap grows rapidly and the gap is greater the more the Rdes value increases. The difference of Qvap changes from 1.31 to 1.13 GJ/t (Rdes = 5), while from 0.263 to 0.227 GJ/t (Rdes = 1). The effect of the desorption temperature is magnified, but the energy consumption is also higher. Though it is limited by the existing technical means and specific operating conditions, the lower Rdes has better energy performance.



The pinch temperature of the heat exchanger, ΔTheat-ex, is a parameter involving the cost of heat exchanger equipment and the placement space. Certainly, better performance of the heat exchanger brings lower Qsens and lower heat loss. As shown in Figure 13, when L/G = 2.4, ΔTheat-ex changes from 5 to 25 K, and the Qsens climbs from 0.28 to 1.38 GJ/t, but it is a compromise, combined with others factor to decide.





4. Conclusions


This paper aimed to develop a kind of thermodynamic cycle for amine-based chemical absorption of CCS to assess the lowest regeneration heat and energy efficiency. Based on the cycle, three thermodynamic assessment indicators were used to evaluate the energy performance and the regeneration heat was compared with the equilibrium model. The following results can be concluded:




	
A new indicator, COPCO2, was proposed firstly, which would be integrated into the current assessment framework of CO2 absorption systems to be more complete.



	
As for 30 wt% MEA solvent, the lowest regeneration heat was 2.82 GJ/t when Rdes = 1 and ΔTheat-ex = 10 K and the highest energy conversion efficiency was 2.80 in these cases.



	
The L/G had the best value, as too high and too low are both bad for energy consumption of regeneration heat. However, for potential energy efficiency improvement, the lower the L/G value, the better, on the assumption that the solvent could achieve the goal of the removal rate. As for the CO2 concentration of flue gas, the higher the value, the better energy performance and efficiency. However, real performance is limited by the solvent properties, which may not achieve the ideal conditions; the lowest regeneration heat was about 2.82 and 3.89 GJ/t, respectively, while the COPCO2 continued to increase. The desorption temperature was not a sensitive parameter to energy performance in an ideal condition. However, in the actual situation, the higher the temperature, the higher the heat loss.



	
The operating parameters, Rdes and ΔTheating-ex, were a compromise between cost and performance. The better performance of the heat exchanger will bring a lot of energy saving in Qsens, which decreased from 1.38 to 0.28 GJ/t when ΔTheating-ex varied from 25 to 5 K in L/G = 2.4.








Finally, this thermodynamic cycle is expected to be used as an analysis tool for the energy efficiency performance of amine-based chemical absorption; however, more aspects, like thermal degradation, viscosity, and so on, should be considered and need further study.
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Nomenclature




	
Symbols

	

	
sol

	
MEA solution




	
P

	
Pressure

	
Greek letters




	
T

	
Temperature

	
α

	
CO2 loading




	
ΔHabs

	
Heat of CO2 absorption

	
Δα

	
CO2 capacity




	
Hvap

	
Heat of water evaporation

	
η2nd

	
Second law efficiency




	
Cp

	
Specific heat of solution

	
η

	
Capture rate




	
Q

	
Energy consumption

	
Acronym

	




	
x

	
Molar fraction

	
CCS

	
Carbon capture




	
R

	
Partial pressure ratio

	
L/G

	
Ratio of liquid-gas




	
M

	
Molar mass

	
ILs

	
Ionic liquids




	
XCO2

	
Concentration of CO2 in flue gas

	
VLE

	
Vaper-Liquid-Equilibrium




	
F

	
Molar flow rate of flue gas

	
MEA

	
Monoethanolamine




	
ms

	
Mass flow rate of solution

	
MDEA

	
Methyldiethanolamine




	
q

	
Mass flow rate of captured CO2

	
PZ

	
Piperazine




	
COPCO2

	
Energy conversion efficiency of CCS

	
AMP

	
2-amino-2-methyl-1-propanol




	
Subscripts

	

	
MAPA

	
N-methyl-1,3-propane-diamine




	
abs

	
Absorption

	
DEEA

	
2-(diethylamino)-ethanol




	
des

	
Desorption

	
AEEA

	
2-((2-aminoethyl) amino) ethanol




	
sen

	
Sensible

	
TETA

	
Triethylenetetramine




	
vap

	
Water evaporation

	
DEAPD

	
3-(Diethylamino)-1,2-propanediol




	
re

	
Regeneration

	
TMPDA

	
Tetramethyl-1,3-propanediamine




	
solv

	
MEA solvent

	
DMCA

	
N, N-dimethylcyclohexylamine
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Figure 1. Energy consumption of MEA or blends of large scales CCS projects. 
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Figure 2. Comparison of thermodynamic frameworks of previous works and this work. 
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Figure 3. The new concept of energy-efficiency performance of an amine-based absorption cycle. 






Figure 3. The new concept of energy-efficiency performance of an amine-based absorption cycle.



[image: Energies 12 02504 g003]







[image: Energies 12 02504 g004 550]





Figure 4. The state points of thermodynamic cycle construction in MEA solution. 
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Figure 5. Concept and expression of COPCO2. 
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Figure 6. The regeneration heat changes with L/G value variation. 
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Figure 7. The energy efficiency performance with L/G value variation. 
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Figure 8. The regeneration heat changes with the CO2 concentration variation. 
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Figure 9. The energy efficiency performance with the CO2 concentration variation. 
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Figure 10. The regeneration heat changes with the desorption temperature variation. 
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Figure 11. The energy efficiency performance with the desorption temperature variation. 
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Figure 12. The difference of Qvap with desorption temperature variation in different Rdes.
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Figure 13. The energy consumption of Qsens with different heat exchanger performances. 
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Table 1. Energy consumption performance of different chemical absorbents.
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Classification

	
Solvent

	
Energy Consumption (GJ/t)

	
Energy Performance Compared to MEA (Lower Percentage)

	
Ref






	
Blend of amines




	

	
MEA + MDEA

	
2.0–3.7

	

	
[9,10,11]




	

	
MEA + AMP

	
4.0–6.1

	

	
[12]




	

	
MDEA + PZ

	
2.24

	
27%

	
[13]




	

	
AMP + DETA

	

	
35.6–27.7%

	
[14]




	

	
AMP + PZ

	
3.0–3.2

	
10–20%

	
[15,16]




	

	
MEA + [Bmim][BF4]

	

	
10–37.2%

	
[17,18]




	

	
MEA + [Bpy][BF4]

	

	
7.44–15%

	
[19,20,21]




	
Water-lean/free




	

	
2-fluorophenethylamine + Octafluoropentanol

	
2.2–3

	
40–50%

	
[22]




	

	
MEA + Methanol

	
2.28

	
24%

	
[23]




	

	
2-methoxyethanol + MEA

	

	
55%

	
[24]




	
Phase change absorbents




	

	
MEA + SA

	
2.55

	
43.6%

	
[25]




	

	
DMX

	
2.1

	

	
[26]




	

	
TBS

	
2.5

	

	
[27]




	

	
MAPA + DEEA

	
2.2

	

	
[28]




	

	
TETA + DEEA

	
2.46

	
35%

	
[29]




	

	
DEEA + AEEA

	
2.58

	

	
[30]




	

	
DEAPD + TETA

	
2.7

	
29%

	
[29]




	

	
TMPDA + TETA

	
1.83

	
52%

	
[29]




	

	
DMCA + TETA

	
2.07–3.92

	

	
[29,31]
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Table 2. Energy consumption data of large scales CCS projects.
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	Solvent
	Energy Consumption (GJ/t)
	Temperature of Flue Gas (°C)
	CO2 Concentration of Flue Gas (%)
	Ref





	MEA
	3.5
	40
	12
	[50]



	MEA
	3.82
	127.5
	13.5
	[51]



	MEA
	7.7
	40
	13.14
	[52]



	MEA
	3.8
	90
	13.5
	[53]



	MEA
	3.53
	60
	13
	[54]



	CESAR1
	2.9
	60
	13
	[54]



	CESAR2
	3.46
	60
	13
	[54]



	MEA
	3.62
	47
	12
	[55]



	CASTOR1
	3.58
	47
	12
	[55]



	CASTOR2
	3.80
	47
	12
	[55]



	MEA
	3.48
	40
	14.2
	[56]



	GUSTAV200
	2.77
	40
	14.2
	[56]



	MEA
	5.6
	51
	9.0
	[57]



	MEA
	4.8
	51
	12
	[57]



	MEA
	4.5
	51
	13.5
	[57]



	MEA
	3.8
	47
	14
	[58]



	MEA
	4.1
	40
	15
	[59]



	SOLVENTA
	3.1
	40
	15
	[59]



	SOLVENTB
	2.9
	40
	15
	[59]



	SOLVENT1
	2.8
	60
	9
	[60]



	SOLVENT2
	3.2
	60
	9
	[60]



	MEA
	4.0
	170
	10.5
	[12]



	BLEND1
	3.8
	170
	10.5
	[12]



	BLEND2
	3.6
	170
	10.5
	[12]
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Table 3. Thermodynamic evaluation parameters for CCS.
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	Regeneration Heat
	COPCO2
	The Second-Law Efficiency





	Qre=Qsens+Qabs+Qvap
	COPCO2=(ΔG′+ΔH1)+(Wmin+ΔH2)Wmin+ΔH2
	η2nd=WminWP+Qre(1−T0TH)−Qc(1−T0TL)



	The intuitive energy consumption of absorption CCS.
	The potential capacity of energy conversion of CCS; the highest energy efficiency.
	The develop level of existing CCS technology compared to ideal situation.
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Table 4. Information of the equilibrium model.






Table 4. Information of the equilibrium model.





	Design Parameters
	Value





	Flow of gas (L/min)
	500



	Mass fraction of MEA (%)
	30



	Temperature of gas (°C)
	40



	Number of stages
	20



	Pinch temperature of heat exchanger (K)
	10



	Property calculation method
	E-NRTL



	Mole fraction of CO2 (%)
	8 to16











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
250

200

Win (<I/k8)

50

35

30

25

05

00

22

24

26
L/G (kg/kg)

28

30

030

025

020

015

010

005

0.00

(%) ™%l





media/file4.png
Thermodynamic Cycle

—>

Gow to apply the tools\
from thermodynamics
box to serve the energy-
efficiency improvement
of CO, absorption?

-

e

Performance Indicators

K

@Vious Work

This Worm
4 )

Adiabatic cycle Ideal cycle
and and
Isothermal cycle Actual cycle
Q
< COPco,
M2nd

Improvement of
energy-efficiency
performance!

M2nd
—)






media/file18.png
0000000
2222222

OOOOOOO
______

______
55555555

33333333

NNNNNN

/

_

Lo < Lo o Lo
[\ @\ — —





media/file21.jpg
250

200

Wiin (KJ/kg)

100

50

35

05

00

2 13 14 115 U6 17 118 119

Desorption temperature (°C)

030

025

020

015

010

005

0.00

(9%) U





media/file26.png
Qsens (GI/1)

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

— & L/G=2.2
@ L/G=24
----- A 1/G=2.6
¥ L/G=2.8

10

15
AThea’c-ex (K)

20

25






media/file3.jpg
Thermodynamic Cycle

tow to apply th tools
from thermodynamics

boxto serve theenergy-
cificency improvement
o1 CO, sbsorption”

Previous Work:
e ~

| Adiabatic cycle
and
Isothermal cycle,

‘This Work

Ideal cycle
and
Actual cycle

Q

Improvementof
energy-ficiency
pertormance!






media/file22.png
0000000
2222222

o o PR, = = 3 S

R \\\\\\\\\E
. 0
\DA/////////////////////mm
s &

55555555

333333333

OUAHO






media/file19.jpg
Regeneration heat (GJ/t)

5.0
45
4.0
35
3.0

(=T
NS¥o.
...

o—o0—07

o—70

00—

—O~ Equilibrium

112 13 114 115 116 17 118 119

Desorption temperature (°C)





media/file7.jpg
a (mol/mol)

0.6

05

o
<
T

e
©
T

e
>
T

01} 7,=313.15K 293.15K
27970

0.0 -
0.001 0.01 0.1 1 10 100 1000

CO, partial pressure (kPa)





media/file10.png
GZ(@Z/ T2)/ P2

Carbon Sink Product
Gy (o, 1)), P, Gas

G1(¢2’T1)>P1

ermodynamic

E
Carbon Pump MEton SOMLES

min

Carbon Sourc 5
I i eed gas
Gl(golr Tl)/ Pl g

G(p, T), P Standard
@) State

Gi(py, Ty), P,






media/file14.png
0000000
2222222

OOOOOOO
_____

______
55555555

33333333

NNNNNN

OOOOOO
55555
(a\| (a\| — —






media/file11.jpg
o
1)

=M
a5t NNo.
w| O—— o o ollles0

—O— Equilibrium

@
&
T

©»
)
T

Regeneration heat (GJ/t)
2o
5 h 5 &

e
2

=
5

26
L/G (kg/kg)






media/file6.png
CO,
Exhaust
ondenseyr
A 2 lLean
solvent Rich
solvent
Absorber Desorber
> Hea 1 g
Flue
gas ow CO, concentration iy
2
Rich Lean Reboiler
solvent solvent

Pump Pump






media/file15.jpg
Regeneration heat (GJ/t)

5.0
45
40
35
3.0
25
20
15
1.0
05
0.0

=0

Qup.

NSo.
...

O
—O—Equilibrium

10 12 14

CO, concentration of gas (%)

16






nav.xhtml


  energies-12-02504


  
    		
      energies-12-02504
    


  




  





media/file16.png
Regeneration heat (G]/t)

5.0

4.5

4.0

3.5

3.0

Q)

E Qvap
- Qabs

— ...

—QO— Equilibrium

10 12 14 16

CO, concentration of gas (%)






media/file2.png
180

160

OC)

(
[y
5

120

100

80

60

Temperature of gas

40

20

O MEA
@ () Other

Energy consumption (GJ/t)

® i

N W=
O

- Cgvo

10 11 12 13 14 15

CO, concentration of gas (%)

16





media/file20.png
|

O

N |

O
I

.

\ 2
Nk

:

%

\E

:

7

//m

:

=
W/ —

. \E

770

00000000000

44444444444

(3/[D) 1e9Y UonEISUD 3oy

(°C)

emperature





media/file23.jpg
Quap (111

18

1.6

14

12

1.0

0.8

0.6

0.4

0.2

0.0

—8 Ryl
.
A
v
. .
>y % %
L g SN
A
Vo g
v
A A i
a a i N "
. . . . o o - 5
L = - = -
L L L L n L n L
M2 13 14 115 16 117 118 119

Desorption temperature (°C)






media/file5.jpg
"High CO; concentration i

AG





media/file24.png
Qyap (GI/H)

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

112

113

114 115 116 117

Desorption temperature (°C)

118

119






media/file1.jpg
180 | O ® MEA

160 | @ Other
o Energy consumption (GJ/t
< 0| 72
a2 5%
! 40
S0t ® @
5
®
5 100 |
g o
L st
]
=60 ®

of «w 0@%o

2 L " L L L L n

8 9 10 1 12 13 14 15 16

CO, concentration of gas (%)





media/file25.jpg
Quens (GI1)

20

18

16

14

12

1.0

0.8

0.6

04

0.2

0.0

s4peon

L/G=22
L/G=24
L/G=2.6
L/G=28
L/G=3

ATepreex (K)






media/file12.png
Regeneration heat (G]/t)

5.0

E Qvap
45 B - Qabs
wl O— 4 O o0
—QO— Equilibrium
35

2.2 24 2.6 2.8 3
L/G (kg/kg)






media/file9.jpg
Ga(pa To), Py

Carbon Sink | Product
Gy To), P, | Gas

Energy source
Winin

Carbon Sourcq F
eed ga:
Gi(py T, Py gas

G(p, T), P Standard
State

G(e,.1).R

Carbon Pump.

Gy, T, Py





media/file0.png





media/file8.png
a (mol/mol)

0.6

b </
2 3 3!
0.5 / i
0.4 | a
0.3 a
0.2 1/
1 /
0.1F 7,=313.15K i
,=393.15K
0.0 a i | | d P BT
0.001 0.01 0.1 1 10 100 1000

CO, partial pressure (kPa)





media/file17.jpg
£
200 -
254
2
5 s
S0t 882.0 H v
5 (S 2
= 15
100 -
10H
05
ol oo

14 16

CO, concentration of gas (%)





