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Abstract

:

Even though there are numerous CO2 capture technologies (such as chemical and physical absorption), investigators are still trying to come up with novel methods that can minimize the energy requirements for their integration into thermal power plants, as well as the CAPEX and OPEX expenses. In this work, the technical and financial aspects of integrating two-stage polymeric membranes into a coal-fired power plant with a capacity of 330 MW were examined. The study researched the membrane post-combustion CO2 capture process utilizing CHEMCAD version 8.1 software with several parameters and an expander to decrease the total cost. The simulation showed promising results regarding reducing power consumption after using an expander for both a high capture rate (>90%) and a CO2 concentration of more than 95%. Thus, the CO2 captured cost decreased from 58.4 EUR/t (no expander) to 48.7 EUR/t (with expander).
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1. Introduction


1.1. Background


Global warming and climate change have captured the interest of numerous countries and encouraged them to follow the Paris Agreement for a neutral-carbon environment [1]. The International Energy Agency (IEA), by 2050, warned that carbon recovery technology utilization could progressively rise to 9% of the overall utilization [2]. In the coming years, carbon capture systems (CCSs) are anticipated to be integrated with roughly all fossil-fuel power plants. Consequently, the claim for CCS study and its technical evaluation is expected to grow over the coming years [3].



The combustion of coal and natural gas power plants provides a flue gas that is evacuated at atmospheric pressure with low CO2 concentration, in contrast with other industries’ emissions. Normally, CO2 fraction flow represents almost 12–15 mole% of the total flue gas generated from coal-fired power plants (CFPP), whereas the natural gas combined-cycle total emissions have 3–4 mole% of carbon dioxide [4].



Generally, it is considered that the most adaptable and efficient technology for integrating with coal-fired power plants without requiring significant retrofitting is post-combustion CO2 capture. Several CO2 separation methods were recognized and implemented in different projects such as the chemical absorption process (CAP), cryogenic distillation, adsorption, and membrane [5,6,7]. The absorption, using alkanol amines for the carbon dioxide recovery process, is believed to be a convenient and mature method for post-combustion [8]. Nevertheless, chemical absorption-based carbon dioxide recovery has a major obstacle that is represented by the enormous heat energy consumption for solvent regeneration (30% of the overall power production), in addition to the requirements of large areas for process equipment [9,10]. Compared to other separation technologies, cryogenic distillation is a quite recent and underdeveloped technology that demands elevated pressure, low temperature, and a significant quantity of energy for compression and cooling. Furthermore, a multiple-stage compression technique is needed for the distillation method, which raises the total cost [11]. In terms of the adsorption process, one of the drawbacks of this process is that the system cannot easily handle large concentrations of CO2, whereas most power plants have larger concentrations of CO2 in flue gases, roughly 15% [12]. Another disadvantage is that obtainable sorbents are not selectively sufficient for CO2 separation from flue gases, where the sorbent’s ability depends on the pore size. Usually, molecules of gases smaller than CO2 can also penetrate the pores, in addition to N2, which fills up the pore space of sorbents. All these drawbacks make the system a less efficient process [13].



The membrane CO2 capture process, which is the subject of this article’s investigation, is thought to be a viable and promising technique for reducing CO2 that can rival traditional CO2 separation techniques in terms of cost and energy penalties. Furthermore, membrane technology is considered a potential method to remove CO2 in post-combustion due to its simple structure and environmental friendliness [14]. According to Yang et al.’s review of the development of membrane system for carbon dioxide removal, the membrane technology is space- and energy-efficient, simple to scale up, and has the potential to be a promising technique [15].



So far, several membranes have been enhanced that are characterized by high CO2 permeance in the capture process. In membrane gas separation systems, the driving force for carbon dioxide recovery and power consumption is extremely affected by the carbon dioxide partial pressure; therefore, it can be considered a key agent for nominating a CO2 removal method [16].




1.2. Research Progress


Several comprehensive studies of membrane technology for CO2 removal in the post-combustion process have been researched in the literature [17,18,19]. Many separation applications, including air separation, hydrogen generation, and CO2 capture techniques, have been investigated using the membrane gas separation process. Molecular sieves, fixed-site carriers, inorganic, and polymeric membranes are among the membrane materials that have been researched and improved to satisfy CO2 recovery demands for the membrane carbon dioxide capture technology [20,21]. Under any circumstances, the materials are required to be appropriate and built to be used for a specific CO2 capture method. Mechanical endurance, chemical strength, thermal stability, and resistance to pollutants like SO2, NOx, fly ash, etc., are the fundamental characteristics of every membrane material. As a result, these characteristics and operating conditions affect the final choice of materials for a certain carbon dioxide separation method [22,23].



To be compatible with the conventional CO2 capture methods, membranes need to have a high permeability of carbon dioxide and efficient selectivity for the CO2 separation method to occur. Permeability and selectivity are traded for the majority of polymeric membranes, in a process which is known as “the Robeson upper-bound” [24], see Figure 1. The modified upper bound has an enhanced bound, because of notable advances in the performance of membranes since the previous upper bound was set in the 1950s [25].



The key criteria for choosing membrane materials for CO2 recovery up to this point have been permeability and selectivity for various materials; as the References show, various papers have examined membrane materials with elevated permeability. Qiang et al. (2013) [27] studied the effects of various membrane materials with multiple layers under various operating conditions on the permeability and selectivity of the membrane used for removing carbon dioxide from various gas mixtures. The CO2 capture efficiency with higher concentration was found to be enhanced by the author through utilization of an improved membrane material with a greater carbon dioxide permeable layer. BT Low et al. (2013) [28] researched the influence of several membrane materials and operation modes of the system on membrane achievements in a process of post-combustion CO2 recovery. The authors revealed that the membrane surface can be reduced constantly by increasing the carbon dioxide permeability, while raising the CO2/N2 selectivity enhanced the gas captured purity with a reduction in total energy consumption. However, increasing the selectivity can be beneficial at elevated pressure differences across the membrane, but, on the other hand, the higher permeability is considered an advantage at larger feed-to-permeate pressure ratios.



Improving membrane permeability and selectivity are the primary issues to be researched to develop a carbon dioxide separation method that is more effective. Nonetheless, the most developed materials used to remove CO2 are polymeric polymers [29].



The mass transport mechanism of a CO2 separation method is the pressure differential across the membrane unit. When the gas mixture moves at the atmosphere’s pressure, the membrane process design can be performed to adjust for the low carbon dioxide content of the flue gas produced from a coal-fired power plant by increasing the pressure difference through the use of a compressor before the membrane module, a vacuum pump to remove the flue gas flow on the permeate side, or both [25]. In membrane CO2 capture systems, an expander turbine can be harnessed to recover the stream energy before discharging into the atmosphere [30]. Different membrane designs with various stages in post-combustion were examined to rival solvent regeneration process usage and lower the overall cost, which is mostly due to electrical energy requirements and membrane surface area.



Gilassi et al. (2019) [31] developed an optimized membrane system to detect the optimum amounts of operating indicators and the most influential design to reduce the capture cost. A hollow fiber polymer membrane module was used for separation purposes from the biogas that flowed at a rate of 12.4 mol/s and with CO2 concentration ranges from 10 to 40%. The authors suggested that for the same selectivity of CO2/CH4, the capture cost was decreased by boosting carbon dioxide permeability by two factors, and the overall membrane surface was reduced by that boost by around 40%. Ultimately, they concluded, according to the techno-economic assessment, that the gas separation-based membrane process has considerable potential to replace the classic carbon capture technologies or to be harnessed in a hybrid system.



Jiayou et al. (2019) [32] carried out a gas recovery analysis to discuss the influence of flue gas pressure and carbon dioxide content on membrane CO2 capture in post-combustion CFPP. A spiral-wound membrane was used and optimized to decrease the total membrane surface and power consumption required by the membrane auxiliaries. The membrane designs of one and two units were evaluated with a flue gas of 22 kmol/s and 2.97 kmol/s CO2 flow. The authors declared that the power consumption for the proposed integration can be reduced by moderating the first compressor pressure from 5.5 to 6.5 bar. They also stated a reduction scenario for the CO2 recovery price by harnessing high carbon dioxide permeability together with medium selectivity for the membrane first unit, and suggested that medium permeability with high selectivity should be utilized for the second unit.



Hongyu et al. (2021) [33] studied and constructed a flexible pilot range of two membrane units to recover 90% of carbon dioxide from several analyzed exhaust gases. Numerous compressor pressures with humidifier temperatures were investigated depending on the carbon dioxide concentrations in the flue gas (such as 14%, 25%, and 35%), whish were identical to the exemplar concentrations generated from different plants, i.e., CFPP, steel/cement, and other plants with high carbon dioxide contents. The authors stated that a higher recovery rate can be effectively obtained with membrane multi-stage configuration. Additionally, they represented a real design and plan for three-membrane units that were constructed in China (2021), which were predicted to reach a 90% removal efficiency with 95% purity of carbon dioxide.



Micari et al. (2021) [34] demonstrated a techno-economic estimation for polymeric nonporous single-layer graphene (NSLG) membranes for the post-combustion carbon removal process with a vast domain of carbon dioxide fractions (10–25%). A compression unit with a vacuum pump placed in the retentate path with different configurations was considered to examine the membrane performance for a capture and purity rate of 90%. The authors’ results showed that utilizing membranes of high permeability with a vacuum pump helped to reduce power consumption in comparison with compression unit utilization. However, they revealed that the recovery cost of the membrane system used can compete with the classical CAP and can be further improved in the future.



The primary factors that affect any membrane carbon dioxide separation system were all illustrated by the cited authors, and these factors should be tuned to produce the most effective results both technically and financially.




1.3. Target and Novelty of the Current Article


According to the literature review, the current work aims to analyze post-combustion CO2 removal from flue gas emitted by CFPP integrated into a two-stage membrane process with an energy recovery system (expander). The main purpose of using an expander is to recover the retentate stream energy before discharging it into the atmosphere.



The research purpose is to study different CO2 capture system parameters integrated into a conventional CFPP (using hard coal as a fuel) of 330 MW as a net output power to recover 90% of the carbon dioxide emissions; the recovery efficiency value (90%) was set as a standard CO2 capture efficiency by the U.S. DOE National Energy Technology Laboratory (NETL) [35], with a purity of 95% with the lowest LCOE. This purity is demanded for transportation and applications like enhanced oil recovery (EOR) [36]. Using process modeling, various scenarios were examined to determine how feed compression and membrane surface area affected the membrane system’s productivity and the total cost.



Furthermore, a systematic comparison is presented between the proposed membrane design with expander utilization and the same design without expander in terms of specific primary energy consumption for carbon dioxide avoided (SPECCA), CO2 capture cost, and CO2 avoided cost, to demonstrate the significance of the expander in the membrane gas separation process.





2. Methodology


This section discusses the membrane mathematical model, membrane CO2 recovery design, and techno-economic evaluation structure of the considered design.



2.1. Membrane Mathematical Model


Solution-diffusion is believed to be a mature technique to characterize the method of multi-component gas mixture penetration via polymeric membranes. Nowadays, polymer membranes have become the most manufactured membrane material due to their affordable pricing and straightforward large-scale manufacturing [37,38]. The differential equations for the membrane system can be derived by harnessing CO2 and N2 mass transfer and total mass transfer [39,40,41]. Figure 2 presents the scheme of feed, permeate, and retentate streams in a module of counter-current flow.



The flow on the permeation side of CO2 and N2 is also considered. To make the equations easier to code into the computer software, they were designed and then reorganized to be dimensionless, as follows:


    d y     d l   *     = −     K   1       V   *     [ α     γ   1   x −   γ   2   y   − x   α     γ   1   x −   γ   2   y   +   γ   1     1 − x   −   γ   2     1 − y     ]  



(1)






    d x     d l   *     = −     K   1       L   *     [ α     γ   1   x −   γ   2   y   − x   α     γ   1   x −   γ   2   y   +   γ   1     1 − x   −   γ   2     1 − y     ]  



(2)






      d V   *       d l   *     = −   K   1   [ α     γ   1   x −   γ   2   y   − x   α     γ   1   x −   γ   2   y   +   γ   1     1 − x   −   γ   2     1 − y     ]  



(3)






      d L   *       d l   *     = −   K   1   [ α     γ   1   x −   γ   2   y   − x   α     γ   1   x −   γ   2   y   +   γ   1     1 − x   −   γ   2     1 − y     ]  



(4)






    d   γ   1       d l   *     = −     K   2     L   *       γ   1      



(5)




where     V   *     and     L   *     are the normalized permeate and feed flow streams, respectively.     l   *     is the normalized length from the inlet. The mole fraction of CO2 in the feed and permeate sides are demonstrated as   x   and   y  , respectively, where     γ   1     and     γ   2     represent normalized pressures of the feed and permeate streams.



Regarding the different indicators shown in the series of formulas presented above, they are determined as follows:


  α =     (   Q   d   )     C O   2         (   Q   d   )     N   2        



(6)






    γ   1   =     P   1       P   f      



(7)






    γ   2   =     p   2       P   f      



(8)






    l   *   =   l     l   m      



(9)






    V   *   =   V     L   f      



(10)






    L   *   =   L     L   f      



(11)






    K   1   = π   D   L M   (     l   m       L   f     )   (   Q   d   )     N   2       P   f    



(12)






    K   2   =   ( 128   μ   f   R T   L   f     l   m   )   π   P   f   2     d   i   4      



(13)




where     (   Q   d   )     C O   2       and     (   Q   d   )     N   2       are the permeability of CO2 and N2 of the membrane material, respectively.     P   1     and     p   2     represent the pressures of feed and permeate sides, respectively.     P   f     is the gas mixture pressure before introducing it into the membrane module.   l   and     l   m     are the length from the membrane module entry and the overall length of the module, respectively.     L   f     is the gas mixture flow at the membrane entry.     D   L M     represents the log mean diameter of the membrane module.



It deserves to be emphasized that the aforementioned formulas are suitable, whether or not a sweep gas is used. Only the boundary conditions distinguish a sweep mode from a no-sweep mode. The bulk permeate content of the more permeable kind,   y  , at the reject end in the no-sweep mode, cannot be determined; instead, it is correlated with the closed-end permeate pressure ratio and the reject mole fraction based on the crossflow pattern present at this specific position [39].



The boundary conditions are defined by:



At     l   *   = 0  


   P =   P   f   ,   γ   1   = 1   ,   x =   x   f     ,   L =   L   f     ,     L   *   = 1   



(14)







At     l   *   = 1  ,   V = 0  ,     V   *   = 0  


  y =     α − 1       γ   2   +   γ   1   x   +   γ   1   −      α − 1       γ   2   +   γ   1   x   +   γ   1     − 4 α   γ   1     γ   2   x ( α − 1 )    2   γ   2   ( α − 1 )    



(15)







All the equations presented above are solved by the simulation program used in the current paper (ChemCad).



The founded model contains the following presumptions:




	
The membrane operational temperature is isothermal [42];



	
No pressure drops between the feed and retentate side [43];



	
No concentration polarization [44];



	
The gas attitude is typical [45].









2.2. Membrane CO2 Recovery Design


The usage of a membrane single stage at any parameter showed poor CO2 captured concentration results [46]; therefore, a one-stage membrane is not recommended for our research. Currently, the studies of multi-unit membrane concentrate on two to four units. The study of Hao et al. [47] demonstrated that the integration of two stages of membrane is more economically efficient than three-units utilization. Ramírez et al. [42] improved a nonlinear programming sample of a membrane with four units. The authors declared that the membrane three-stage configuration showed a modest decrease in CO2 capture cost compared with the two-stage; at the same time, the three-stage scheme is more complicated than the two-stage one. The four-stage and the three-stage variation in the scheme are neglected. Datta et al. [48] declared that there is no evident variance regarding the optimal results of two- and three-membrane-stage configurations. Therefore, the integration of two-membrane stages can be an efficient configuration for the CO2 capture process. Accordingly, two stages can be considered for membrane technology integration, in the current paper.



It is commonly concurrent that membrane surface area and the energy required for compressors are the essential elements that define membrane technology cost [49]. Characteristics of the 330 MW CFPP, fuel used, and the flue gas generated are presented in Table 1. The scheme of the CFPP with a CCS in the present paper is illustrated in Figure 3 [50].



The flue gas should be treated before being introduced into the membrane stage to remove undesired components that may affect membrane material such as SOX, NOX, and ash. The moisture flue gas needs to be dried to avert issues caused by water drops. In the present paper, the flue gas was considered a dry gas and free of water due to the extra energy needed for the drying process [51,52].





 





Table 1. The CFPP and membrane CO2 capture-system essential details [53].






Table 1. The CFPP and membrane CO2 capture-system essential details [53].










	Agent
	Unit
	Rate





	Hard coal details
	
	72.30% Carbon,

4.11% Hydrogen, 1.69% Nitrogen,

7.45% Oxygen,

0.56% Sulphur, 13.89% ash.



	Lower heating value
	MJ/kg
	25.17



	CFPP main characteristics
	
	



	Temperature of steam
	°C
	560



	Pressure of steam
	bar
	170



	Steam turbine efficiency (high pressure)
	%
	84.9



	Steam turbine efficiency (medium pressure)
	%
	91.6



	Steam turbine efficiency (low pressure)
	%
	87.8



	Pressure of condensing
	bar
	0.05



	Condenser cooling water
	°C
	9.5



	Steam generator combustion efficiency
	%
	91



	Flux steam
	t/h
	914.5



	CFPP net efficiency
	%
	45.87



	Flue gas details before membrane technology
	
	



	Pressure
	MPa
	0.101



	Temperature
	°C
	50



	Flux
	kmol/h
	40,320



	Flue gas composition
	%mole
	



	CO2
	
	13.12



	N2
	
	80.82



	O2
	
	6.03



	SO2
	
	0.03








According to Koros et al. (1987), for the goals of high efficiency and purity in a multi-stage membrane carbon dioxide removal process, a steam cycle scheme is required for the scheme design [54]. Thus, for the process design, the residue stream from the second membrane is sent back before the first compressor designed to reduce the carbon dioxide emissions, therefore increasing the CO2 capture rate. Furthermore, two different compressor units before each membrane stage and an expander in the first membrane retentate stream were considered to evaluate the optimum result and the total CFPP performance, as presented in Figure 4 [55].



The flue gas details entering the membrane system are presented in Table 1. As it is recognized that a high-pressure ratio across the membrane unit strongly raises the recovery efficiency, two compression units have been utilized in the suggested configuration. Expanders are usually employed to recover electric power and decrease pressure, therefore reducing energy loss. In the current membrane CO2 capture systems, the expander is located in the high-pressure N2-rich retentate steam [29,56], see Figure 4. Numerous heat exchangers have been utilized in the current scheme to reduce the high temperature generated by compression systems. The carbon dioxide-removed stream has to be compressed at elevated pressure (assumed 70 bar) for the CO2 preparation process of transportation [57,58]. The membrane material suggested for the present research is polyacrylamide polymer (PSF 50 K) combined with CA enzyme; this material was developed in a CO2 hybrid project which was a research project at University POLITEHNICA of Bucharest in 2020 [53]. Polyacrylamide polymer (PSF 50 K) is characterized by high permeability, and high selectivity, and is easy to find on the market. Membrane material replacement has to be implemented after 5 years of employment due to the low achievement after that period, according to Lillepärg et al. (2014) and Yang Han et al. (2020) [38,59]. Table 2 below demonstrates the membrane process’s main indicators. All the simulated values were performed by CHEMCAD software version 8.1.




2.3. Techno-Economic Evaluation Structure


The economic assessment of the CO2 recovery systems was achieved by employing costing assumptions improved by Seokwon Y. et al. (2020), where the authors assessed operating and capital costs methodologically [60]. The main economic parameters and presumptions utilized for this paper were set by Seokwon Y. [55]. Table 3 represents the essential economic parameters.



The following mathematical formulas were harnessed to calculate the main economic indicators required for a high recovery rate and purity of carbon dioxide.



The overall power consumption required to remove carbon dioxide can be calculated as the equation:


  M e m b r a n e   p o w e r   r e q u i r e d =  ∑    W   c     −   W   e x    



(16)




where     W   c     and     W   e x     represent the total power of compressors and expanders, respectively (kW).



Levelized Cost of Electricity (  L C O E  ) (EUR/kWh) is computed as follows [61]:


  L C O E =   C A P E X + O P E X     E   n e t      



(17)







  C A P E X   is the annualized capital cost,   O P E X   is the operation and electricity cost (EUR), and     E   n e t     demonstrates the total electricity generation (kWh).



  S P E C C A   (MJ/kg) can be defined according to the following calculation [61]:


  S P E C C A =   3600 × (   E   n e t , N O   c a p t u r e   −   E   f i n e , W i t h   C a p t u r e   )       E   n e t , N o   c a p t u r e   ×   C   N o   c a p t u r e     − (   E   n e t , W i t h   c a p t u r e   ×   C   W i t h   c a p t u r e   )    



(18)







    C   N o   c a p t u r e     and     C   W i t h   c a p t u r e     illustrate the overall CO2 released from the power plant with and without capture systems (kg/kWh).



CO2 capture cost (    C O   2 , C C    ) can be calculated by using Equation (19), and can be measured by EUR/t [62].


    C O   2 , C C   =     L C O E   w i t h   c a p t u r e   −   L C O E   N o   c a p t u r e       C O   2   c a p t u r e d    



(19)







On the other hand, CO2 avoided cost is also obtained according to the following formula [62]:


    C O   2 , A C   =     L C O E   w i t h   c a p t u r e   −   L C O E   N o   c a p t u r e       C   N o   c a p t u r e   −   C   w i t h   c a p t u r e      



(20)







The following calculations were utilized to examine whether the project was productive or not [62].



Net present value (EUR)


  N P V =   ∑  i = 1     n   f          I N   i   −   C   i   −   A   i         1 + r     i     −   ∑  i = 1     n   r        I   i       ×     1 + r     i    



(21)




where     I N   i     is considered as the actual income in a year   i   (EUR/year);     C   i     is the replacement cost in a year (EUR/year);     A   i     is the recompense loan (EUR/year);     I   i     is actual investment (EUR/year); and   r   is the rate of discount (0.08).



Internal Rate of Return (  I R R  ) can be computed as follows:   N P V   is 0, where   I R R   for any project is equal to the rate of discount.


  N P V =   ∑  i = 1   n        I N   i   −   C   i   −   I   i         1 + I R R     i       = 0  



(22)







Discounted Payback Period (  D P P  ) is the duration where the premier investment is won back, and is determined by Formula (23).


  N P V =   ∑  i = 1   D P P        I N   i   −   C   i   −   I   i         1 + r     i       ,  



(23)







The Index of Profitability (  I P  ), whether the project is determined as profitable or not, was computed by Formula (24).


  P I =   N P V + I A   I A    



(24)




where   I A   is the deduction in the investment.





3. Results and Discussion


The paper aims to achieve the lowest possible economic indicators while still achieving a 90% CO2 capture rate and 95% purity. Two membrane stages designed with compression units and an expander have been researched with different compressor values and several membrane areas, with that purpose.



Previous research has concentrated on examining the advancements in the membrane gas separation process from a technical point of view [18,63,64]. Nonetheless, the current study’s findings offer a comprehensive understanding of how various factors and expander use influence the techno-economic evaluation of the suggested design.



The subsequent figures illustrate the variations in the membrane’s function that resulted from the various simulated alterations. The findings revealed several relationships between CO2 capture rate and power consumption, which were further explored in depth. Technically and economically, the idea of using an expander was considered and a comparison with the identical system operating without an expander was carried out.



Brunetti et al. (2010) [65] declared that pressure differences across the membrane and first membrane area have the primary influence on the membrane CO2 capture system. Thus, different membrane surfaces and first compressor pressures were examined, in the current paper, to obtain at least 95% CO2 purity with 90% capture rate. The results showed that increasing the first compressor pressure provided a reduction in membrane surface area, and vice versa. An expander was integrated with the retentate stream of the first membrane module to recover electric power and decrease pressure, therefore reducing the energy loss. Furthermore, several second compressor pressures (2–10 bar) were researched, with increasing values directly affecting the CO2 captured concentrations. As the second membrane surface area requires a low value to provide high purity of carbon dioxide [66], in this article 40,000 m2 was optimized and considered for the MSA2.



The optimum outcomes, for purposes of this article, were obtained at 8 bar CP1, CP2 of 4 bar, and 600,000 m2 MSA1. Figure 5 presents the optimum results of the present paper design in terms of CO2 recovery efficiency, CO2 concentration, compressor power consumption, and energy recovery by the expander. The power consumption in this phase is around 189 MW, where 18% is recovered by the energy recovery system (expander); therefore, the total electrical energy consumed from the CFPP is 154.9 MW, which represents 46.9% of the overall plant capacity (330 MW).



3.1. Effect of First Compressor Pressure and Membrane Area on CO2 Capture Efficiency


At a specific capture efficiency, increasing the membrane surface area led to the decrease in CP1, due to the high CO2 content passed through the membrane stage at a larger membrane area, see Figure 6. The figure presents the significance of the compression unit before the membrane stage in enhancing the CO2 removal rate, because of the large amounts of CO2 pushed and captured via the membrane. At 600,000 m2 MSA1 and 10 bar, all the CO2 concentration was captured through the permeate stream of the membrane, and thus there is no interest in examining a larger membrane area or higher compressor pressure values. Based on the figure, the article’s aim of 90% capture efficiency was achieved at 8 bar CP1 and 600,000 m2 MSA1.




3.2. Effect of First Compressor Pressure and Membrane Area on Total Power Consumption


Figure 7 illustrates the impact of the first membrane surface area on total power consumption after expander use with a different CP1. Enlarging the membrane surface continuously increases the electrical energy demanded for the recovery system at any compression value due to the larger CO2 content passed through the membrane module, which requires more power to compress the flow at 70 bar for storage purposes. The highest power needed was around 200 MW at 600,000 m2 MSA1 and 10 bar, which can be explained by the elevated compressor pressure in addition to the large amount of carbon dioxide flow passed through the last compressor (70 bar), which raises the electricity demands.




3.3. Effect of First Compressor Pressure and Membrane Area on CO2 Purity


Based on Figure 8, increasing the first compressor pressure provided a mitigation in the membrane surface for a particular CO2 purity, which presents the importance of integrating different values of membrane surface to optimize the optimum value. At 8 bar, almost more than 95% of CO2 concentrations passed through the membrane at all the surfaces examined, due to the high compression difference across the membrane that boosted the CO2 purity. On the other side, low values of compressor showed poor CO2 purity where there is insufficient driving force to raise that parameter.




3.4. Effect of Second Compressor Pressure on CO2 Purity


Figure 9 shows the effect of the second compression unit on CO2 purity for a different CP1. Increasing the pressure values of CP2 from 4 to 10 bar constantly generated a reduction in CO2 purity, due to the N2 contents passing through the membrane module with carbon dioxide molecules, which led to a decrease in the CO2 purity in the flow captured. In the case of 2-bar CP1, there is a peak in 4-bar CP2, which can be explained by a low gas-mixture stream passing through the membrane (low capture efficiency) where N2 molecules retentate in poor quantities. Furthermore, a higher CP2 increase provided for more N2 passing together with CO2, and therefore lower CO2 purity.




3.5. Main Results of the Techno-Economic Assessment


As the first compressor pressures of 2 and 4 bar represent weak results in terms of CO2 capture efficiency and purity, Table 4 demonstrates the techno-economic assessment of the main outcomes regarding membrane two-stage design considered in the current paper. In the same membrane surface area, a different CP1 is estimated to demonstrate the effect of the compression unit on the economic indicators such as LCOE, CO2 capture and avoided cost. The table was estimated at 4 bar of the second-compressor pressure because, at this value, the capture efficiency of 90% and purity of 95% were achieved. As shown in the table below, integrating the membrane system into the power plant reduced the net power generated by around 31%, 45%, and 58%, respectively, based on CP1 at 600,000 m2 MSA1. That reduction is due to the power consumption that constantly rises at higher CP1, where that power is consumed from the CFPP power generation. In terms of LCOE, the membrane surface area has a major effect on it, where enlarging the membrane area provided a continual increase in LCOE due to the high CO2 concentration captured, and passed the module. By considering the influence of the first-compressor pressure on the CO2 captured cost, increasing the pressure from 6 to 10 bar at 200,000 m2 led to a reduction of around 57.4% of the cost value. The lowest CO2 avoided cost obtained was at 8 bar of 400,000 m2, which was 86.72 EUR/t, yet it does not count as the best case (technically) in which the capture efficiency was not successfully achieved (90% was this paper’s aim), see Figure 6. In Table 4 below, (n.a.) refers to an abbreviation of ‘not available’.



Table 5 shows the main parameters that indicate the economic evaluation of the CFPP with membrane integration for several CP1 and membrane areas. Considering the DPP, increasing CP1 from 6 to10 bar led to a reduction of around 24%. However, the case of 600,000 m2 and 8-bar CP1 was assumed as the optimum, based on the technical and financial outcomes achieved.




3.6. Benefits of Expander Use


To present the significance of expander utilization in membrane CO2 capture systems, the following figures are illustrated as a comparison between CFPP of 330 MW integrated into a membrane system with an expander and the same system without an expander, based on several parameters (e.g., total power consumption, CO2 captured cost, CO2 avoided cost, … etc.), where the main results of two membrane stages were researched and published in MDPI (Membranes journal) [53].



The influence of the harnessing expander unit located in the retentate stream of the first membrane module (at 600,000 m2) on total power consumption, together with the reduction percentage in power consumption, is demonstrated in Figure 10, below. Increasing the CP1 from 2 to 4 bar shows a low reduction percentage in power consumption due to the faint electricity required for the capture process. On the other hand, from 4 to 6 bar shows a large reduction (26%) from 30 to 22%, because of the elevated growth in power consumption (from 84 to 140 MW).



Figure 11 clarifies the CFPP efficiency increase, based on several CP1 and membrane areas. As presented in the figure, increasing the compressor pressure with a greater membrane area provided a continual rise in the plant efficiency because of the large energy recovered by the expander at the higher-compressor-pressure units. Increasing compressor pressure values of 2 and 4 bar showed no evident impact on the power plant increase rate at any membrane surface area, due to the low retentate stream pressure arriving at the expander unit.



The effect of expander utilization in membrane CO2 separation systems on different economic indicators is illustrated in Figure 12, below. The expander use has a considerable influence on the indicators of the total project finance, with a reduction of almost 19% in LCOE, 16.5% in CO2 captured cost, and 34% in CO2 avoided cost. That reduction can be explained by the decrease in total electric power required for the capture process after energy recovery by the expander unit.



Figure 13 represents the advantage of expander utilization in the plant net-power generation at a different CP1. It is visibly shown that power generation is more efficient when using an expander in membrane CO2 capture; where high power was generated at any compression value considered, the energy recovered by the expander helped to reduce the power consumption required for the capture process. The explanation for the power generation reduction is that a permanent increase in CP1 demanded that higher electricity was consumed from the plant capacity, which decreased the power generation.



In terms of economic estimation with respect to specific indicators, Figure 14 represents the expander’s financial benefit. The investment cost can be recovered by 12% less in the case of using an expander compared with the same project without expander use. As a profitability index, a more efficient project is obtained in the case of expander integration due to the high power generated by the CFPP.




3.7. Comparision between Our Optimum Outcomes and Others from the Literature


Table 6 presents a clear view of the optimum results obtained in the current paper after integrating the expander into the membrane CO2 capture process, with other results from the literature based on different technical and economical parameters. In Table 6, below, (n.a.) indicates an abbreviation for ‘not available’.



Validation of the current paper’s optimum results was implemented through comparing them with results obtained from different literature. The different gas fluxes, carbon dioxide fractions, and CO2 permeance in this study and other membrane CO2 capture method investigations are the causes of the variance in results. Since 80% CO2 purity requires lower power consumption, the authors in [30] were able to achieve a lower CO2 capture cost, of around 41% compared to our outcome. The authors in Reference [67] obtained a capture efficiency of 70% with 58% CO2 purity, instead of using a membrane material of high CO2 permeability (2200 GPU), which is why the power consumption is much lower than our system’ power requirements. Low capture efficiency (80.3%) and flow rate introduced into the membrane system in Reference [68] provided a more beneficial project for the membrane gas separation process due to the low CO2 captured cost obtained compared to our result. However, based on Table 6, the results acquired from our paper demonstrate an efficient techno-economic analysis for integrating the membrane CO2 capture system into a CFPP.





4. Conclusions


This research presented a methodology that provides optimal outcomes and standards for the assessment of the membrane-based gas separation process. To conduct a techno-economic evaluation of the CO2 capture from a CFPP (330 MW) through the use of an energy recovery system, a parametric analysis was essentially imposed for several parameters.



One single design of a membrane system was studied, to capture 90% at 95% CO2 purity with the lowest cost. The system design results were compared with the same membrane design without expander utilization, where a comprehensive understanding of the significance of integrating an expander into the retentate stream of a membrane module was presented.



Based on the results, the main parameter that affected the membrane gas separation process was the first membrane surface area, where increasing the membrane area from 400,000 to 600,000 m2 at a specific capture rate reduced the power consumption by 8%. At 600,000 m2, raising the first compressor pressure from 6 to 8 bar improved the capture efficiency by 18%, and at the same time decreased the CO2 captured cost by 14%, due to the high CO2 contents removed, which reduced the capture cost. The second compressor directly affected the CO2 purity where the purity was reduced by around 17% by increasing the CP2 from 2 to 10 bar at 4 bar of CP1, due to the N2 molecules that pass through the membrane module along with the CO2. In terms of LCOE, enlarging the membrane area from 200,000 to 400,000 m2 raised the cost by 10.5% in the 10 bar of the first compressor pressure. Increasing the first membrane area from 200,000 to 600,000 m2 reduced CO2 capture cost by around 32% due to the high CO2 that was captured with a larger membrane area. However, the outcomes of different parameters considered showed a reliable application of a two-stage membrane system integrated into a CFPP.



Utilizing an expander unit in the N2-rich stream improved the full capture system regarding the economic assessment. For example, the LCOE was reduced by 19% for the same purpose of high capture efficiency and purity in the case of 8-bar CP1 and 600,000 m2 MSA1, which can be explained by the energy recovered through the expander, which reduced the electrical consumption. Furthermore, the plant power generation showed a considerable raise in results after using the expander at any compressor pressure due to the power recovered by the expander. Expander integration into the membrane CO2 capture system illustrated a more profitable project by around 11% compared to the same project without the expander unit. Nevertheless, based on a techno-economic analysis, the studied capture system showed a reliable result for integration into the assumed power plant.
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Abbreviations




	CFPP
	Coal-fired power plant



	     D   L M     
	Log mean diameter of membrane module, μm



	   d   
	Effective thickness of membrane module, μm



	     d   i     
	Membrane module diameter (inside), μm



	     d   o     
	Membrane module diameter (outside), μm



	   L   
	Feed flow rate, kmol/h



	     L   f     
	Feed flow rate in the membrane entry, kmol/h



	     L   *     
	Normalized feed flow rate



	     l   m     
	Total length of membrane module, m



	     l   P     
	Potted length of membrane module, m



	     P   f     
	Feed pressure in membrane entry, bar



	     P   1     
	Feed pressure, bar



	     P   2     
	Permeate pressure, bar



	     (   Q   d   )     C O   2       
	CO2 permeability, GPU



	     (   Q   d   )     N   2       
	N2 permeability, GPU



	   R   
	Gas constant, mol K m−3 kPa−1



	   T   
	Temperature, K



	     W   c     
	Total power consumed by compressors



	     W   e x     
	Total power recovered by expander



	   V   
	Permeate flow rate, kmol/h



	     V   f     
	Permeate flow rate at membrane entry, kmol/h



	     V   *     
	Permeate flow rate (dimensionless)



	   x   
	Feed CO2 mole fraction



	     x   f     
	Feed CO2 mole fraction at membrane entry



	   y   
	Permeate CO2 mole fraction



	     y   f     
	Permeate CO2 mole fraction at membrane entry



	α
	CO2/N2 selectivity



	     μ   f     
	CO2 viscosity, bars



	   L C O E   
	Levelized cost of electricity



	   S P E C C A   
	Specific primary energy consumption for carbon dioxide avoided



	CCS
	Carbon capture system



	CP1
	First compressor pressure



	CP2
	Second compressor pressure



	MSA1
	First membrane area



	MSA2
	Second membrane area



	     C   N o   c a p t u r e     
	Carbon dioxide released without CCS



	     C   W i t h   c a p t u r e     
	Carbon dioxide released with CCS



	     C O   2 , C C     
	CO2 captured cost



	     C O   2 , A C     
	CO2 avoided cost



	   N P V   
	Net present value



	DPP
	Discount payback period



	IRR
	Internal rate of return



	     C   i     
	Replacement cost in a year



	     A   i     
	Recompense loan in a year



	     I   i     
	Actual investment in a year



	   r   
	Rate of discount



	   P I   
	Profitability index



	   I A   
	Deduct from the investment
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Figure 1. Gas separation based on Robeson upper bound for different membrane materials. ✕: dense membranes, ☐: inorganic membranes, ◯: facilitated transport membranes, ◇: hybrid membranes [24,26]. 






Figure 1. Gas separation based on Robeson upper bound for different membrane materials. ✕: dense membranes, ☐: inorganic membranes, ◯: facilitated transport membranes, ◇: hybrid membranes [24,26].



[image: Energies 17 00464 g001]







[image: Energies 17 00464 g002] 





Figure 2. Configuration of membrane in a counter-current flow. 
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Figure 3. Scheme of the supercritical CFPP. 
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Figure 4. Process scheme of the membrane two stages. 
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Figure 5. Membrane system optimum results integrated into 330 MW CFPP with expander use. 
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Figure 6. CO2 capture variation based on first membrane area and first compressor pressure at 4 bar CP2. 
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Figure 7. Impact of first membrane area on total power consumption at different first compressor pressures, 4 bar CP2. 
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Figure 8. Impact of first membrane area on CO2 purity at different first compressor pressure, 4 bar CP2. 
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Figure 9. Impact of second compressor pressure on CO2 purity with several CP1 at 600,000 m2 MSA1. 
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Figure 10. The impact of expander use on total power consumption, with the reduction percentage. 
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Figure 11. The increase in CFPP efficiency variations based on different membrane areas and first compressor pressure. 
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Figure 12. The comparison of the project’s different economic indicators, based on expander utilization. 
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Figure 13. The expander impact on plant net-power generation at different first compressor pressures. 






Figure 13. The expander impact on plant net-power generation at different first compressor pressures.



[image: Energies 17 00464 g013]







[image: Energies 17 00464 g014] 





Figure 14. Expander impact on specific financial indicators. 
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Table 2. Membrane process: main assumptions for simulation.
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	Factor
	Unit
	Value





	Membrane type
	-
	Spiral wound



	Flow pattern
	-
	Counter-current



	CO2 permeability
	GPU
	1000



	N2 permeability
	GPU
	20



	CO2/N2 Selectivity
	-
	50



	Compressor efficiency
	%
	90



	Expander efficiency
	%
	85



	Water pump efficiency
	%
	90



	Water pump pressure
	bar
	3



	Heat exchanger temperature out (All)
	°C
	50



	Variance of the membrane variables simulated
	
	



	First compressor pressure (CP1)
	bar
	2–10



	First membrane surface area (MSA1)
	m2
	200,000–600,000



	Second compressor pressure (CP2)
	bar
	2–6



	Second membrane surface area (MSA2)
	m2
	40,000







GPU = 10−6 cm3(STP)/cm2.s.cmHg, or 3.35 × 10−10 mol/m2.s.Pa.













 





Table 3. Economic evaluation: main assumption.
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	Indicators
	Units
	Values





	Project working period
	years
	25



	Availability factor
	%
	85



	Price of electricity
	EUR/MWh
	160



	Fee for CO2
	EUR/t
	82 [53]



	Annual running hours
	h/year
	7446 (85/100 × 8760)



	Membrane module cost
	EUR/m2
	50



	Price of compressor
	EUR/kW
	1350



	Price of CO2 pump
	EUR/kW
	1300



	Cost of expander
	EUR/kW
	500



	Membrane repair cost
	EUR/m2
	10



	Labor cost
	EUR/h
	15



	CO2 compression component
	million EUR
	11.7



	Separators and Compressor interstage coolers
	million EUR
	0.87










 





Table 4. The techno-economic assessment of two membrane stages integrated into 330 CFPP with expander use.
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Parameters

	
Power Plant (Base)

	
Power Plant with Two-Membrane-Stage System






	
Membrane area (m2)

	
n.a.

	
200,000

	
400,000

	
600,000




	
CP1 (bar)

	
n.a.

	
6

	
8

	
10

	
6

	
8

	
10

	
6

	
8

	
10




	
Net power generated (MW)

	
330

	
265.7

	
238.1

	
213.3

	
245.7

	
208.3

	
174.4

	
226.7

	
180.6

	
138.7




	
Net power plant efficiency (%)

	
45.78

	
40.49

	
36.67

	
33.23

	
37.71

	
32.54

	
27.82

	
35.08

	
28.69

	
22.87




	
Capital costs per net electrical capacity (EUR/kWh)

	
2753.8

	
4213.6

	
4714

	
5272.3

	
4642.5

	
5488.9

	
6572.1

	
5125.4

	
6450.3

	
8419.7




	
CO2 emission factor (kg/MWh)

	
741.15

	
522.84

	
351.46

	
222.77

	
353.25

	
163.41

	
62.28

	
237.37

	
69.73

	
13.05




	
CO2 captured (kg/MWh)

	
n.a.

	
397.8

	
675.6

	
923.7

	
642.4

	
1010.5

	
1340.4

	
841.6

	
1284.3

	
1750.5




	
Power consumption of membrane plant (kWe)

	
n.a.

	
69,823

	
97,348

	
122,157

	
89,831

	
127,141

	
161,123

	
108,801

	
154,850

	
196,796




	
Membrane power consumption (kWh/tCO2)

	
n.a.

	
660.68

	
605.07

	
619.89

	
569.25

	
603.89

	
689.37

	
570.31

	
667.50

	
810.62




	
LCOE_tax (EUR/kWh)

	
0.0756

	
0.1269

	
0.1243

	
0.1263

	
0.1224

	
0.1257

	
0.1410

	
0.1231

	
0.1382

	
0.1757




	
SPECCA (MJth/kg)

	
n.a.

	
2.58

	
2.89

	
3.22

	
2.62

	
3.17

	
3.79

	
2.85

	
3.65

	
4.50




	
SEPCCA (MJel/kg)

	
n.a.

	
1.49

	
1.56

	
1.70

	
1.41

	
1.67

	
2.01

	
1.50

	
1.93

	
2.45




	
CO2 avoided cost (EUR/t)

	
n.a.

	
234.94

	
124.95

	
97.75

	
120.58

	
86.72

	
96.34

	
94.27

	
93.28

	
137.52




	
CO2 captured cost (EUR/t)

	
n.a.

	
128.93

	
72.07

	
54.86

	
72.81

	
49.58

	
48.79

	
56.43

	
48.77

	
57.20











 





Table 5. The economic evaluation of membrane system with different variables considered and integrated into CFPP.
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Parameters

	
Unit

	
Values






	
MSA1

	
m2

	
200,000

	
400,000

	
600,000




	
CP1

	
bar

	
6

	
8

	
10

	
6

	
8

	
10

	
6

	
8

	
10




	
NPV

	
Million EUR

	
589.7

	
901.9

	
1048.6

	
919.36

	
1123.4

	
1061.92

	
1066.6

	
1080.9

	
827.5




	
IRR

	
%

	
0.14

	
0.16

	
0.18

	
0.17

	
0.18

	
0.18

	
0.18

	
0.18

	
0.16




	
DPP

	
Year

	
11.99

	
9.83

	
9.12

	
9.81

	
8.88

	
9.15

	
9.19

	
9.14

	
10.46




	
PI

	
-

	
1.53

	
1.80

	
1.93

	
1.81

	
1.98

	
1.93

	
1.92

	
1.93

	
1.71











 





Table 6. The comparison between the current paper and other papers in the literature regarding optimum techno-economic results.
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Parameters

	
Current Paper: Optimum Results

	
Literature Papers




	
[30]

	
[67]

	
[68]






	
Flue gas flow (feed) (kmol/h)

	
40,320

	
67,176

	
95,800

	
18,260




	
CO2 flow (feed) (kmol/h)

	
5290

	
10,278

	
13,163

	
2355.5




	
Membrane unit number

	
2

	
2

	
2

	
2




	
Total membrane area (×103 m2)

	
640

	
1040

	
480

	
679




	
CO2 permeance (GPU)

	
1000

	
1000

	
2200

	
740




	
CO2/N2 selectivity

	
50

	
80

	
50

	
135




	
CO2 capture efficiency (%)

	
94.9

	
90

	
70

	
80.3




	
CO2 flow captured (kmol/h)

	
5020

	
9619

	
9214

	
1884.4




	
Membrane power consumption (MW)

	
154.9

	
n.a.

	
80

	
23.7




	
CO2 purity (%)

	
96.8

	
80

	
58

	
95.1




	
LCOE_tax (EUR/kWh)

	
0.1382

	
n.a.

	
n.a.

	
n.a.




	
SPECCA (MJth/kg)

	
3.65

	
n.a.

	
n.a.

	
n.a.




	
SEPCCA (MJel/kg)

	
1.93

	
n.a.

	
n.a.

	
n.a.




	
CO2 avoided cost (EUR/t)

	
93.28

	
n.a.

	
n.a.

	
n.a.




	
CO2 captured cost (EUR/t)

	
48.77

	
28.6

	
n.a.

	
47.87
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