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Abstract

:

A sensitive analysis of CO2 capture from a coal-fired power plant of 600 MW with membrane technology based on post-combustion process is demonstrated. This study aimed to determine the influence of the membrane materials used (e.g., CO2 permeability was considered at 300, 1000, and 3000 GPU) on coal-fired power plant performance by investigating various parameters, such as the membrane number of stages, membrane surface area, and compressors’ pressure. The membrane surface area required varied from 200,000 to 800,000 m2 to procure no less than 99% purity. The total power plant efficiency was reduced by different values after integrating membrane CO2-capture technology based on the process design; nevertheless, the efficiency is profitable by around 13.5% when three membrane stages were harnessed instead of a two-stage configuration. Consequently, the levelized cost of energy (LCOE) decreased from 157 EUR/MWh (two stages of membrane) to 134 EUR/MWh (three stages of membrane).
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1. Introduction


1.1. Background


The control of anthropogenic carbon dioxide releases has drawn considerable interest from academia and manufacturers in recent years due to the growing apprehension about global climate change. Nowadays, the amount of carbon dioxide emissions has risen to 400 ppm in the atmosphere, which is considered a 30% rise in contrast to 1958 [1,2]. In 2015, the Intergovernmental Panel on Climate Change (IPCC) suggested a new proposal for emissions mitigation which was approved by several countries at the 21st Conference in Paris [3]. Carbon capture and utilization and storage (CCUS) has already been researched as a successful choice to reduce greenhouse emissions, where the major uses of carbon dioxide removal can be at large-scale CO2-emission sources, typically coal. However, 30% of overall carbon dioxide emissions are produced from energy production by coal [4,5].



Among different carbon-capture processes, post-combustion CO2 recovery is believed to be the most effective and flexible technology to be integrated with coal power plants without creating crucial retrofitting [6,7]. Many separation technologies can be integrated to mitigate CO2 contents from flue gas streams, such as chemical absorption, physical absorption, physical adsorption, and membranes [8,9,10,11,12]. Chemical absorption technology is considered to be the most favorable process because of its ability to capture 90% of CO2 from a high flue gas rate with large concentrations of no less than 99%. High thermal energy requirements and climate influence probabilities in terms of solvent discharge and degradation are the major drawbacks of the technology [13,14].



The membrane gas separation process, which is investigated in the present article, is believed to be an applicable and optimistic method for carbon dioxide reduction that can compete with the conventional CO2 separation processes regarding energy penalties and price [15,16,17]. Membrane technology is appealing for CO2 capture due to its features such as its simple structure, clean energy, and environmentally friendly nature [18].



The development of highly CO2-selective, extremely permeable membranes has been the main goal of research into the prospect of CO2 removal by membranes. Effective CO2-selective membranes have been recorded, some of which are manufactured on a large scale [19,20,21].




1.2. Study Progress


The membrane gas-capture process has been examined for several separation purposes, such as air separation, hydrogen purification, and carbon-capture methods. For the membrane CO2 removal process, several membrane materials have been studied and enhanced to meet carbon dioxide separation standards, like molecular sieves, fixed-site carriers (FSC), inorganic, and polymeric membranes [22]. The materials must be prepared and designed to be harnessed for a particular CO2 removal process under any conditions. The essential properties of any membrane material are defined in terms of its mechanical durability, as well as its chemical and thermal stability, in addition to its resistance against impurities such as SO2, NOx, fly ash, etc. Consequently, for a specific CO2-capture process, the selection of the membrane materials depends on these properties and operating conditions [20,23]. Membranes should have an effective selectivity and high CO2 permeability for the membrane CO2-capture process to be compatible with the chemical absorption process. For most polymeric membranes, “the Robeson upper-bound”, is a trade-off between permeability and selectivity [24]. Due to significant advancements in membrane performance since the original upper limit was established in the 1950s, the updated upper bound has an improved bound [25]. Up to the present, permeability and selectivity for different materials have been studied and considered the main features for selecting membrane materials for carbon dioxide recovery; different articles have studied membrane materials with a high permeability, as can be found in references [26,27]. Sandru et al. (2010) investigated various membrane layers at different operating conditions to examine their influence on membrane performance to recover CO2 from different streams in terms of permeability and selectivity. The author found that improving the membrane material with a higher CO2 permeable layer helped to increase the CO2 recovery rate with a higher purity. Enhancing the membrane permeability and selectivity are the main challenges to study for a more efficient CO2 separation process. However, polymeric materials are the most mature materials harnessed for CO2 removal [28,29].



The pressure difference across the membrane module is the mass transport driving force of a carbon-capture process. In the case of flue gas flows at atmospheric pressure, improving the pressure difference involves a compressor before the membrane unit, a vacuum pump to extract flue gas stream on the permeate side, or both for the membrane system to compensate for the low CO2 composition in the flue gas generated from a CFPP [30,31,32]. To compete with chemical absorption utilization, various membrane systems in post-combustion with different stages were studied to reduce the total cost, which is fundamentally caused by electrical energy demands and the membrane size [33,34,35,36,37].



Qinghua et al. (2022) researched the effect of the compression ratio across the membrane on energy consumption with a flue gas flow of 18.7 kmol/s. The cost and capture rate of the process were estimated by changing several configurations with different indicators, such as the pressure difference across the membrane unit and membrane surface. The authors declared that an increasing pressure ratio helped to raise the energy consumption and the investment and operating costs for the process. Despite the fact that the energy requirements could be decreased by a suitable membrane configuration, an extensive economic assessment of the considered process was not accomplished.



Shao et al. (2013) discussed a membrane configuration of two units integrated into a conventional coal-fired power plant (CFPP) for carbon dioxide emissions reduction. Different compressors and vacuum pumps, located on the permeate and retentate sides, have been evaluated for their value in determining the optimal pressure difference around the membrane. Regarding the author’s declaration, the first membrane area has the most impact on the overall price. However, for the considered system, the paper results demonstrated that the membrane system is more economically efficient than pressure swing adsorption and MEA absorption for the integration of carbon-capture technologies into a CFPP. The economic benefits or drawbacks related to the system had not been precisely determined.



Huanghe et al. (2023) studied two stages of membrane in a process at different CO2 permeance and CO2/N2 selectivity to obtain a 90% CO2 capture rate with more than 95% purity for coal-fired power plants. A sensitive analysis of operating pressures and membrane performance with a highly CO2-selective membrane (CO2/N2 selectivity >300) has been conducted to assess the membrane area and fractional energy. A feed gas of 117,745 kmol/h that includes 12.46% CO2, 14.97% H2O vapor, and 72.57% N2 was investigated in this paper. The authors revealed that increasing the membrane CO2 permeability leads to reducing the total membrane area for a separation process, therefore mitigating the CO2 capture costs. In the Huanghe proposal, the effect of membrane selectivity on economic evaluation has been elucidated.



Javad et al. (2021) investigated different designs and operating parameters and their influence on the membrane techno-economic performance with the separation goal of a 90% CO2 capture rate and 95% CO2 purity. The authors declared that increasing the first compressor pressure leads to reducing the membrane surface area notably, despite the power raises due to the extra power consumed by the compressors. Another particular outcome was released by the authors that enhancing membrane selectivity is not necessarily a strategy to reduce costs. Conversely, a larger selectivity value reduces the system’s specific energy, which is crucial for the pliable operation of integration membrane CO2 separation. A sensitive analysis regarding the discount payback period and CO2 purity effect on total power consumption has not been presented though.



Chiwaye et al. (2021) conducted an optimization study for the carbon dioxide recovery process by utilizing an N2-selective, CO2-selective membrane, and N2–CO2 hybrid system. A feed specification of 80,356 kmol/h with 13.5% CO2, 68.9% N2, 15.2% H2O, and 2.4% O2 resulting from a CFPP with 550 MW power generation was examined. The author’s results revealed that harnessing three stages of membrane instead of two at a particular CO2 recovery rate and purity is more beneficial regarding the cost related to the membrane CO2 removal process. Despite the full investigation of the economic and technical results, a sensitive examination of economic indicators, such as discount payback period and profitability index has not been investigated. In addition, the analysis of the energy consumption required to capture 1 kg of CO2 was not presented.



All the referenced authors demonstrated the major parameters that influence any membrane CO2-capture system and should be optimized to set the optimum technical and economical outcomes.




1.3. Purpose and Novelty of the Current Paper


The process design, operating parameters, cost assessment, and system aims (efficiency and purity) studied in the previous papers revealed an incomplete demonstration of membranes’ possibility to be integrated with a particular application. Therefore, in this study, a systematic comparison of three different membrane designs with several CO2 permeabilities and operation parameters for the membrane technology was conducted to present a complete realization of the economic and technical results for the considered power plant (600 MW) that uses lignite coal as fuel. The current article aims to set the optimum membrane process configuration for at least 99% CO2 purity and 90% efficiency with the lowest LCOE obtained. By the process simulation, different cases were analyzed based on the effect of membrane number of stages, membrane surface area, and feed compression utilized to analyze their impact on the electrical energy requirements and membrane system performance. For a specific membrane process, high power consumption is the main obstruction; therefore, in the current paper, multi-stage membrane designs with several variables were introduced to improve and decrease the power required for the auxiliaries, thus reducing the total cost.



Numerous detailed technical and economic factors have been investigated in this article, such as SPECCA and LCOE, CO2 emissions factor, etc., to present a fully comprehensive analysis compared with other research papers published until now and to provide a wide understanding regarding CO2-capture technologies based on membranes. This research also evaluates the impact of different CO2 permeabilities (300, 1000, 3000 GPU) for post-combustion CO2 capture used in fuel-based supercritical power generation. In the end, the optimal design obtained based on the separation requirements and economic assessment was compared with different power plants’ integrated membrane systems published in articles to present the features of the results achieved.





2. Membrane Gas Separation Standards


The variance of pressure across the membrane stage and/or CO2 concentration difference is the driving force of gas-particle transport via any membrane unit. Several transport techniques are ruling in all membrane material kinds like solution diffusion, molecular sieving, and facilitated transport [38,39]. The solution diffusion technique is the mature technique to characterize gas transport via polymeric membranes in which the first law of Fick is used to determine the gas flow as in the next formula [40].


    J   i   = −   D   i       d c   i       d x   i      



(1)




where     J   i     represents the gas flow via membrane for component   i  , in (m3(STP)/(m2·h));     D   i     demonstrates the diffusion coefficient which indicates how long a component needs to pass via the membrane; and       d c   i       d x   i       illustrates the driving force.



The gas solubility, for a typical process, is not based on concentricity which depends on Henry’s law [41] in Equation (2).


  C = k ×   p   g a s    



(2)







  C   represents a gas solubility in a specific solvent (mole);   k   is the law constant (mole/bar); and     P   g a s     is the gas partial pressure (bar).



Consequently, the gas flow (    J   i    ) is determined regarding the next formula.


    J   i   =     P   i     l   (   p   H     x   i , F   −   p   L     y   i , P   )  



(3)







    P   i     demonstrates the component’s permeability (m3(STP)m/(m2·h·bar));   l   shows the thickness of the membrane (m);   L   and   H   are the low- and high-pressure parts (bar);     x   i , F     is a component mole fraction on feed stream; and     y   i , P     the mole fraction of that component in the permeate stream.



In facilitated transport, the component   A   flow that is defined as the aggregate of solution-diffusion and carrier-mediated diffusion can be described as follows [41].


    J   A   =     D   A     l       c   A , 0   −   c   A , l     +     D   A C     l       c   A C , 0   −   c   A C , l      



(4)







    D   A     represents the diffusion coefficient of Fickian diffusion; while     D   A C     shows a carrier-mediated diffusion. In the Memfo group at NTNU, fixed-site carrier membranes of polyvinyl amine (PVAm) material were improved where the carrier is connected with a polymer matrix chemically. Figure 1 below shows a CO2 separation scheme for the facilitated transport technique. The figure is presented to demonstrate the CO2 transfer technique through the membrane stage. However, the solution diffusion coefficient is improved with higher flux temperatures. Thus, 50 °C would be an effective temperature to be assumed [42].




3. Membrane Mathematical Model


Polymer membranes are the main series to recover carbon dioxide from flue gas streams, where CO2 is separated through the solution diffusion technique due to specific advantages such as the simplicity of their productivity and asymmetrical structure that assists in setting the membrane for large-scale uses. The solution-diffusion mechanism relies on the membrane’s gas solubility and the diffusivity of the same gas via the membrane [43,44,45]. As a concept for the solution-diffusion technique, increasing the permeability of material represents a reduction in material selectivity, which can be classified as a drawback of this mechanism [46]. Different mathematical models have been extensively researched regarding solution-diffusion techniques based on gas separation membranes.



The first mathematical model for membrane binary gas mixture separation was researched by Weller and Steiner [47]. Habgood et al. [48,49] suggested and optimized an appropriate sample to separate various components and present a “shooting method” to settle it. To optimize the solution approach, which can be modeled at the high-stage cut, Coker et al. [50] split the entire membrane and divided it into several infinitesimals. In the current paper, based on the prior article, the membrane unit utilizes a counter-current flow pattern as illustrated in Figure 2. The permeability of component   i   can be computed according to Equation (3).



The proposed membrane model has the following considerations:




	
Pressure drop is assumed negligible [51,52];



	
Isothermal is the operation temperature [53];



	
No concentration polarization [52].









4. Process Description


The selection of an appropriate membrane material is based on the feed flue stream main indicators (especially pressure and temperature) and its characteristics (e.g., CO2, NOx, and SOx). For the process design, the membrane method is applied after a pre-treatment system such as flue gas desulphurization (FGD) and DeNOx to remove the harmful gases (acid) due to the damage it may cause to the recovery operation [54]. Even though membrane technology exhibits a high energy efficiency and lower cost choice to remove carbon dioxide from flue gases, the limited implementations of the technology are the major challenge. Nevertheless, multi-stage designs and recycle flow utilization are substantially required to obtain a high CO2 recovery rate with high purity. In CFPP, the flue gas generated mainly has a low CO2 concentration and low pressure; therefore, the use of compression and/or vacuum pump units is fundamental to increasing the driving force for carbon dioxide transfer [55,56,57]. Table 1 below shows the lignite fuel features and contents, where the low heating value for the coal considered is 28,141 kJ/kg.



Three various membrane process configurations have been prepared for the current article to obtain the minimum energy needed for a 90% carbon dioxide recovery rate and 99% purity. An elevated CO2 purity is required for different industries’ utilization [12]. It is widely accepted that the compressors and vacuum pumps’ power required with membrane area are the essential indicators influencing the capture rate and process total cost. As a comprehensive concept for the membrane process, the purity of the carbon dioxide captured essentially relies on the poor membrane area. The polyacrylamide polymer was integrated with an enzyme called CA in a research project (CO2 hybrid project) examined in 2020 [59]; this material was selected for the current paper due to specific advantages such as its characteristic of high permeability and selectivity, in addition to its availability in the market. The minor components, such as H2S and SO2, have an effect on membrane materials which has been addressed by Luis et al. [60]; the authors declared that these compounds may influence the material of plasticization and aging, which limits the membrane process performance and reduces its lifetime. However, five years is the efficient working period for the membrane material, and reparations must be considered after that duration [61,62]. CHEMCAD model 8.1 is the simulation platform harnessed to investigate all the operations in the present paper. Table 2 demonstrates the prime indicators of coal power plants assumed.



The membrane configurations integrated with the CFPP used for the present paper were ordered as three cases; in each case, various variables have been simulated (such as membrane surface area, compression ratio, … etc.) to achieve the prime goal of the research (high efficiency and purity of CO2 captured with lowest cost). Based on the proposal of Shao et al. (2013) [34], we investigated different values regarding the first membrane area to mitigate the total price to demonstrate an economically efficient membrane process design. The considered cases for the current paper with the schemes are presented below, check Figure 3:




	
Case 1: One stage of a membrane with compression and vacuum pump units;



	
Case 2: Two stages of a membrane with a compression unit before each membrane module;



	
Case 3: Three stages of a membrane with several compression units.








For each case assumed, the 80,460 kmol/h of flue gas produced from the CFPP was introduced into units of water and impurity elimination before the membrane system. In the membrane system, flue gas was first introduced in a compression unit with a specific value to enhance the driving force for carbon dioxide recovery. Then, the compressed flow passed through a heat exchanger with an out-temperature of 50 °C, subsequently introduced into the membrane stage.



A vacuum pump was used in Case 1 to boost the capture rate by increasing the driving force across the membrane [34]. For the two-membrane-stages case, the second membrane module was harnessed to treat the flow permeated from the first membrane module after integrating a compression unit to improve the second module’s efficiency. According to Zhao et al. (2010), a recirculated stream was considered from the retention stream of the second stage to increase the efficiency of the capture process [63]. The main reason for integrating a third membrane stage was to examine its impact on reducing the process power consumption at the same CO2 removal efficiency and purity.



Furthermore, an elevated compressor pressure (assumed to be 70 bar) was used in each case to compress the carbon dioxide removed from the flue gas and prepare it for the next step (storage or direct use). After that compression unit, a heat exchanger unit is recommended to mitigate the elevated temperature resulting from the high-pressure compressor [52]. The required power needed for the membrane auxiliaries was provided by the CFPP.



The substantial factors of the membrane stages and the variables utilized are presented in Table 3.




5. Economical Assessment


The research studied several variables, such as first compressor pressure, first membrane surface, second compressor pressure, second membrane surface, third compressor pressure, and third membrane surface values, see Table 3, in all considered cases to evaluate the economic variation for achieving a 90% carbon removal efficiency and a minimum of 99% purity with the lowest electricity demand.



The following mathematical problems were employed to compute the fundamental economic standards.



Total power needed to capture carbon dioxide, respecting the formula:


  M e m b r a n e   p o w e r   r e q u i r e d   =    ∑    E   T      



(5)




where     E   T     is the total power of the accessories (like compression components) of membrane operation used (kW).



  L C O E  , in EUR/kWh, can be defined regarding Equation (6) [64]:


  L C O E =   C A P E X + O P E X     E   f i n e      



(6)







    E   f i n e     refers to the overall electricity production of CFPP, in kWh;   C A P E X   represents capital expenditure (EUR), while   O P E X   indicates the operational expenditure of the project, (EUR).



  S P E C C A  , in MJ/kg, for the membrane was calculated as the next formulation [61]:


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



(7)




where     C   N o   c a p t u r e     and     C   W i t h   c a p t u r e    , in kg/kWh, demonstrate the total carbon dioxide released by the CFPP with and without the use of CCS.



CO2 removal price (    C O   2 , R P    ), in EUR/t, is computed regarding the   L C O E   with and without the capture process as the following equation [65]:


    C O   2 , R P   =     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   r e m o v e d    



(8)







    C O   2   r e m o v e d   presents the quantity of carbon dioxide removed through the capture process, in t/kWh.



In another way, CO2 avoided price (    C O   2 , A P    ), in EUR/t, is determined respecting the CFPP price with and without carbon-capture technologies and CO2 released for both cases, Equation (10) below shows that relation [65]:


    C O   2 , A P   =     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      



(9)







The next prices identified in Table 4 were presented to determine the cost-effectiveness of CFPP, where the work duration is 75% of the overall hours per year (8760) which is 6570 h/y.



To declare whether the current project is gainful from the economic belief, the subsequent formulas were harnessed to determine the financial factors [68].



Net present value (  N P V  ), in EUR, was computed respecting Equation (10):


  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    



(10)




where     I N   i     presents the real income in a year   i  , in EUR/year;



    C   i     substitution cost for a year, in EUR/year;



    A   i     reimbursement loan for a year, in EUR/year;



    I   i     true investment for a year, in EUR/year;



  r   recoup average.



The internal rate of return (  I R R  ) was calculated respecting the next formula:


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



(11)







As long as   I R R = r   for an exploitation plan,   N P V = 0  



The next equation demonstrates the account of the discount payback period (  D P P  ), in years, as follows:


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



(12)







Equation (13) below is considered to examine the profitability of the present project and to set the project as functional if the value of   P I   is more than one.


  P I =   N P V + I A   I A    



(13)




in which   I A   illustrates the recoup investment, in EUR.




6. Results and Discussions


The article’s purpose is to reach a 90% carbon removal efficiency and purity of 99%, in addition to the lowest rate of electric power required. Three configurations have been discussed regarding the number of membrane modules harnessed with various auxiliary component values and different membrane surfaces to reach that goal. Each process design has been presented separately in detail to illustrate the performance of the proposed configuration with different variables.



Prior studies have focused on analyzing the membrane technology improvements based on CO2/N2 separation from a gas stream, a technical investigation [33,37,69,70]. However, the results obtained from the current research provided an inclusive realization of how different variables and designs affect the techno-economic analysis of the proposed technology.



All the following figures were demonstrated to show how the membrane performance varied based on the different variations simulated. The results showed a series of connections between carbon-capture efficiency and electric energy requirements, which were discussed in detail further. Each case was investigated separately (technically and economically) and then a comparison of the optimum results obtained was accomplished.



6.1. One-Membrane Stage Design Technical Analysis


One membrane unit was used with a compressor before the membrane and a vacuum in the permeate path of the flue gas. Different pressures were assumed for the first compressor to assay the membrane capture performance with a vacuum pump utilization of 0.25 bar (optimized); the simulation showed an elevated capture rate with the increase in pressure. On the other hand, the amount of electricity required was expanded due to the increase in CO2 removal. That outcome was somewhere close to the declaration of Qinghua et al. (2022) [33]. Meanwhile, an enlarged membrane area (200,000–800,000 m2) provided a CO2 capture rate that was enormously excess with higher power demands. The target of reaching a 90% removal rate was attained at almost 4.4 bar and 400,000 m2 of the membrane surface. In terms of CO2 clarity, the highest value gained at this amount of pressure was around 73%, which is completely poor. Figure 4 demonstrates the optimum result of using a single membrane stage at 3000 GPU in terms of the main contents in each process side, CO2 purity, CO2 captured stream, and power consumption.



Figure 5a–d were illustrated to clarify the membrane single-stage performance in the current study based on several varied parameters.



Figure 5a below represents the first membrane surface effect on the CO2 recovery rate and purity of the same membrane, where enlarging the membrane area showed a reduction in the purity of carbon dioxide and an increase in the capture rate due to the greater amount of CO2 stream that went through the membrane unit, in addition to N2 molecules that passed together with the stream, which produced a greater capture efficiency and less carbon dioxide purity at the same time. Thus, adding more membrane units is highly recommended to achieve both a high capture efficiency and purity.



The membrane surface area impact on carbon-capture rate in different feed pressure values is demonstrated in Figure 5b. The figure presents that capture efficiency increases permanently with higher compressor values, reaching 100% where all the flue gas introduced passes via the membrane. The increase in membrane size helped to boost the recovery rate enormously since the stream molecules go through larger surfaces, reaching an efficiency of 100% at 600,000 m2.



The effect of the feed compressor on CO2 captured purity in several membrane surface areas is exhibited in Figure 5c. Higher pressure and surface area lead to pushing nitrogen and other molecules with the carbon dioxide, which results in a lower purity of CO2 recovered. As clearly shown in the figure, the top purity reached (82%) was at 3 bar, 200,000 m2 of compressor pressure, and membrane area, respectively. Due to the large surface area used for one stage, the configuration is not appropriate to obtain a high purity of CO2.



Figure 5d below presents the relationship between compressor and electric power demand regarding several membrane areas. Power consumption lines directly escalate with higher compressor pressures due to the huge energy demand to achieve that amount of pressure. The increase in the energy required at higher membrane surface values can be explained by the greater carbon dioxide stream captured with larger surfaces, which requires more electricity to compress it at 70 bar. In this case, the power required to reach 90% capture efficiency was 239 MW at a 4.4 bar compressor pressure.




6.2. Two-Membrane Stages Design Technical Analysis


Two membrane units were designed to overcome the low results in carbon dioxide purity by introducing a low surface for the second membrane unit. For Case 2, two compression units were utilized before each membrane without vacuum pump utilization. After introducing the flue gas into the process at different compressor pressures (3–8 bar) and first membrane surface values, the recovery of carbon dioxide increased with the increase in these parameters, as long as the electricity demand for the process continued. The second compressor and membrane area were considered 2–6 bar and 80,000 m2, respectively. The results showed that a point of 90% removal efficiency with 99% purity was reached at 7.3 and 2 bar of pressure in the first and second compressors; and 800,000 m2 of the first membrane surface. At this point, the power demand was around 340 MW, which represents 57% of the total CFPP capacity. Figure 6 clarifies the optimum results of using two membrane stages in terms of the main contents of each process side, CO2 purity, CO2 captured stream, and compressors’ power consumption.



The main purpose of presenting Figure 7a–c was to simplify how the feed and second compressor directly influence the CO2 removal process, purity, and total power consumption.



Utilization of the membrane’s second unit helped to increase the recovery rate of CO2, as shown in Figure 7a. As observed, a greater first compressor pressure means more flue gas goes through the membrane, which clarifies the vast increase in carbon dioxide removal rate at a higher CP1. The recirculated stream from the second membrane assisted in reducing carbon dioxide exits from the retentate side, where that stream goes back and integrates with the essential flue, which highly increased the removal efficiency, as demonstrated by the raised second compressor value of 2 to 4 bar. The other parameters harnessed for the figure were 800,000 and 80,000 m2 of the first and second membrane surfaces, each in order.



Figure 7b demonstrates CO2 variation based on the first and second compressors. Increasing the first compressor led to a greater concentration of carbon dioxide removed due to the large stream passing via the first membrane, which increases the amount of CO2 reaching the second membrane module. The head point shown at 2 bar of CP2 occurred because low nitrogen molecules passed with carbon dioxide. A purity of 99% can be realized at 7 and 8 bar of the first compressors. The other parameters utilized for the figure were 800,000 and 80,000 m2 of the first and second membrane surface, respectively.



Figure 7c below illustrates the considerable influence of first compressor on the total electrical power required for the capture process. The direct decrease in power consumed at 8 bar of first compressor pressure from 2 to 4 bar CP2 is related to the increase in second membrane efficiency, which led to a reduction in the flue stream back from the retentate to the first compressor. Therefore, the energy needed for the first membrane was decreased. At 3 and 5 bar of the first compressor, the poor effect of increasing CP2 on electricity required can be observed, which may be interpreted as the low flue gas flow passing through the first compressor. The other indicators utilized were the same as the previous figure.




6.3. Three Membrane Stages Design Technical Analysis


To seek a technical solution for reducing power demands, which means decreasing the total cost of the process, one more unit was added to the two stages of the membrane, forming a configuration of three membrane units with a compressor before every unit, see Figure 3, Case 3. Different membrane surfaces for the third stage were examined to gain at least 99% CO2 purity. The phase where the paper goal was achieved was at 7 bar of the first compressor and 4 bar of the second one. About 298 MW of power was demanded at this optimal point. Figure 8 demonstrates the optimum results of using three membrane stages in terms of the main contents in each process side, CO2 removal rate, CO2 captured stream, and compressors’ power-consumption requirements.



Utilization of a compressor before the third membrane stage affected the membrane process performance in terms of CO2 recovery and power requirements, where Figure 9a–d show that effect separately.



Figure 9a below illustrates the third compressor’s effect on the process’s efficiency concerning the first compressor. The impact of CP3 on efficiency expanded clearly at higher first compressor pressures (7 and 8 bar) due to the major flue gas stream arriving at the third compressor at elevated CP1. The figure also demonstrates the importance of using a compressor before the third membrane to reduce the CO2 flow exiting from the membrane by increasing the driving force around that membrane. The parameters simulated for this figure were at MSA1, MSA2, MSA3, CP2 of 800,000; 80,000; 8000 m2, and 4 bar, respectively.



Figure 9b presents the influence of increasing CP3 on total electric power demand for the capture method by examining different first compressor pressures. It is widely obvious that raising the third compressor value led to a reasonable increase in energy consumption because the elevated flue stream reached the carbon dioxide compression station, which helped to boost the electricity needed for pushing that stream. The parameters used for the current figure were like the last figure’s parameters.



Harnessing a higher surface area for the third membrane module allowed N2 molecules to go via the membrane unit along with CO2, which constantly reduced the concentration of carbon dioxide recovered. Raising the first compressor pressure value showed a remarkable boost in CO2 purity at different MSA3 due to the raise of flue gas captured and moved toward the third membrane unit, where Figure 9c presents the main CO2 purity variation at different MSA3.



The impact of first membrane surface was presented in Figure 9d below regarding different first compressor pressures, where the figure demonstrates the highly influential effect of increasing first membrane size on the carbon-capture rate. Enlarging the MSA1 from 200,000 to 800,000 m2 guided to almost 33% increase in the carbon dioxide removal rate at 8 bar of CP1 due to the great amount of CO2 steam that went through the membrane at larger surfaces. On the other hand, boosting the pressure in the first compressor helped push the CO2 flow through the membrane which increased the recovery rate. The point where a 90% carbon removal rate was achieved at 7 bar and 800,000 m2 of first compressor pressure and membrane surface, respectively. The other parameters used for the figure were the same used for optimum outcomes presented in Figure 9a.




6.4. Sensitive Analysis of Membrane Multi Stages’ Effect on CO2 Purity


The main goal of the paper was to obtain 99% purity with a minimum power demand, which was achieved only at the three-membrane utilization; therefore, increasing the membrane stages granted the advantage of raising the purity of CO2 recovered. The simulations revealed that two-stage configuration is an efficient process for projects with 95% purity demands. Figure 10 below represents the variation in purity at the membrane with three stages regarding the first compressor effect. The first membrane surface used in the figure was 800,000 m2; the second and third compressors’ pressures utilized were 4 and 6 bar, respectively.




6.5. Effect of CO2 Permeance on Membrane Process Performance


In the current paper, three different permeabilities (300, 1000, 3000 GPU) were studied to demonstrate the main influence of CO2 permeance on the membrane CO2 capture process. The impact of CO2 permeability was analyzed for all cases assumed based on process power consumption, CO2 capture efficiency and purity.



To present part of Case 1 (one membrane unit) results obtained through different CO2 permeabilities, Table 5 declares particular parameters to reveal the capture process achievement at different CO2 permeabilities. It is comprehensible that increasing the permeability of CO2 helped to increase the carbon dioxide efficiency and purity by around 63% and 26%, respectively, with lower power consumption at 3 bar; 400,000 m2 of CP1 and MSA1, respectively.



At 80,000 m2 of second membrane surface and 4 bar CP2, Table 6 exhibits certain optimal outcomes of Case 2 designed based on the analyzed CO2 permeabilities, where the CO2 capture rate variations of different compressor values regarding 300, 1000, and 3000 GPU are visibly shown. In contrast to Table 5, a greater CO2 purity was obtained at all the pressures, surfaces, and permeabilities assumed due to the usage of another membrane module with a lower surface area. The parameters presented below were selected only to demonstrate their impact on membrane performance.



Table 7 presents the best scores of 300, 1000, and 3000 GPU of CO2 permeability for the same parameters assumed in Table 5 and Table 6, in addition to 6 bar CP3 and 8000 m2 MSA3 for Case 3 considered. The central object of the present research was obtained in this case where the carbon dioxide captured purity was 99.7% with almost 298 MW of electric energy requested, besides more than a 90% CO2 removal rate: these results were achieved at 3000 GPU.



The results obtained from Table 5, Table 6 and Table 7 show that improving membrane material with a higher CO2 permeance helps to increase the affinity of that material toward CO2 molecules, which increases the gas content absorbed via the membrane unit in enormous quantities; therefore, a higher CO2 removal rate is obtained, see Figure 11a. On the other hand, the power consumption requirements for the membrane system showed a small increase with a high membrane permeability of CO2, see Figure 11b. However, the figures demonstrate the significance of using a membrane material of high permeability to raise the efficiency of CO2 removal with pretty much the same consumption of electricity. The figures were produced at three membrane stages (Case 3).




6.6. Effect of Higher CO2 Purity Necessity on Total Power Consumption


The simulation showed that increasing CO2 purity produced a raise in the total electric energy requirements because of the high pressure needed from the first compressor to increase the purity. Improving the membrane material with a higher CO2 permeability enhanced the reduction in power consumption at the same CO2 purity. Figure 12 below represents the variation in power consumption values for a higher CO2 purity at various carbon dioxide permeabilities, where the third membrane surface was 8000 m2 for all CO2 permeabilities analyzed.




6.7. Comparison between the Optimum Results Obtained from Each Case Simulated


As previously presented, the permeability of 3000 GPU is much more technically efficient concerning the efficiency and purity of CO2 recovered; therefore, Table 8 demonstrates a contrast of the optimum points of the current paper (90% CO2 removal rate with 99% purity) regarding the different parameters that were considered (MSA1, CP1,2). It was reported that the CO2 recovered concentration must exceed 60% from the first membrane stage to be eligible for high gas separation purity (99%) [69], which was achieved in the current paper by more than 70%. It is clearly shown that the elevated CO2 recovered purity required for the present paper (99%) can be obtained efficiently by integrating three instead of two membrane stages where lower electrical power was achieved. Thus, the results of Case 3 demonstrated below are considered the optimum among all the cases simulated to remove 90% of CO2 with a 99% concentration. In Table 8 below, (n.a.) is an abbreviation of ‘not available’.




6.8. Techno-Economic Assessment of Each Case’s Optimum Results


In terms of economic evaluation, Table 9 and Table 10 demonstrate specific technical and economic parameters of each case based on the optimal indicators exhibited in Table 8 above.



Concerning the economic evaluation of the different cases in Table 9 above, a single stage has the best result in terms of LCOE, CO2 avoided, and captured cost. Increasing the number of membrane stages to three raised the LCOE by around 23% due to the larger membrane surfaces used and the energy consumption required. Utilizing three stages instead of two to obtain 99% purity of CO2 helped to reduce most of the economic parameters due to the lower electric energy needed to capture 90% of the carbon dioxide content.



The net present value was reduced by integrating three stages instead of one stage by about 30%, where two stages have the lowest value of NPV. Regarding the profitability factor, three stages of membrane have more profitability than two stages, around 11%, because of the lower energy required for Case 3. However, one stage of membrane was the most profitable case compared to the others.



Figure 13 below shows the accumulated cash flow of different membrane schemes integrated into the coal power plant throughout its duration (25 years). After almost 8 years, the investment cost will be recovered in the case of a single stage. Integrating three stages decreased the period of investment recovery by approximately 13% compared with using two membrane stages.



Figure 14 below demonstrates the effect of CAPEX, fuel, and other various indicators’ price on the levelized cost of electricity at CFPP with the integration of the third case of the membrane scheme. The impact of the CAPEX and plant capacity factors is distinguished on the LCOE, where LCOE differed from almost 124 to 143 EUR/MWh by modification of the CAPEX price +/−10%.




6.9. Comparison between Our Optimum Results with Others from the Literature


To demonstrate a clear perception of our optimum outputs obtained from Case 3 (see Table 8) simulated in the CHEMCAD program with a membrane, Table 11 exhibits a clear comparison between our optimal outcomes and different results from the literature that have already been researched and published in terms of technical and economical estimation.



The optimal outcomes obtained from the current paper have been validated by comparing them with other results found in the literature. The usage of different gas flow, CO2 concentration, CO2 permeability, and number of membrane units leads to achieving various membrane executions for the current study compared with other papers’ results. In the reference paper [69], the CO2 capture cost is less than ours due to the low carbon dioxide removal rate achieved (80.3%) by the author, which decreased the total power requirement. The author in [70] captured 96.5% CO2 content with a concentration of almost 90%, the low purity obtained helped to reduce CO2 capture cost, whereas a higher purity requires more power consumption, see Figure 12. The utilization of high CO2 permeance in our simulation enhanced the results compared with the author’s results in [71], where 197 EUR/tCO2 of CO2 avoided the costs gained, which is almost 52% higher than our outcome.





7. Conclusions


This paper discussed a methodology that offers standards for the evaluation, optimum results, and appropriate configuration for the CO2 capture process based on membrane technology. Primarily, a parametric assessment was imposed for different parameters of different process designs for techno-economic assessment of post-combustion CO2 removal from a CFPP.



Different CO2 permeabilities have been examined with several operating variables to reach a minimum power consumption of 99% CO2 concentration captured with a 90% recovery rate.



The target of a 90% capture rate was reached in the case of using one single unit (Case 1). Nevertheless, the clarity of the gas captured was modest where one stage was harnessed where the top purity achieved was 77% at any variable simulated. The results showed that increasing the pressure difference across the membrane stage leads to a reduction in the membrane area constantly, therefore decreasing the total annual cost. Integration of a single membrane stage can be considered sufficient for projects with low CO2 purity requirements. It was found that the single-stage membrane system must be further integrated with another membrane unit or with another separation system to increase the CO2 capture concentration.



The proposed design of two stages was observed to be non-economically convenient for a system of 99% CO2 purity, due to the high energy consumption (340 MW) that increases the capture cost. Integrating three units of membranes helped the whole process to gain 90, and 99% rates of efficiency and purity with around 12% lower power than the usage of two stages. The recirculated flue stream from the second membrane reduced the CO2 stream released to the atmosphere, where that structure improved the process with a high CO2 recovery rate and purity.



It is recommended to use a CO2-capture membrane system with efficient materials in large-scale power plants due to the high CO2 permeability that enhances the recovery process, where an 87% increase in recovery rate when 3000 GPU was used instead of a permeable material of 300 GPU. In addition, the power required for the membrane system was reduced by improved material usage. A membrane material with high CO2/N2 selectivity is particularly recommended in a project with extreme CO2 purity requirements.



In terms of economical assessment, the single stage is the most efficient case due to the low electrical energy required; nevertheless, poor CO2 purity provided by this case which diverted it into an undesirable design in such processes with high CO2 purity requirements. The membrane process design with three stages can save around 17% and 15% in CO2 capture cost and LCOE, respectively. Ultimately, three stages of membrane showed more accepted results regarding economic and technical parameters, and this case could be more profitable and beneficial when the CO2 tax exceeds its avoided cost.
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Abbreviations




	CCUS
	Carbon capture and utilizations and storage



	CFPP
	Coal-fired power plant



	     J   i     
	Gas flow via membrane



	     D   i     
	Diffusion coefficient



	       d c   i       d x   i       
	Flue gas driving force



	   k   
	Law constant



	   C   
	Gas solubility



	     R   g a s     
	Gas partial pressure



	     P   i     
	Components permeability



	   l   
	Membrane thickness



	   L      , H   
	Low/high-pressure part



	     x   i , F     
	Component mole fraction on feed stream



	     y   i , P     
	Component mole fraction in the permeate stream



	     D   A     
	Diffusion coefficient of Fickian diffusion



	     D   A C     
	Carrier-mediated diffusion



	     F   f , k     
	Flow rate of the feed side at the kth phase



	     F   p , k     
	Flow rate of the permeate side at the kth phase



	     E   T     
	Total electricity needed for accessories



	   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



	CP3
	Third compressor pressure



	MSA1
	First membrane area



	MSA2
	Second membrane area



	MSA3
	Third 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 , R P     
	CO2 removal price



	     C O   2 , A P     
	CO2 avoided price



	   N P V   
	Net present value



	     C   i     
	Substitution cost for a year



	     A   i     
	Reimbursement loan for a year



	     I   i     
	True investment for a year



	   r   
	Recoup average



	   P I   
	Profitability index



	   I A   
	Recoup investment
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Figure 1. The demonstration of CO2 transfers via polyvinyl amine based on a fixed-site carrier membrane [42]. 
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Figure 2. Schematic diagram of counter-current flow membrane module [50]. 
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Figure 3. The schematic diagram of each case considered. 






Figure 3. The schematic diagram of each case considered.



[image: Applsci 13 11333 g003]







[image: Applsci 13 11333 g004] 





Figure 4. One stage of membrane with main results to obtain 90% recovery. 
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Figure 5. (a) The variation in CO2 capture rate and purity regarding different first membrane surface. (b) CO2 efficiency regarding membrane surface and compressor pressure for the single membrane stage. (c) Compressor pressure and membrane size influence on CO2 capture purity for the single membrane stage. (d) Power demand regarding different compressor pressures and membrane surfaces for the single membrane stage. 
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Figure 6. Two stages of membrane with main results of obtaining a 90% recovery and 99% purity. 
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Figure 7. (a) First compressor influence on CO2 capture rate respecting second compressor at the two units of membrane. (b) First and second compressor impact on carbon dioxide purity at the two units of membrane. (c) First and second compressors effect on total energy consumption at the two units of membrane. 
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Figure 8. Three stages of membrane with main results to obtain a 90% recovery and 99% purity (optimal). 






Figure 8. Three stages of membrane with main results to obtain a 90% recovery and 99% purity (optimal).



[image: Applsci 13 11333 g008]







[image: Applsci 13 11333 g009] 





Figure 9. (a) Carbon dioxide capture rate variations regarding several CP1 and CP3 at the three units of membrane. (b) The third compressor effect on electricity demand regarding numerous first compressor pressure values at the three units of membrane. (c) The third membrane surface influence on CO2 purity at several CP1. (d) The first membrane surface influence on CO2 recovery rate at various CP1. 






Figure 9. (a) Carbon dioxide capture rate variations regarding several CP1 and CP3 at the three units of membrane. (b) The third compressor effect on electricity demand regarding numerous first compressor pressure values at the three units of membrane. (c) The third membrane surface influence on CO2 purity at several CP1. (d) The first membrane surface influence on CO2 recovery rate at various CP1.
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Figure 10. Different CO2 purity results regarding the three considered membranes. 
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Figure 11. (a) CO2 removal efficiency of different permeabilities regarding various CP1. (b) The electric energy required for different permeabilities regarding different CP1. 
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Figure 12. CO2 purity impact on power consumption at different CO2 permeabilities. 
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Figure 13. Discount payback period regarding the three cases of accumulated cash flow. 
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Figure 14. Influence of different factors on LCOE. 
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Table 1. The fuel-utilized contents [58].
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	Lignite Detail
	Value (%)





	Carbon
	72.3



	Ash
	13.89



	Oxygen
	7.45



	Hydrogen
	4.11



	Nitrogen
	1.69



	Sulfur
	0.56










 





Table 2. Coal power plant prime parameters [58].
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	Agent
	Unit
	Rate





	Stream temperature
	°C
	560



	Stream pressure
	bar
	170



	Low-pressure efficiency of the turbine
	%
	87.8



	Medium-pressure efficiency of the turbine
	%
	91.6



	High-pressure efficiency of the turbine
	%
	84.9



	Pressure of the condenser
	bar
	0.05



	Temperature of water inside the condenser
	°C
	9.5



	Efficiency of the combustion operation
	%
	91



	Steam flux
	kg/s
	254.03



	Efficiency of the plant
	%
	41.63



	Flue gas before introducing to the membrane process
	
	



	Pressure
	bar
	1.013



	Temperature
	°C
	50



	Flux
	kmol/h
	80,460



	Flue gas fraction
	%mole
	



	Carbon dioxide
	
	13.12



	Nitrogen
	
	80.80



	Oxygen
	
	6.05



	Sulfur dioxide
	
	0.03










 





Table 3. Prime factors of membrane module harnessed.
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	Factor
	Unit
	Rate





	Membrane module
	-
	Spiral wound [58]



	Flue gas flow
	-
	Counter-current [58]



	Permeability of CO2
	GPU
	3000 [59]



	CO2/N2 Selectivity
	-
	50 [59]



	Compressors and vacuums’ efficiency
	%
	90 [58]



	Water pump efficiency
	%
	90 [58]



	Variance of the membrane variables simulated
	
	



	Pressure of first compressor (CP1)
	bar
	3–8



	Area of first membrane (MSA1)
	m2
	200,000–800,000



	Pressure of second compressor (CP2)
	bar
	2–6 (case 2)



	Area of second membrane (MSA2)
	m2
	80,000



	Pressure of third compressor (CP3)
	bar
	2–6 (case 3)



	Area of third membrane (MSA3)
	m2
	8000–40,000










 





Table 4. Specific factors price.
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	Factor
	Unit
	Rate





	Project duration
	years
	25



	Cost of electricity
	EUR/MWh
	160 [66]



	Carbon dioxide tariff
	EUR/t
	80 [67]



	Availability index
	%
	85 [66]



	Recoup average
	%
	8 [66]



	Membrane module charge
	EUR/m2
	40 [66]



	Pump cost
	EUR/kW
	1350 [66]



	Compressor cost
	EUR/kW
	1800 [66]



	Membrane substitution charge
	EUR/m2
	10 [55]



	Employee fees
	EUR/y
	98,550 [66]



	Carbon dioxide captured compressor cost
	million EUR
	11.7 [66]



	Carbon dioxide captured refrigerant cost
	million EUR
	0.87 [66]










 





Table 5. Different results of particular indicators for Case 1 at three permeabilities.
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300 GPU

	
1000 GPU

	
3000 GPU






	
MAS1

	
m2

	
400,000

	
800,000

	
400,000

	
800,000

	
400,000

	
800,000




	
CP1

	
bar

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7




	
CO2 capture rate

	
%

	
26

	
65

	
45

	
89

	
50

	
93

	
73

	
99.7

	
70

	
99.5

	
88

	
99.9




	
Power needed

	
MW

	
130

	
286

	
171

	
370

	
153

	
314

	
197

	
383

	
171

	
321

	
211

	
385




	
CO2 purity

	
%

	
57

	
56

	
53.2

	
46

	
71

	
64

	
64

	
48

	
77

	
65

	
68

	
48











 





Table 6. Different results of particular indicators for Case 2 at three permeabilities.
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300 GPU

	
1000 GPU

	
3000 GPU






	
MAS1

	
m2

	
400,000

	
800,000

	
400,000

	
800,000

	
400,000

	
800,000




	
CP1

	
bar

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7




	
CO2 capture rate

	
%

	
6

	
24

	
9

	
32

	
8

	
56

	
14

	
77

	
9

	
72

	
16

	
91




	
Power needed

	
MW

	
96

	
213

	
103

	
262

	
98

	
236

	
106

	
284

	
99

	
246

	
108

	
284




	
CO2 purity

	
%

	
58

	
88

	
67

	
92

	
63

	
94

	
75

	
96

	
65

	
94

	
77

	
96











 





Table 7. Different results of particular indicators for Case 3 at three permeabilities.
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300 GPU

	
1000 GPU

	
3000 GPU






	
MAS1

	
m2

	
400,000

	
800,000

	
400,000

	
800,000

	
400,000

	
800,000




	
CP1

	
bar

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7

	
3

	
7




	
CO2 capture rate

	
%

	
4.5

	
10

	
6

	
11

	
8

	
38

	
13

	
40

	
9

	
72

	
16

	
90




	
Power needed

	
MW

	
95

	
212

	
101

	
255

	
97

	
234

	
109

	
275

	
98

	
257

	
109

	
298




	
CO2 purity

	
%

	
88.9

	
98.5

	
93.1

	
99.1

	
91.7

	
99.7

	
95.7

	
99.8

	
91.6

	
99.5

	
95.5

	
99.7











 





Table 8. A comparison of the optimum three cases assumed results.
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	Cases
	-
	Case 1
	Case 2
	Case 3





	First membrane surface
	m2
	400,000
	800,000
	800,000



	First and second compressor pressure
	bar
	4.4; n.a.
	7.3; 2
	7; 4



	CO2 capture rate
	%
	90.3
	90.0
	90.7



	Power needed
	MW
	238.5
	340.6
	298.3



	CO2 purity
	%
	73.3
	99.1
	99.7



	CO2 recovered/membrane surface
	kmol/(h·m2)
	0.0239
	0.0157
	0.0120










 





Table 9. The estimated and economic indicators of the CFPP with different configurations of membrane technology.
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	Parameters
	Case 1
	Case 2
	Case 3





	Fuel feedstock, (t/h)
	151.33
	151.33
	151.33



	Net power generated, (kW)
	370,092
	259,380
	301,690



	Net power plant efficiency, (%)
	31.29
	22.66
	26.23



	Capital costs per net electrical capacity, (EUR/kWh)
	5059.88
	7351.85
	6234.34



	CO2 emission factor, (kg/MWh)
	101.18
	133.95
	120.68



	CO2 captured, (kg/MWh)
	941.9
	1306.33
	1123.44



	Power consumption of membrane plant, (kWe)
	238,500
	340,562.40
	298,302.24



	Membrane power consumption, (kWh/tCO2)
	684.18
	972.66
	855.74



	LCOE_tax, (EUR/kWh)
	0.109
	0.1572
	0.1338



	SPECCA, (MJth/kg)
	7.31
	10.68
	12.45



	SEPCCA, (MJel/kg)
	1.89
	2.81
	2.78



	CO2 avoided cost (EUR/t)
	52.16
	134.40
	93.83



	CO2 captured cost (EUR/t)
	35.44
	62.47
	51.82










 





Table 10. The specific economic indicators of CFPP with different membrane configurations.
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	Indicator
	Unit
	Case 1
	Case 2
	Case 3





	NPV
	million EUR
	2197.7
	1251.9
	1630.8



	IRR
	%
	19.92
	14.85
	16.86



	DPP
	year
	8.09
	11.0
	9.6



	PI
	-
	2.17
	1.64
	1.84










 





Table 11. The comparison of our optimum results with literature concerning various indicators.
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Parameters

	
Present Work Optimum Scores

	
Literature Papers




	
[69]

	
[70]

	
[71]






	
Flue gas flux, (kmol/h)

	
80,460

	
18,260

	
52,623.6

	
53,520




	
CO2 stream before membrane, (kmol/h)

	
10,583

	
2355.5

	
7051.5

	
6690




	
Membrane units’ number

	
3

	
2

	
2

	
2




	
Total membrane area, (×103 m2)

	
888

	
679

	
643

	
16,200




	
CO2 permeability, (GPU)

	
3000

	
740

	
370

	
270




	
CO2/N2 selectivity

	
150

	
135

	
200

	
34




	
CO2 removal rate, (%)

	
90.7

	
80.3

	
96.5

	
67




	
CO2 stream captured, (kmol/h)

	
9598.8

	
1884.4

	
6804.7

	
4482.2




	
Membrane power needed, (MW)

	
298.3

	
23.7

	
n.a.

	
137




	
CO2 purity, (%)

	
99.7

	
95.1

	
89.6

	
88




	
LCOE_tax, (EUR/kWh)

	
0.1338

	
n.a.

	
n.a.

	
n.a.




	
SPECCA, (MJth/kg)

	
12.45

	
n.a.

	
n.a.

	
n.a.




	
SEPCCA, (MJel/kg)

	
2.78

	
n.a.

	
n.a.

	
n.a.




	
CO2 avoided cost (EUR/t)

	
93.83

	
n.a.

	
n.a.

	
197




	
CO2 captured cost (EUR/t)

	
51.82

	
47.87

	
20.40

	
n.a.
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