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The use of membranes to capture CO2 is a proven carbon capture technique. Gas separation membranes enhance the mole fraction of CO2 in the feed gas. The membrane separation technique is low-cost because of its compact size, excellent energy efficiency, minimum environmental effect, simplicity of scale-up, fewer moving parts, moderate energy consumption, and ease of handling. Hybrid membrane cryogenic (HMC) and low-temperature membrane cryogenic (LTMC) are hybrid capture systems that combine the advantages of membrane and cryogenic techniques. In the HMC process, the flue gas is first pre-treated by the membrane process for CO2 enrichment and the cryogenic process to capture the CO2. In the LTMC process, low-temperature membrane units increase flue gas CO2 concentration to 50%–75%, and a cryogenic process liquefies the rich CO2 stream. Permeability and selectivity are the crucial parameters of the membrane which determine the CO2 purity and recovery of capture. Most polymeric membranes have a trade-off of CO2/N2 selectivity (αCO2/N2) and CO2 permeability (PCO2). The operating temperatures also impact membrane performance. An anti-trade-off effect was observed upon cooling down by increasing PCO2 and αCO2/N2. With increased PCO2 and αCO2/N2, sub-ambient temperature-based membrane cryogenic CO2 capture techniques will lower power consumption and energy cost for CO2 capture (CC). This review analyses the costs and energy requirements of various HMC and LTMC configurations for CO2 capture. The study also examines the features of the different membranes used and the effect of operating and membrane parameters on the process performance.
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1 INTRODUCTION
Fossil fuel energy systems account for 80% of the global energy demand and contribute approximately 3/4th of the global CO2 emissions (Sharma et al., 2021). Over the last 3 decades, global CO2 emissions rose from 20.5 Gigatonnes (Gt) in 1990 to 36.6 Gt in 2021. Although it fell by 5.8% in 2020, energy-related CO2 emissions increased by 4.8% in 2021 (IEA, 2021; 2022). Considering the impact of CO2 emissions on global warming and the ecological balance, developing efficient CO2 mitigation strategies for fossil fuel power plants is called for.
CO2 capture (CC) strategies are classified into oxy-fuel combustion, pre-combustion, and post-combustion capture (Guan, 2017). Generally, post-combustion capture technologies are preferred for power plants, as they can be easily retrofitted into any existing power plant (Wang et al., 2017). However, they must exhibit better capture efficiency for flue gases with low CO2 concentrations (Co).
Absorption, adsorption, cryogenic, membrane, chemical looping cycle, and hydrate are commonly used post-combustion capture methods. Amine-based absorption separation techniques are the most mature technology but are highly corrosive, energy-intensive, and have a negative environmental impact due to solvent emission (Song, Liu, Ji, Deng, Zhao, Li, Song, et al., 2018). Membrane-based CC technologies are energy-efficient and eco-friendly but require a large surface area and depend heavily on the process operating conditions (Merkel et al., 2010). Membranes are also susceptible to fouling due to the pollutants in the flue gas (Song, Liu, Ji, Deng, Zhao, Li, Song, et al., 2018).
Cryogenic methods use distinct condensation and de-sublimation capabilities to isolate CO2 from flue gases. Compared to competing separation approaches, the cryogenic CC technique delivers very high CO2 capture ratio (CCR) (99.99%) and purity (99.99%) rates (Song et al., 2019). As the CO2 is captured in the solid or liquid state, cryogenic capture methods guarantee added advantage in storing and transporting the captured CO2. Nevertheless, cryogenic capture techniques would be expensive and energy intensive, as the Co in most of the power plant flue gas would be very low (Baxter et al., 2009).
To overcome these challenges associated with conventional CC technologies, researchers, in recent years, have shifted their focus to hybrid capture systems, which combine the merits of two or more traditional CC techniques. Hybrid membrane cryogenic (HMC) and low-temperature membrane cryogenic (LTMC) are two such strategies that combine the advantages of membrane and cryogenic techniques. Membrane-based hybrid processes are advantageous because of their compact size, excellent energy efficiency, low environmental impact, simplicity of scale-up, fewer moving parts, moderate energy consumption, and handling. This paper evaluates the different HMC and LTMC configurations based on energy consumption and cost for CO2 capture. The study also analyses the characteristics of the various membranes employed and the effect of operating conditions on the membrane performance.
2 MEMBRANE GAS SEPARATION
In non-reactive membranes, gas permeation occurs through the solution diffusion mechanism. The principle behind it is that gas molecules are migrated across the membranes by sorption on the feed side, followed by diffusion, and then desorption on the permeate side of the membrane. The driving force may be the concentration, pressure, or temperature differential across the feed and permeate sides of the membrane. This process’ separation performance is determined by Fick’s law (Fick, 1855).
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Where Ji signifies the gas flow, Pi the permeability, Δp the partial pressure differential across the membrane, and l the membrane thickness. The permeability of a particular gas on a membrane is given by
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Where Di is the diffusion coefficient (kinetic factor), and Si is the solubility coefficient (thermodynamic factor) (Rafiq et al., 2016). Differences in solubilities and diffusivities of the gas mixture cause gas separation.
The ideal selectivity of component A over component B is given by
[image: image]
Diffusion selectivity (DA/DB) is calculated by comparing the average intersegmental distance of polymeric chains, their individual segments’ mobility, and the penetrant gases’ shapes and sizes (Stannett et al., 1979). In contrast, the solubility selectivity (SA/SB) is affected by the free volume in the membrane matrix, the interaction between the polymer and the penetrants, and the condensability of the penetrant gases (Robeson et al., 2014).
3 HYBRID MEMBRANE CRYOGENIC PROCESS (HMC)
The hybrid membrane cryogenic capture process combines the conventional membrane and cryogenic processes. The membrane process is used to pre-treat the flue gas for CO2 enrichment, and the cryogenic process is used to capture the CO2. Figure 1A shows the schematic of the HMC process. The Co in the initial feed gas, around 2%–20%, is first raised to 50%–75% by membrane units, and this enriched CO2 stream is then subjected to a cryogenic CC process. Increasing Co will make the process energy-efficient and cost-effective. Several HMC configurations have been reported in the literature. Proper placement of the components, selection of suitable membranes, use of multi-stage membranes, and compression and vacuum techniques to generate the required pressure difference have significantly impacted the HMC performance. The following sections discuss the critical HMC configurations and the primary operating and membrane parameters that affect its energy consumption for capture (ECC).
[image: Figure 1]FIGURE 1 | Schematic representation of (A) hybrid membrane cryogenic (HMC) process, (B) low-temperature membrane cryogenic (LTMC) process.
3.1 HMC configurations
Researchers have adapted various modifications to increase the performance and decrease the ECC of HMC processes. Some examples are multi-staging, energy-recovery systems (ERS), selective-recirculation, sweep-gas technology, etc. A comparison of various HMC configurations and their ECC is shown in Table 1.
TABLE 1 | HMC process CO2 capture target and energy penalty comparisons.
[image: Table 1]Belaissaoui et al. modified the HMC process by using an Energy Recovery System (ERS). The energy recovered from the retentate was used for feed compression (Belaissaoui et al., 2012). Compared to standard MEA absorption (4.409GJth/tCO2), the developed HMC process (Co = 15%; αCO2/N2 = 100; CO2 permeance PCO2 = 1000GPU; pressure ratio PR = 11.11) utilizes less than 3.25GJth/tCO2, with a CCR over 85% and CO2 purity above 89%.
Scholes et al. redesigned the three-stage HMC configuration proposed by (Merkel et al., 2010). The modified configuration included a two-stage membrane with CO2 recirculation and oxygen enrichment (Scholes et al., 2013). The permeate from stage 1 (enriched CO2) was passed on to the cryogenic capture process, whereas the retentate moved to the stage 2 membrane, where the permeate was recirculated using the sweep gas. A separate membrane configuration was included to enrich oxygen in the sweep gas. It was observed that compared to Merkel et al. Configuration (0.93 GJ/tCO2), the modified HMC process (Co = 13%; αCO2/N2 = 50; PCO2 = 1000GPU; PR = 10) reduced capital costs with a slight increase in ECC (1 GJ/tCO2).
Shafiee et al. optimised the performance of a three-stage HMC process with permeate recirculation using Genetic Algorithm (Shafiee et al., 2017). For the optimised configuration (Co = 14%; αCO2/N2 = 50; PCO2 = 152 GPU), the ECC was 1.377 GJ/tCO2 with a CO2 purity of 94.1% and 97.9% CCR.
Baker et al. modified the HMC process using exhaust gas recycling (S-EGR). By pre-concentrating CO2 through S-EGR, a significant reduction in the ECC for CO2 capture was observed (Baker et al., 2017). For a combined turbine-membrane (Co = 13.1%; αCO2/N2 = 50; PCO2 = 2500GPU; PR = 5.5) capture unit with SEGR in a natural gas power plant, the cost of CO2 capture was found to be 44$/t with an ECC of 1.2456 GJ/tCO2.
Mat et al. studied an HMC process by varying the cryogenic condensation parameters (Mat and Lipscomb, 2019). It was found that for αCO2/N2 = 50, PR = 10, and condensation parameters of 15 bar and −50 °C, the specific ECC was 1.036 GJ/tCO2 for purity of 95% and 90% CCR.
Li et al. analysed an HMC process with multi-staging and using an N2 selective membrane (Li, Lian, Zhang, Deng, et al., 2022). For Co = 16.1%; αN2/CO2 = 50; PN2 = 1850GPU; PR = 6; the specific ECC was 1.46GJ/tCO2, and the capture cost was 28.38$/tCO2 for a purity of 94.6% and 86% CCR.
3.1.1 Effect of operating and membrane parameters
The amount of energy required for the HMC process depends on the CO2 percentage in feed gas and operating parameters of the membrane, such as pressure and pressure ratio, and membrane parameters like selectivity and permeance.
3.1.2 Feed
The flue gas is substantial in volume, and the concentration of CO2 in flue gas depends on the process plant. Co in flue gas for an LNG power plant is 2%–8%, coal-fired power plant 10%–15%, and blast furnace 20%–27% (Xu and Lin, 2017). Before being fed to the membrane, the flue gas must be pre-treated to remove the pollutants and dehydrated to remove any water content.
The feed Co is strongly related to the purity obtained, recovery rate, and ECC. Belaissaoui et al. studied the effect of feed concentration on the purity and ECC of an HMC process employing a membrane of αCO2/N2 = 50 and 90% CCR (Belaissaoui et al., 2012). As the Co varied from 5% to 70%, it was observed that the CO2 purity increased from 40% to 100%, and the ECC decreased significantly. For a Co of 30% and 50%, the corresponding ECC was 2.204 GJ/tCO2 and 0.331–0.551 GJ/tCO2, respectively.
In another study, Belaissaoui et al. analysed feed concentration’s effect on the HMC process’s ECC using three distinct compression techniques (Belaissaoui et al., 2012). The impact of three different feed Co (5, 15, and 30%) and αCO2/N2 (50 and 100) was studied. It was observed that for 15% Co and αCO2/N2 = 100, the feed compression strategy and vacuum pumping strategy ECC was 3.25 and 2.97 GJ/tCO2, and for 30% Co, the corresponding ECC was found to be 2.07 and 2.02 GJ/tCO2respectively.
A simulation was carried out by Zhang et al. for an HMC process using Aspen Plus software to study the ECC (Zhang et al., 2014). It was found that for a 13.73% Co in feed and with a membrane αCO2/N2 = 200, the specific and total ECC are 1.22GJth/tCO2and 161.5MJe/s.
Song et al. studied the effect of CO2 feed concentration on energy requirement at a constant feed pressure of 3 bar. Results showed that as the concentration increased from 5% to 40%, the ECC decreased from 4.409 to 1.102 GJ/tCO2, and CCR rose from 97.8% to 98.6%, with a purity of 99.9% (Song et al., 2017).
3.1.3 Pressure and pressure ratio
Pressure and pressure ratio have a significant role in membrane separation. The driving force of the membrane separation module is the pressure difference on either side of the membrane. The pressure ratio is the ratio of feed pressure to permeate pressure. Compression of feed gas or vacuum on the permeate side or both can simultaneously produce pressure difference (Merkel et al., 2010). The cost of energy to create this pressure differential is an influential factor. In power plants with an HMC capture process, the power for compression or vacuum equipment (the parasite load) consumes the central portion of the power generated (Song, Liu, Ji, Deng, Zhao, Li and Song, 2018).
Merkel et al. analysed the effect of pressure and pressure ratio in a membrane process (Co = 11.6%; αCO2/N2 = 50; PCO2 = 1000GPU) by maintaining feed pressure at 2 bar and by varying permeate vacuum levels (Merkel et al., 2010). For PR = 10, a permeate purity of 45% CO2 at a CCR of 90% was obtained. The corresponding area required was found to be 2.1 million m2. For a pressure ratio of 4, the purity was 25% CO2 at a CCR of 90%, and the corresponding area required was 5 million m2. The purity was found to increase with an increase in pressure ratio, and the membrane area needed to be decreased.
Belaissaoui et al. compared the overall performance of an HMC process using three distinct compression techniques: feed compression, vacuum pumping, and feed compression with an Energy Recovery System (ERS) (Belaissaoui et al., 2012). For the vacuum pumping strategy (Co = 15%; αCO2/N2 = 50; PCO2 = 1000GPU) at a permeate pressure of 8.6 mbar, the ECC was 3.29 GJ/tCO2 with a 52% purity. However, for feed compression with ERS, for a feed pressure of 10.41 bar and permeate pressure at 1 bar, the ECC was 3.48 GJ/tCO2. In the above two cases, the specific membrane surface area required was 33.88 and 3.63m2/tCO2, respectively.
Swisher and Bhown studied the effect of feed pressure on the power needed and costing of an HMC process in pulverised coal combustion and natural gas combined cycle power plants. For a given αCO2/N2, the power requirement increased with feed pressure (1.5, 2, 3 bar). A lesser membrane area was required at higher pressures, resulting in smaller membrane costs (Swisher and Bhown, 2014).
3.1.4 CO2/N2 selectivity and CO2 permeance
The efficiency with which a membrane captures CO2 is highly dependent on the characteristics of the membrane material and the method by which CO2 is permeated through the membrane. Key factors such as membrane selectivity (α) and permeability (P) are used to assess the membrane performance. For a given membrane, permeability is the diffusion rate of the permeate molecule, and selectivity is the ratio of the permeability of the gas pair.
Anantharaman et al. simulated an HMC process with αCO2/N2 = 80 and PCO2 = 1850GPU (Anantharaman et al., 2014). The cost of CC with 85% CCR was 9% lower than a conventional MEA-based CC technique.
Using a feed condition of 600 kg/s Co = 15%; PCO2 = 1000GPU; 3bar of feed pressure, and a membrane area of 90 m2, a simulation was run to examine the influence of αCO2/N2 on CCR and purity using the HMC process (Song et al., 2017). CCR increased from 81.5% to 94.5%, and purity remained at 99.9% when αCO2/N2 varied from 10 to 100. With an αCO2/N2 = 50, the hybrid process has a 2 GJ/tCO2 ECC. In most cases, improvements in membrane selectivity are rendered ineffective by pressure ratio limitations, whereas increases in membrane permeance reduce the system’s capital cost and footprint.
4 LOW-TEMPERATURE MEMBRANE CRYOGENIC HYBRID PROCESS
A cohesively integrated low-temperature membrane cryogenic hybrid CO2 recovery method consists of low-temperature units and membrane and cryogenic components. The pre-treated flue gas is first introduced to the low-temperature unit, which cools down before being sent to the membrane module to assist the gas permeation. The CO2 selective membrane allows the CO2 to pass through, and rich-N2 gas is collected at the retentate side. The cryogenic unit receives an enriched-CO2 permeate stream which is re-compressed, chilled in a heat exchanger, and phase separated in the cryo-phase separator. The separator pumps sequestration-ready liquid CO2 or solid form (dry ice) to the storage and transportation systems. Figure 1B represents the schematics of LTMC. The operating condition and ECC for various LTMC processes are summarized in Table 2.
TABLE 2 | LTMC process CO2 capture target and energy penalty comparisons.
[image: Table 2]4.1 Effect of temperature on operating and membrane parameters
4.1.1 CO2/N2 selectivity and CO2 permeance
Most gas-permeable membrane works on solution diffusion mechanisms. Membrane parameters like permeability and selectivity are greatly affected by the operating temperature. Permeability and diffusion coefficients are related to the temperature following the Arrhenius relationship, as given in Eq. 4. (Liu et al., 2013).
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The Van’t Hoff equation may characterise the relationship between temperature and the sorption coefficient.
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where Ep is the permeation’s apparent activation energy Ep= Ed + Hs. Ed represents the activation energy for diffusion, which represents the energy needed for a gas molecule to jump between sorption sites within the polymer matrix. HS is the heat of sorption, primarily controlled by the condensability of the penetrant. P0, D0, and S0 are the pre-exponential factors.
At sub-ambient temperatures, the gas molecule motion slows down and boosts the enthalpic effect, which enhances gas sorption coefficients. The gas diffusion selectivity across the membranes is more affected by the microporosity (fractional free volume). The reduction in fractional free volume at lower temperatures decreases diffusivity. The decrease in permeability caused by lower temperatures was mainly driven by a drop in the diffusivity, which was more significant than the effect of an increase in the solubility coefficient (Ji, Li, Min, et al., 2021; Ji, Li, Shi, et al., 2021). For a decrease in temperature, the permeability of CO2 was less reduced than N2 because of its compressibility and smaller particle size. Eventually brings a significant improvement in CO2/N2 selectivity. Increased swelling degree of the membrane at higher temperatures causes a flexible molecular chain movement and a more significant free volume fraction in molecular structure. Which raises the permeability of the non-polar gas N2 and decreases membrane selectivity (Song et al., 2020).
The temperature dependant performance of different membrane materials is provided in Table 3. Data shows that as the temperature decreases from ambient to sub-ambient, αCO2/N2 increases, and PCO2 decreases up to −40 °C. Between −40 °C and −50 °C, PCO2 was found to increase with a decrease in temperature (Hasse et al., 2013; Liu et al., 2014). This tendency runs counter to the prediction made by the Arrhenius relationship. At low temperatures, the performance of membrane material with serial no. 10, 11, 13 & 14 on Table 3 surpass the 2019 upper bound line. Serial no. 12 surpasses the 2015 upper bound line.
TABLE 3 | Temperature dependant performance of membrane materials.
[image: Table 3]4.1.2 Effect of pressure at sub-ambient temperature
Membrane performance below ambient temperature is significantly influenced by pressure. Experiments by Liu et al. on PDMS-post-treated Matrimid membrane demonstrate that the PCO2 rises with a rise in feed pressure and only slight variations for αCO2/N2 at sub-ambient temperatures (Liu et al., 2014). At a temperature of −50 °C and feed pressure of 10.3 bar, the αCO2/N2 and PCO2 were 209 and 227 GPU, respectively, with the highest PCO2 of 510 GPU obtained at a pressure of 24 bar.
Song et al. simulated an LTMC process and studied the effect of pressure at sub-ambient temperatures. This LTMC process can purify CO2 to over 99% even at low pressures and obtain a maximum CCR of 98% at 4 bar feed pressure (Song et al., 2017). From 2 bar to 3 bar, an increase in pressure reduced ECC; beyond 3 bar, ECC rose steadily with flue gas pressure. High compression pressure improves CCR and purity. Over-compression leads to an increase in N2 concentration in the permeate flow and results in reducing CCR. The literature lacks studies on the effect of pressure at low temperatures on membrane performance.
4.2 Energy and cost consideration
Air Liquide introduced a revolutionary combined sub-ambient membrane and cryogenic CO2 recovery technology that uses high membrane permeance to absorb CO2 from coal-fired power plant flue gas (18% Co) with an ECC of 0.959 GJ/tCO2 (Hasse et al., 2013).
Song et al. proposed an LMTC process for an LNG power plant with 15% Co. This hybrid process’s ECC (1.7 GJ/tCO2) was lesser than the traditional three-stage membrane capture processes (Song et al., 2017). The main reasons for this reduction in ECC were the use of LNG cold energy and the improvement in the membrane performance at sub-ambient temperatures.
Lee et al. studied a modified form of an LTMC consisting of a single membrane module with sweeping and a purification column. It could produce 99.9% purity and 90% CCR (Lee et al., 2019). Compared to a multi-stage membrane process operating at room temperature, the improved sub-ambient temperature membrane technology reduced the cost of CC by 13% and the parasitic load by 16%.
Lee and Kim analysed the LTMC process for an LNG power plant with EGR or S-EGR to concentrate the CO2 by 4%–10% (Lee and Kim, 2020). The LNG cold was utilised for heat recovery and providing a cold environment. It was observed that the integrated process (Co = 4%; PCO2 = 2500GPU; αCO2/N2 = 100) had a capture cost of $57/tCO2 and, compared to a base configuration with an external refrigeration system, was able to reduce the parasite load by 70.1%.
LTMC process developed for coal-fired and blast furnace flue gas by Li. et al. uses high-selectivity membranes operating at sub-ambient temperatures conserved vacuum energy (Li, Lian, Zhang, Song, et al., 2022). For coal-fired flue gas, (PCO2 = 1000GPU; αCO2/N2 = 200) instances cost 36.14$/tCO2 and used 1.87 GJ/tCO2 ECC, compared with the base case (PCO2 = 1000GPU; αCO2/N2 = 50) the parasite load dropped 7.11% from 168 MW. The optimized blast furnace flue gas (PCO2 = 1000GPU; αCO2/N2 = 200) capture cost and ECC were 28.81 $/tCO2 and 1.55 GJ/tCO2. Compared with the base case, its parasite load dropped 15.55% from 17.81 MW.
5 CONCLUSION
Based on the above analysed information, it is evident that when compared to conventional capture technologies, HMC and LTMC technologies achieved increased CO2 capture percentage and reduced energy consumption. This was achieved through the proper selection of membranes and optimisation of the operating conditions. Despite the growing interest in CO2 capture using HMC and LTMC process, and the promising findings that have been reported, most of the current research was conducted in a simulated or lab context. More field testing of these strategies should be done for better understanding.
The use of a vacuum pump on permeate side was found to have reduced ECC. For an HMC process, compared to feed compression with ERS, incorporating a vacuum pump reduces ECC by 5.45%.
However, the literature lacks studies on the influence of pressure and pressure ratio on the performance of membranes at low temperatures. As the increase in pressure ratio effects the purity and required membrane area, the impact of pressure ratio in the membrane at sub-ambient temperature has to be further explored.
Similarly, high selectivity membranes reduce ECC. Membranes with high permeance reduce the required membrane area, thereby reducing the capture costs. CO2 permeance of 105 GPU can be achieved in membranes by optimising porosity, pore size, and molecular structure (He et al., 2019). This paves the way for a future generation of superior membranes for various vital separations. As the performance of LTMC process depends on selectivity and permeability the characteristics of these newly developed membranes at low temperature also need to be examined.
LTMC process generally requires external refrigeration in the membrane process. For the same operating condition, compared to the HMC process, the LTMC process reduced ECC by 43.3%, mainly due to the improved performance of the membrane at low temperatures. A further reduction in ECC is possible in LNG power plants by utilising LNG cold energy. To reduce the ECC and increase CO2 purity and recovery, further optimisation of the LTMC process is necessary. By using LNG cold energy, the temperature on the membrane side can be further reduced to −70 °C or lower. As the temperature decreased from ambient to sub-ambient (−40 °C), αCO2/N2 increased, and PCO2 decreased. Between −40 °C and −50 °C, PCO2 increased with a decrease in temperature, violating the Arrhenius relation. Literature has not caught up with the study of violations yet, and the authors strongly feel that there must be further investigation on membrane characteristics and performance at temperatures below −40°C.
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