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Abstract

:

Direct air capture can be based on an adsorption system, and the used sorbent (chemisorbents or physisorbents) influences process. In this work, two amine-functionalized sorbents, as chemisorbents, and three different metal organic frameworks, as physisorbents, are considered and compared in terms of some key performance indicators. This was carried out by developing a mathematical model describing the adsorption and desorption stages. An independent analysis was carried out in order to verify data reported in the literature. Results show that the equilibrium loading is a critical parameter for adsorption capacity, energy consumption, and cost. The considered metal organic frameworks are characterized by a lower equilibrium loading (10−4 mol/kg) compared to chemisorbents (10−1 mol/kg). For this reason, physisorbents have higher overall energy consumptions and costs, while capturing a lower amount of carbon dioxide. A reasonable agreement is found on the basis of the operating conditions of the Climeworks company, modelling the use of the same amine cellulose-based sorbent. The same order of magnitude is found for total costs (751 USD/tonneCO2 for our analysis, compared to the value of 600 USD/tonneCO2 proposed by this company).
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1. Introduction


Global warming and climate change are being caused by the increase in greenhouse gases, primarily carbon dioxide (CO2), in the atmosphere. CO2 emissions were estimated to be more than 33 Gtons in 2018 [1]. In order to achieve the “2 °C target” proposed by the Intergovernmental Panel on Climate Change (IPCC), CO2 may need to be captured at a rate of 25 Gt/yr in 2050 [2]. About half of these emissions are due to diffuse sources, belonging to the transport sector and small sources (homes and offices) [3].



CO2 can be captured by using a negative emission technology such as Direct Air Capture (DAC), proposed first as a mitigation option by Lackner in 1999 [4,5,6]. By using this technology, the captured CO2 can be verifiably removed from the atmosphere. Potential technologies include Direct Air Carbon Capture and Storage (DACCS) processes, or the CO2 could potentially be used in a Direct Air Carbon Capture and Utilization (DACCU) system [7,8,9].



Direct Air Capture technologies might include absorption, adsorption, mineral carbonation, membrane, photocalysis, cryogenic separation, electrochemical approaches, and electrodialysis [4,10,11,12,13,14,15]. However, among these, absorption and adsorption are the most mature and most investigated in the literature [4].



For defined advantages of adsorption system, potential applications for CO2 capture using this technology are growing significantly and this work is focused on this technology addressing the relative merits of different sorbents (among physisorbents and chemisorbents), from a performance point of view, regarding capacity, energy efficiency, and economic viability [16,17].



For physisorption, only a physical interaction occurs between CO2 and surface sorbent, weak Van Der Waals forces are established, and low CO2 adsorption capacities are exhibited, owing to the relatively low adsorption heat [18]. Potential sorbents include zeolites, activated carbons, metal-organic frameworks (MOFs), and other new materials (e.g., boron nitride nanosheets and nanotubes) [10,19].



Particular interest has recently been paid towards MOFs, as underlined by publications growing rapidly in the last decade [20,21,22,23,24,25,26]. In fact, MOFs have a specific surface area much higher than other porous materials such as activated carbons and zeolites with values up to 7140 m2/g [27,28].



Chemisorption involves a chemical reaction between CO2 and surface sorbent, for example, an amine functionalized sorbent, making the CO2 capture capacity larger [29,30]. Amine-functionalized sorbents are divided in three different classes [4]. In class I, there is a physical impregnation of amines on a porous support. In class II, amines are covalently bonded on the walls of porous support, while in class III, amine monomers are polymerized in situ, resulting in a polyamine structure bonded to the walls of support.



Chemisorbents are investigated in more detail than MOFs for air capture, due to their high uptake capacity and selectivity, resilience to humidity (which has a positive effect on CO2 capture), and the possibility of regeneration under relatively mild conditions [3,10].



Generally, research in this field has explored and optimized adsorption capacities, kinetics and regenerability for amine-functionalized sorbents individually [31,32,33,34,35,36] and this is also the case for MOFs [37,38,39,40,41].



Experimentally, as shown in Table 1, it has been found that for amine-based sorbents of class I, CO2 uptakes can be up to 3.36 molCO2/kg of sorbent for a polyethylenimine (PEI) functionalized hierarchical bimodal meso/microporous silica support in the presence of 19% of relative humidity [32]. A mixture of PEI and poly(ethylene glycol) (PEG) impregnated on a fumed silica support has been reported in Meth et al. [42] with an adsorption capacity of 6.8 × 10−1 molCO2/kg. Brilman and Veneman [43] considered a mixture of tetraethylenepentamine (TEPA) and PEI, obtaining a CO2 uptake of 2.5 molCO2/kg, using temperature swing adsorption for regeneration. Other amines which have been investigated are: poly(propylenimine) (PPI) [33,44] and poly(allylamine) (PAA) [45].



For amine-based sorbents of class II, CO2 uptakes of up to 2.13 molCO2/kg and 3.89 molCO2/kg have been obtained, respectively for 3-aminopropylmethyldiethoxysilane (APDES) grafted onto nanofibrillated cellulose (NFC) [46] and hydrazine (H2N4) onto Mg2(dobpdc) [47]. Good adsorption capacities are also reported in the work of Belmabkhout et al. [30], Ng et al. [48], and Choi et al. [40], respectively of 1.4 molCO2/kg for triaminesilane (TRI) onto MCM-41, 1.39 molCO2/kg for N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane (AEAPDMS) onto NFC and 1.5 for ethylenediamine (ED) grafted onto Mg/DOBDC.



Lower CO2 uptakes are measured for amine-functionalized sorbents of class III. In total, 1.78 molCO2/kg and 1.68 molCO2/kg are shown in the work of Choi et al. [49] and Abhilash et al. [36]. In the first case, aziridine is considered with silica support, while in the second case, 3-aminopropyl triethoxysilane (APTMS) is evaluated in hybrid silica material.



Similar experimental analyses have been carried out for MOFs, showing adsorption capacities to be lower compared to those of amine-based sorbents, as in Table 2. Capacities of 0.18 molCO2/kg for SIFSIX-3-Ni [50], 0.05 molCO2/kg for HKUST-1 [39], and 0.14 for Mg-MOF-74 [51] have been measured.



These experimental analyses are complemented by mathematical models, which are able to replicate the process cycles, explore operating conditions not investigated in experimental work, and save time and cost for screening, development, and optimization [52]. More importantly, modeling can carry out economic and energetic analysis to evaluate costs and energy consumption, including the thermal energy required for the desorption stage and the electrical energy for fans blowing air through the air sorbent contactor.



Moreover, other key performance indicators (KPIs) can also be evaluated by using mathematical models, with the aim to compare, screen, and select the best scenarios.



Estimates of costs and energy consumptions for main DAC technologies, and in particular for adsorption systems are reported by Fasihi et al. [53]. Here, electricity requirements can range between 150 and 300 kWhel/tonneCO2 for amine-based sorbents, and up to 1420 kWhel/tonneCO2 for MOFs. On the other hand, thermal energy of between 1170 and 2000 kWhth/tonneCO2 is required. Regarding costs for adsorption, as reported in Table 3, Fasihi et al. [53] suggest a value between 63 and 86 USD/tonneCO2 obtainable by 2040.



The expected cost for the technology in the future is lower than those evaluated by others in the literature for the present day. Kulkarni and Sholl [54] report a cost of CO2 capture of 43–494 USD/tonneCO2, while Zhang et al. [18] suggest a cost between 91 and 227 USD/tonneCO2 (not including capital costs for equipment). Sinha et al. [55] estimate a cost of capture of 60–190 USD/tonneCO2 (without discounting cash flows, and assuming a self-contained sorbent). However, these analyses reported in the literature are conducted with different assumptions for energy inputs, different output conditions (pressure and CO2 purity), and without transparency [53].



Estimates provided by companies are also present in the literature. Generally, these companies suggest a low cost, but such estimates need to be considered in the context that the companies are in the process of commercializing the technology [2]. Climeworks is expecting to reduce the cost from 600 USD/tonneCO2 to 100 USD/tonneCO2 by 2030, while a more optimistic forecast is proposed by Global Thermostat, with suggested costs of 15–50 USD/tonneCO2 for the near future [53]. Such costs appear to be unrealistic.



From the considered literature analysis, it is evident that there is a gap to conduct an independent and complete analysis to evaluate some important KPIs, such as costs (operating and capital) and energy consumption of a number of important DAC technologies, including chemisorption and physisorption, based on the design of DAC process. Of the two, physisorption has hitherto received less attention from the research community. The work of Sabatino et al. [58] reports a comparison between some MOFs and amine-functionalized sorbents to evaluate costs and energy consumptions; however, their research is not based on design calculation but multi-objective optimization without any correlation between design parameters. Other research on adsorption technology are concerned with the sensitivity analysis of operating parameters [59,60], regeneration methodology [61], new adsorbent bed [62], and thermodynamics [63].



This proposed work, following a design procedure, compares the theoretical performance and techno-economics of two amine-functionalized sorbents, SI-AEATPMS ([N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane (AEATPMS) grafted on silica gel) and APDES-NFC-FD (3-aminopropylmethyldiethoxysilane (APDES) on nanofibrillated cellulose (NFC)), in addition to three different MOFs (MIL-101, MOF-177, MOF-5), with the aim to capture CO2 from dry air, by using an adsorption system based on temperature swing for regeneration.



We are supposing conditions without the relative humidity of air due to limitations in the literature data for the selected sorbents. In any case, this assumption reduces the energy consumption of the desorption stage for chemisorbents and to ensure a higher capture efficiency for physisorbents.



SI-AEATPMS and APDES-NFC-FD are considered because they were suggested by the Climeworks company for DAC systems. MOF-5, MOF-177, and MIL-101 are taken into account because they have already been used in the literature for carbon dioxide capture with good performances and advantages compared to other sorbents (high adsorption capacity, thermally stable, and good strength to withstand pressures) [64,65]. As the most investigated in the literature and in real applications for CO2 capture, these sorbents can provide a good representation of the whole families of sorbents. The chemisorbents and physisorbents are analyzed and compared in terms of the previously mentioned KPIs (electricity and thermal energy consumption, costs and amount of CO2 captured or CO2 productivity), and against data provided by the Climeworks company for the first “commercial” plant in the world, used as a case study. The defined KIPs are chosen because they suggest the techno-economic feasibility of the process. A mathematical model describing the adsorption and desorption stage is developed, to allow an independent analysis.




2. Mathematical Modelling


2.1. Sorbents and Adsorbent Bed


Here, the MOFs (MIL-101, MOF-5 and MOF-177) (physisorbents) are compared against two amine-functionalized chemisorbents which have been suggested by Climeworks to be of interest. In particular, the APDES-NFC-FD sorbent is used by this company in its plant located in Switzerland. These amine-based sorbents are: SI-AEATPMS ([N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane (AEATPMS) grafted on silica gel) and APDES-NFC-FD (3-aminopropylmethyldiethoxysilane (APDES) onto nanofibrillated cellulose (NFC)), both belonging to class 2.



MOFs are considered because of their high porosity, ordered and well-characterized porous structures, and adjustable chemical functionality which makes them potentially very attractive for CO2 adsorption [66]. These properties are purported to allow them to capture and release CO2 with fast kinetics and high reversibility over many cycles. Little data are present in the literature about CO2 capture using these kinds of sorbents. In contrast, amine-functionalized sorbents are selected for study because their strong bonds with CO2 allow significant uptake at low CO2 partial pressure [4].



The selected sorbents are produced through synthesis routes described in the literature, as follows.



The synthesis of MOF-5 starts with a reaction between Zn(NO3)2·6H2O and 1,4 benzene dicarboxylic acid in N,N″-dimethylformamide solvent at 373 K [67]. After cooling, the mother liquor was decanted from the crystalline material, and the white solid was washed with dimethylformamide [68]. Properties such as the BET specific surface area, average particle size, and micropore volume have been evaluated and reported by Zacharia et al. [69], and are respectively 3570 m2/g, 2 μm, and 1.25 cm3/g.



MOF-177 can be obtained through a room temperature technique, mixing benzenetribenzoic acid and zinc acetate dehydrate with diethylformamide. The obtained compound was filtered, washed with diethylformamide, then chloroform was added to remove impurities. After that, the MOF was thermally activated under vacuum at 393 K [70]. Pore textural properties were provided by Saha and Deng [71]: BET specific surface area, pore diameter, and pore volume are, respectively, 1218 m2/g, 14.4 Å, and 0.748 cm3/g.



For the synthesis of chromium terephthalate metal–organic framework (MIL101) a mixture of benzene-1,4-dicarboxylic acid, chromium(III) nitrate nonahydrate, hydrogen fluoride, and water was heated at 493 K, forming a green crystalline powder. After a natural cooling, the obtained material was filtered to separate the MIL-101 powder [72]. This MOF is characterized by a high BET surface area (>3000 m2/g), a large pore diameter (29–34 Å), and a huge pore volume (≈2 cm3/g) [73].



The SI-AEATPMS sorbent has been synthetized by drying silica gel beads inside a natural convection oven at 383 K, before loading with AEATPMS, in a two-neck flask equipped with a reflux condenser. The mixture was heated at 423 K in a silicone oil bath for 3 h. After cooling to 298 K, the solid product was washed in diethyl ether, and dried in ambient air for 24 h [74]. BET surface area, pore volume, and average pore size were 216 m2/g, 0.65 cm3/g, and 9.6 nm.



The other amine-functionalized sorbent, APDES-NFC-FD, has been obtained by adding APDES to NFC hydrogel to obtain a suspension of 10% w/w of APDES, and incubated for 2 h. This compound was then added dropwise into liquid N2 to produce a freeze-dried frozen granulate. The obtained material was then subjected to thermal treatment at 393 K under N2 flow in a natural convection oven. The final grains had a BET surface area of 12.2 m2/g, [75].



Data regarding particle and density diameter, and bed porosity for the considered MOFs are reported in Table 4, while the same parameters for amine-based sorbents are shown in Table 5.



For the air contactor, the assumptions in Table 6 are made, based on those reported by Climeworks [78]. The company has a plant with 18 adsorbent unit beds, 3 rows of beds with 6 bed units each. At any given time, some collector units are capturing CO2, while others are releasing CO2, meaning that the overall plant operates continuously. In this work, we modelled a single-unit adsorbent bed, considering the air flow rate of one collector. Moreover, in the Climeworks plant, the sorbent is arranged in at least two stacked layers [79]. Each layer could be considered as a very short, packed bed. The void fraction takes into account the void between each layer and among particle sorbents. This justifies our assumption to model the air contactor as a packed bed.



The single module has an area footprint excl. options of 20 m2, with a height of 3.2 m. In total, 180 kg/day of CO2 are fed with an air flow rate of 2.86 m3/s (the CO2 concentration in the air is 400 ppm).




2.2. Model Equations


The simulation model is based on a gas phase and adsorbed phase material balance, requiring one partial differential equation and one ordinal differential equation to be taken into account. The Maple tool was used for the solution of this equation system. Overall, the following assumptions are made for the analyzed system: the gas phase follows the idea of gas laws due to the low partial pressure, radial gradients are neglected, the bed is isothermal (due to the low partial pressures and concentrations of the adsorbable component, neglecting heat of adsorption and velocity [80]), constant bed porosity and physical properties, negligible N2 and H2O adsorption compared to CO2 (due to the low partial pressure and ideal conditions, interactions between molecules are neglected, then the adsorption can be considered as a single component, while we are assuming that water is removed before the adsorption as defined above), and the linear driving force (LDF) model is used for adsorption kinetics. Regeneration of the sorbent is conducted by changing the bed temperature, i.e., a Temperature Swing Adsorption (TSA) process, as the scheme in Figure 1.



The gas phase material balance for CO2 is described by the 1D axial dispersed plug flow model, as in the following equation [81] (see Equation (1)):


    ∂  c  c  o 2      ∂ t   = −  v  g a s   ·   ∂  c  c  o 2      ∂ z   +  D z  ·    ∂ 2   c  c  o 2      ∂  z 2    −   1 − ε  ε    ·  ρ p  ·   d q   d t    



(1)




where Dz is the axial dispersion coefficient (m2/s), z is the axial coordinate (m), vgas is the interstitial gas velocity (m/s), t is time (s), ε is the bed void fraction, q is the loading (mol/kg), CCO2 is the CO2 gas-phase concentration (mol/m3), and ρp is the particle density (kg/m3). The axial dispersion coefficient is evaluated by the following correlation [82] (Equation (2)):


   D z  =  (  0.45 + 0.55 · ε  )  ·  D m  + 0.35 ·  R p  ·  v  g a s    



(2)




with Dm being the molecular diffusivity of CO2 in air (m2/s), ε the bed void fraction, vgas the gas velocity (m/s), and Rp the particle radius (m).



The behavior of the adsorbed phase is described by a linear driving force approximation, as in the following equation [83] (Equation (3)):


    d q   d t   =  k l  ·  (   q *  − q  )   



(3)




where kl is the LDF mass transfer coefficient or adsorption time constant (s−1), q* is the equilibrium adsorbed amount (mol/kg) while q and t are, respectively, the loading (mol/kg) and the time (s) as defined before. According to this approximation, the adsorption rate is proportional to a linear gradient between the adsorbed amount on the sorbent and the amount adsorbed in equilibrium with the bulk concentration [52]. The mass transfer rate is evaluated by the film, microporous and microporous resistances of gases through the porous material as expressed by (see Equation (4)) [27]:


   1   k l    =    R p  ·  q o *    3 ·  k f  ·  C o    +    R p 2  ·  q o *    15 ·  ε p  ·  D e  ·  C o    +    r c 2    15 ·  D c                       



(4)




where, Rp is the particle radius (m), Dc is the diffusivity in the micropore (m2/s), De is the effective diffusivity (m2/s), kf is the film mass-transfer coefficient (m/s), rc is the microparticle radius (m), εp is the particle porosity, and qo* (mol/m3) is the equilibrium adsorbed phase concentration at the inlet concentration Co (mol/m3). The film mass transfer coefficient is evaluated from Sherwood number as follows [81] (see Equations (5) and (6)):


  S h = 2 + 1.1 · R  e  0.6   · S  c  0.33    



(5)






   k f  =   S h ·  D m     d p     



(6)




where Sh is the Sherwood number, Re is the Reynold number, Sc is the Schmidt number, Dm is the molecular diffusivity (m2/s), and dp is the particle diameter (m). The correlation is verified for a range of Reynold number between 3 and 104, with values of dimensionless group in Table S1 of Supporting Information. Using these correlations, the values of kl for MOF-177 at 298 K and 373 K are, respectively, 1.49 × 10−1 s−1 and 1.69 × 10−1 s−1. For MOF-5 this parameter is 0.019 s−1 at 298 K and 3.3 × 10−2 s−1 at 373 K. For MIL-101, the adsorption time constant is of 3.3 × 10−2 s−1 at 298 K and 7.5 × 10−2 s−1 at 373 K. The SI-AEATPMS sorbent has a value of kl of 4 × 10−4 s−1 at 298 K and 5 × 10−4 s−1 at 383 K, while for the APDES-NFC-FD sorbent the same parameter has a value of 3.8 × 10−3 s−1 at 298 K and 5.7 × 10−3 at 373 K.



Different adsorption equilibrium isotherms have here been fitted according to the experimental data from the literature at different temperatures.



For MOFs sorbents, equilibrium isotherms are described by the single site Langmuir model [65,75,84] utilizing the following relations (see Equations (7) and (8)):


   q *  =    q  s a t   · b · P c  o 2    1 + b · P c  o 2     



(7)






  b =  b o  ·  e  −   Δ  H  c  o 2      R · T                    



(8)




with qsat being the maximum adsorbed amount or monolayer capacity (mol/kg), q* the adsorbed amount in equilibrium (mol/kg), PCO2 the CO2 partial pressure (bar), b the adsorption constant as a function of temperature (1/bar), R the universal gas constant (J/molK), ΔHCO2 the CO2 adsorption enthalpy (J/mol), T the temperature (K), and bo the adsorption constant at infinite dilution independent of temperature (1/bar). These above data are reported for each MOF in Table 7.



Equations (7) and (8) are used to describe the adsorption and desorption phases, evolving at two different temperatures: the adsorption is carried out at 298 K, while the desorption takes place at 373 K.



For the SI-AEATPMS sorbent, the adsorption stage, considered at 298 K, is described by the Freundlich isotherm model, as in the following relation [74] (see Equation (9)):


   q *  = 1.001 · P c  o 2   1  8.758      



(9)




with PCO2 being the CO2 partial pressure (bar) and q* the adsorbed amount in equilibrium (mol/kg). The desorption stage, taking place at 383 K, is, on the other hand, defined (within the literature used) by the Langmuir model as in Equations (7) and (8), with a value for qsat of 0.295 mol/kg and a value for b parameter of 16.1 1/bar [74]. The transition to the Langmuir model from the Freundlich one occurs in the temperature range of 343–383 K, because adsorbate–adsorbate interactions are insignificant above this temperature [86].



The Toth model is used to describe the adsorption and desorption stages, respectively, at 298 K and 373 K, for the APDES-NFC-FD sorbent, as defined in the following correlations [65] (see Equations (10)–(13)):


   q *  = n s ·   b ·  P  c  o 2         (  1 +    (  b ·  P  c  o 2     )   t   )     1 t           



(10)






  b =  b o  ·  e    Δ  H  c  o 2  , o     R · T o    (    T o  T  − 1  )                           



(11)






  n s = n  s o  ·  e  χ ·  (  1 −  T  T o    )                               



(12)






  t =  t o  + α ·  (  1 −   T o  T   )                         



(13)




with PCO2 being the CO2 partial pressure (bar), q* the adsorbed amount in equilibrium (mol/kg), T the temperature in K, and ΔHCO2,o the negative of the isosteric heat of adsorption at zero fractional loading (J/mol), To the reference temperature of 296 K, ns (mol/kg) and b (1/bar) the constants in the equation, which are a function of temperature, referring, respectively, to the maximum adsorption capacity and adsorption affinity, while t characterizes the system heterogeneity; to, bo (1/bar), and nso (mol/kg) are the Toth parameters at the reference temperature, while α and χ are dimensionless constants. Table 8 shows the value of each parameter [74].



To solve the partial differential equation, initial and boundary conditions are first required. For the ordinary differential equation describing the loading only one initial condition is fixed. These boundary conditions are different for the adsorption and desorption stages. For the adsorption stage, the following initial and boundary conditions are considered (see Equations (14)–(16)):


   c  c  o 2    = q = 0         t = 0      



(14)






   c  c  o 2    =  c  c  o 2  ,   i n l e t               z = 0 ,   t > 0  



(15)






    ∂ c  o 2    ∂ z   = 0               z = L ,   t > 0            



(16)







For the desorption stage, these relations are set as initial conditions (see Equations (17) and (18)):


   c  c  o 2    =  c  c  o 2  ,   i n l e t       t = 0          



(17)






  q =  q  i n l e t       t = 0  



(18)







On the other hand, the following boundary conditions are utilized for the regeneration stage (see Equations (19) and (20)) (the supply of CO2 is stopped during the desorption):


   c  c  o 2    = 0           z = 0 ,   t > 0    



(19)






    ∂ c  o 2    ∂ z   = 0               z = L ,   t > 0                



(20)








2.3. Energy Consumption


Energy consumption includes the electrical energy for fans, and the thermal energy for sorbent regeneration. The fan power is calculated by Equation (21) using the Ergun equation as in Equation (22) for the evaluation of pressure drop over the bed [3,80,87] (see Equations (21) and (22)):


   P f  =   2.72 ·   10   − 5   Q · Δ P    μ f  ·  μ m       



(21)






    Δ P  L  =   150 · μ ·  v  g a s      d p 2    ·      (  1 − ε  )   2     ε 3    + 1.75 ·    ρ  g a s   ·  v  g a s     2     d p    ·      (  1 − ε  )        ε 3     



(22)




where Q is the fan volume (m3/h), ΔP is the pressure drop (cm of water column in Equation (21) and Pa in Equation (22)), Pf is the fan power (kW), L is the bed height (m), μ is the gas viscosity (Pas), vgas is the gas velocity (m/s), ε is the bed void fraction, ρgas is the gas density (kg/m3), dp is the sorbent diameter (m), μf is the fan efficiency, and μm is the motor efficiency.



Thermal energy for regeneration is evaluated according to Equation (23) [18,88,89,90,91]:


   Q r  =  1   q w    ·  c  p , s   ·  (   T  d e   −  T  a d    )  + Δ  H  c  o 2             



(23)




where Qr is the thermal regeneration energy (J/mol), qw is the working capacity of sorbent, being the difference between the loading at the end of adsorption and desorption stage (mol/kg), Cp,s is the specific heat capacity of sorbent (J/kgK), Tad and Tde are the adsorption and desorption temperatures, respectively (K), and ΔHCO2 is the absolute value of heat of adsorption (J/mol). The overall thermal energy considers the sensible heat and adsorption heat. The sensible heat required to elevate the adsorbent to the desorption temperature while the second term represents the latent heat needed to break the bond between the carbon dioxide and the adsorbent for regeneration.




2.4. Economic Analysis


Total costs, as the sum of annualized capital (CAPEX) and operating (OPEX) costs, were evaluated according to the procedure suggested by Peter and Timmerhaus for a fluid–solid process type with a detailed factorial estimate [92]. Day zero costs are calculated in terms of fixed capital investment (direct and indirect costs, contractor’s fee and contingency) and working capital, while annualized capital costs are evaluated considering a lifetime for the process of 20 years, with an interest rate of 10%. Installation, instrumentation and control, piping, electrical, buildings, yards improvements, service facilities, and land are considered among direct costs and as a percentage of total equipment costs. Engineering and supervision, construction expenses are for indirect costs and as a percentage of total equipment costs.



The equipment costs of an adsorbent bed and fan are calculated from Matches [93], considering carbon steel as the material. The used cost calculator provides an order of magnitude that is useful for a comparison of different processes as carried out in this work and inputs for the cost evaluation are reported in Table S2 of Supporting Information.



These costs are based on 2014, then are adjusted for inflation using the following correlation adopted from the Chemical Engineering Plant Cost Index (CEPCI) (see Equation (24)) [3]:


    C o s  t  2021     C o s  t  2014     =   C E P C  I  2021     C E P C  I  2014      



(24)




where the values of CEPCI2014 and CEPCI2021 are, respectively, 576.1 and 655.9 [94]. A location factor is assumed for CAPEX, assuming that the plant is located in Switzerland. The updated location factor from 1993 [83] to 2021 is 0.58 [84]. OPEX are evaluated as the sum of direct production costs (raw materials and utilities and others as a percentage of capital costs such as maintenance and repairs, operating supplies, patent and royalty), fixed charges (depreciation, local taxes, insurance as a percentage of capital costs), administrative costs, distribution and selling costs, and research and development costs all evaluated as a percentage of the overall production cost.



For the calculation of OPEX, the process is assumed to be fully automated (which indicates that the costs are a base level), while the costs of sorbents, cooling water, waste heat, and electricity are shown in Table 9. Waste heat and electricity are provided by a municipal waste incinerator (MWI), as for the Climeworks plant. The price of MOFs is set to 1.95 USD/kg (the best-case scenario cost for a synthetic sorbent, assuming an efficient scalability of production) while the price of cooling water is of 0.08 USD/m3 [95]. Electricity has a cost of 0.1 USD/kWh [96], while waste heat costs 0.024 USD/kWh [96]. SI-AEATPMS sorbent has a cost of 1.3 USD/kg, while the other, amine-based sorbent has a price of 1.16 USD/kg (these costs are weighted on raw material mass fractions and raw material costs). It is assumed that all adsorbents have a lifetime of 5 years. Currently sorbents used in industry (such as zeolites, activated carbons, and silicas and aluminas) show lifetimes of 7–10 years, while for MOFs a lifetime of 5 years has been defined [95]. For this reason, we are adopting a conservative estimation on the existing knowledge, although the cycle numbers per day can be different among different sorbents.





3. Results and Discussion


Firstly, the model was validated by using the experimental data for an adsorber at the lab scale reported in the work of Wurzbacher [74], with the experimental setup as in Figure 2. In this work, CO2 is captured from air (CO2 concentration between 400 and 440 ppm) with the SI-AEATPMS sorbent (50 cm3) at 298 K. The air flow rate is of 2 × 10−5 m3/s, with 0–40% of relative humidity. Adsorber diameter and height are 40 mm, ensuring small pressure drops. The steel adsorbent bed is contained in a water bath for heating and cooling, during adsorption and desorption stages. Hot water at 75–95 °C is used for the regeneration stage, while cooling water at 20 °C is used for the cooling stage. All operating conditions are regulated by electronic controllers. At the equilibrium condition, adsorption and desorption times are 24 h and 2 h, respectively.



This means that the entire bed is in equilibrium with the feed in about 24 h, as obtained by our mathematical model and shown in the breakthrough curve of Figure S1 in the Supporting Information. This demonstrates good agreement between experimental and simulated results, validating our mathematical model.



3.1. Adsorption and Desorption Curves of DAC Systems


The mathematical model provides the breakthrough curves for the adsorption of CO2, for the considered chemisorbents and physisorbents. As already mentioned, these plots show the ratio between CO2 concentration at the bed outlet and the CO2 feed concentration, as a function of time. Figure 3 shows these trends for MOFs.



Overall, in each Figure, three different sections can be identified as a function of time. At first, the concentration is zero because the step function of CO2 has not passed the end of the air contactor. After a defined time (the breakthrough time, where the outlet CO2 concentration rises to 5% of the inlet CO2 concentration), the concentration increases because CO2 reaches the end of the adsorber, and the sorbent continues to capture CO2 until it is in equilibrium with the feed. An adsorption front moves along the bed with time, defining a mass transfer zone. Finally, the sorbent does not capture any more CO2, because the entire bed is in equilibrium with the CO2 in the feed. No additional mass transfer occurs between gas and solid phases. This is defined here as the equilibration time (outlet concentration is 95% of the inlet CO2 concentration) [98]. The difference between breakthrough and equilibration times defines the length of the mass transfer zone. Generally, this value depends on the value of the mass transfer rate: a higher mass transfer rate creates a shorter mass transfer zone [98]. The higher mass transfer rates imply lower mass transfer resistance, and a higher rate of adsorption [99]. Our results show that the shortest mass transfer zone of 146.2 s is present for MOF-177 with the highest mass transfer rate of 1.49 × 10−1 s−1. The greatest mass transfer zone of 703.5 s is present for MOF-5 due to the lowest mass transfer rate, of 1.9 × 10−2 s−1. On the other hand, for MIL-101 a mass transfer zone of 331.2 s is obtained, for which the value of kl is of 3.3 × 10−2 s−1.



These results suggest that the dynamic capacity of the adsorbent bed with MOF-177 is higher than other sorbents. Reducing the dynamic mass transfer zone increases the dynamic capacity of the bed [100]. Higher values of kl, as for MOF-177, allow a steeper curve compared to others, suggesting that the bed is being utilized more efficiently [101].



Figure 3 also suggests that the bed with MIL-101 sorbent has a very low residence time (the time that the air has spent inside the adsorber), as also reported in the work of Sinha et al. [55] for a MIL-101-based sorbent.



Breakthrough curves for amine-based sorbents are shown in Figure 4.



The same three sections are present. However, a greater mass transfer zone is present for these chemisorbents compared the previous sorbents, due to a lower mass rate constant of 4 × 10−4 s−1 for the silica gel-based sorbent, and of 3.8 × 10−3 s−1 for the cellulose-based sorbent. In fact, the mass transfer zone for the SI-AEATPMS is around 14,380 s, while for APDES-NFC-FD it is 1915 s. A higher mass transfer resistance is present in chemisorbents. A steeper breakthrough curve in these last sorbents is due to a higher bed porosity, the effect of which is studied in the work of Papurello et al. [97]. However, even though chemisorbents are characterized by lower adsorption time constants, the breakthrough curve is shifted to later times, suggesting a stronger affinity between the adsorbent and CO2 [102]. Since a chemical reaction occurs, a greater adsorption capacity is present, as shown in Figure 5 and Figure 6, reporting, respectively, the trend of loading for physisorbents and chemisorbents as a function of time and length of adsorbent bed. The loading is defined as the adsorbed CO2 and sorbent mass ratio, then it is depending on the adsorbent length.



Lower values of equilibrium loading are apparent for MOFs. For MOF-177, MOF-5, and MIL-101 this parameter is, respectively, 0.00043 mol/kg, 0.00093 mol/kg, and 0.00039 mol/kg. On the other hand, for SI-AEATPMS and APDES-NFC-FD the equilibrium loading is, respectively, 0.4 mol/kg and 0.85 mol/kg.



The above discussion is related to the adsorption stage, when CO2 is captured by sorbent. Heating is provided for desorption, as in a TSA process. Figure 7 shows CO2 concentration as a function of time and length for MOFs, while Figure 8 reports the same parameter for chemisorbents.



It is possible to see that the CO2 concentration starts from a value corresponding to the inlet concentration of 0.016 mol/m3, has a maximum close to the inlet of bed and after that, it decreases towards zero, as also reported in the work of Morales–Ospino et al. [82]. The maximum value is due to the impact of heating when the bed is still saturated with CO2. The loading starts from the value at the inlet condition and has a decreasing trend.




3.2. KPI: CO2 Productivity of DAC Systems


From the previously discussed curves, related to the adsorption and desorption stages, it is possible to find adsorption and desorption times, the full cycle time, and then the CO2 productivity (amount of CO2 captured). The adsorption and desorption times are for a 90% approach to equilibrium and are in agreement with data reported in the literature [17,74].



The required mass of the sorbent is calculated knowing the volume and porosity of bed and particle density [103]. With all of this information, it is possible to evaluate the average single pass recovery, Rc, and the amount of captured CO2. The average single pass recovery is defined as the ratio between the difference of CO2 at the inlet and outlet of the bed and CO2 at the inlet (in terms of mole). The adsorption time can also be calculated as the ratio between the 90% of equilibrium loading and mass sorbent product and the average single pass recovery and CO2 mole in the feed product [104]. Then, the value of Rc can be obtained by iteration to a self-consistent value.



The full cycle time (including adsorption and desorption times), average single pass recovery, the mass of the sorbent, and captured CO2 are evaluated for each sorbent as reported in Table 10.



Due to a higher adsorption capacity, as discussed above, chemisorbents are able to capture a greater amount of CO2: 6.43 kgCO2/h and 6.66 kgCO2/h, respectively, for the silica gel-based sorbent and the cellulose-based sorbent, compared to physisorbents. The MOFs MIL-101, MOF-177, and MOF-5 capture, respectively, 3.96 kg CO2/h, 4.5 kgCO2/h, and 4 kgCO2/h. The best performances of MOF-177 and APDES-NFC-FD among the physisorbents and chemisorbents are due to a lower mass transfer zone, and are underlined by a greater amount of captured CO2, and then by a higher value of the average single pass recovery, which is 0.89 for the cellulose-based sorbent and 0.59 for MOF-177.



Adsorption and desorption times are higher for amine-functionalized sorbents. Additionally, the higher value for the SI-AEATPMS sorbent compared to the other amine-based sorbent is due to the higher amine content of the APDES-NFC-FD sorbent [105]. In fact, results show that a full cycle for the silica gel-based sorbent is 89.2 h (305,500 s for the adsorption time and 16,650 for the desorption time), while only 9.53 h (32,560 s for the adsorption time and 1845 s for the desorption time) are required for the cellulose-based sorbent. For MOFs, full cycle times are lower than 1 h: the lowest value is for MOF-177 for which this parameter is 0.09 h (214 s for the adsorption time and 106 s for the desorption time). For this reason, the number of cycles per day is higher using physisorbent: MOF-177 conducts 271 cycles/day, while 0.3 cycles/day are needed for SI-AEATPMS sorbent.



Overall, amine-functionalized sorbents capture 152 kgCO2/day (APDES-NFC-FD sorbent) and 147 kgCO2/day (SI-AEATPMS), while MIL-101, MOF-177, and MOF-5 capture, respectively, 73 kgCO2/day, 72 kgCO2/day, and 68 kgCO2/day.




3.3. KPIs: Energy Consumption and Cost of DAC Systems


As explained previously, energy consumption includes the electrical energy for fans blowing air inside the bed, and thermal energy for the regeneration. Table 11 shows the amount of energy required for each sorbent.



It is possible to underline why physisorbents are characterized by higher values of energy consumption in terms of both electrical and thermal energy. The electrical energy demand is higher for MOFs due to higher pressure drop and lower amount of captured CO2 per day, compared to systems using amine-functionalized sorbents. The required electricity energy for MOFs and amine-functionalized sorbents is comparable with the values reported by Fasihi et al. [53] in their work. In our research, the electricity consumption for MIL-101, MOF-177, and MOF-5 are, respectively, 1540 kWhel/tonneCO2, 1350 kWhel/tonneCO2, and 1520 kWhel/tonneCO2. The amine-based sorbents exhibit lower values: 357 kWhel/tonneCO2 and 299 kWhel/tonneCO2, respectively, for SI-AEATPMS and APDES-NFC-FD.



Particular consideration is required for the thermal energy to regenerate the sorbent. No data of this parameter are present for MOFs capturing CO2 from air in the literature.



For amine-functionalized sorbents, values similar to those reported by Fasihi et al. [53], Elfving et al. [106], and Wijesiri et al. [3] are obtained: 1884 kWhth/tonneCO2 for the silica gel-based sorbent and 1427 kWhth/tonneCO2 for the cellulose-based sorbent.



However, higher values are obtained for physisorbents, ranging from 494,000 kWhth/tonneCO2 for MOF-5 to 1,300,000 for MOF-177 (due to the sensible heating requirements for the sorbent). These greater values are due to a very low working capacity for MOFs, ranging from 0.00084 mol/kg for MOF-5 to 0.00035 mol/kg for MIL-101 under atmospheric concentration of CO2. Working capacity depends on the equilibrium loading, this is then a critical parameter for the design of adsorption processes. This is an important finding in the context of MOFs.



Moreover, it is evident that DAC facilities using MOFs are impracticable due the huge amount of thermal energy requirement. This is true not only for an energetic point of view but also for an environmental aspect because additional CO2 would be emitted by the MWI to produce the heat energy needed to regenerate the adsorbent.



For DAC processes based on amine-functionalized sorbents, a life cycle assessment analysis is suggested to account for the additional emissions of MWI.



Economic analysis is carried out with the evaluation of CAPEX and OPEX for each process with different sorbents. Table S3 shows the analysis of capital costs for different adsorbent beds, starting from the evaluation of equipment (adsorber and fan) costs. For the adsorber, the mass of the shell of carbon steel is calculated according to the relation provided by Towler and Sinnott [107] and equal to 1200 kg. For the fan, the impeller diameter is evaluated to be 0.38 m [108]. Overall, CAPEX is determined by the sum of working capital and fixed capital investment, working capital assumed to be 15% of total capital investment.



Results show that for all sorbents, annualized capital costs are 11500 USD/year, while the CAPEX cost breakdown is reported in Figure S2. Specific capital costs are lower for amine-functionalized sorbents: 214 USD/tonneCO2 for the cellulose-based sorbent and 221 USD/tonneCO2 for the silica gel-based sorbent. For MIL-101, MOF-177, and MOF-5, specific capital costs are, respectively, 446 USD/tonneCO2, 447 USD/tonneCO2, and 479 USD/tonneCO2.



The evaluation of operating costs is reported in Table S4 while the OPEX breakdown cost in reported in Figures S3–S7. Here, the OPEX is different for each adsorbent bed, and higher operating costs are required for physisorbents due to higher costs for utilities, especially cooling water (since a greater amount of cooling water is required to remove the greater overall amount of heat that is required for the regeneration step) and thermal energy. Specific OPEX for SI-AEATPMS and APDES-NFC-FD are, respectively 7.756 USD/tonneCO2 and 5.537 USD/tonneCO2. On the other hand, for MIL-101, MOF-177, and MOF-5 these costs are 66,100 USD/tonneCO2, 38,900 USD/tonneCO2, and 15,800 USD/tonneCO2.



Overall, total costs are 751 USD/tonneCO2 for the cellulose-based sorbent, 977 USD/tonneCO2 for the silica gel-based sorbent, 66,600 USD/tonneCO2 for the MIL-101 sorbent, 39,400 USD/tonneCO2 for the MOF-177 sorbent, and 16,300 USD/tonneCO2 for the MOF-5 sorbent.



The economic analysis suggests that operating costs have the highest influence on total costs for all investigated systems, especially for those using MOFs.



In particular, the contribution of OPEX and CAPEX on total costs is, respectively, 72% and 28% for the system using the cellulose-based sorbent, 77% and 23% for the system using the silica gel-based sorbent, 99% and 1% for the process using MIL-101 and MOF-177, and 97% and 3% for the system using MOF-5.



For the capture system using the SI-AEATPMS sorbent, the cost of cooling water is significant, suggesting the use of free air for the cooling stage in order to reduce costs. Another significant contribution is from the maintenance and repairs cost, which is evaluated as 2% of the fixed capital investment. This cost could be reduced by using equipment with another material that with a lower carbon content could allow lower costs.



For the capture system using the APDES-NFC-FD sorbent, the maintenance and repair cost is the most significant element OPEX; hence, the use of another material for equipment could help in cost reduction. The cooling water cost has a great influence on OPEX too.



Overall, for processes using amine-functionalized sorbents, it is suggested to use alternative materials of construction and use free air for cooling.



For capture systems based on MOF-5 and MOF-177, the cost for the required thermal energy is the most significant, while for the process capturing CO2 using MIL-101 the cost of cooling water has the highest contribution, although the cost of thermal energy is great too. This suggests that a reduction in costs could be achieved by using air as a cooling medium (as already done in the Antecy Company) and improving the sorbent efficiency of MOFs in terms of loading, which is a critical parameter, as mentioned before. Future research should be focused on improving the efficiency of these new materials, still under study and characterized by unprecedented chemical and structural tunability.



Moreover, from the economic analysis we found that the lowest total cost is for the process using the chemisorbent APDES-NFC-FD, while the highest cost is for the process using the physisorbent MIL-101.



According to the previous considerations (OPEX with the highest influence on total costs with direct production costs as the main contribution as in Figures S4–S7), we can say that the total costs can range according to the price of significant utilities and raw materials in the market, for the capture system using the silica gel-based sorbent and MOFs.



For the process based on the cellulose sorbent, fixed charges have the highest influence on OPEX so we expect that total costs can range ±20%.



In any case, total costs for amine-based sorbents are in agreement with the order of magnitude estimated by House et al. [109] for DAC systems up to 1000 $/tonCO2.



The consideration is for other costs reported in the literature and revised by the work of Fasihi et al. [53]. These reported costs are of a few hundred dollars per tonne of CO2 and are based on different assumptions [3,98]. In particular, a few hundred dollars per tonne of captured CO2 are estimated by Kulkarni and Sholl [54], Zhang et al. [18], and Sinha et al. [55]. However, Krekel et al. [110] report in their work that once capital costs are considered, the total capture cost increases significantly.



Particular attention should be placed on the use of MOFs, since due to higher operating costs caused by the very low working capacity, these are very expensive for CO2 capture from air and are not recommended. Future research should be focused on the development of MOFs that ensure higher values of loading. This could be achieved by adding special compounds. This solution could make MOFs suitable for CO2 capture.




3.4. Comparison with Climeworks Data


Climeworks has developed a DAC plant at semi-commercial scale, and uses an amine-functionalized cellulose chemisorbent, as discussed here. The geometry of the adsorbent bed is the same as that used in our calculation. Overall, results show a good agreement between operating conditions and energy consumptions evaluated by us for the APDES-NFC-FD sorbent with those reported proposed by this DAC Company.



The duration of a full cycle is lower for Climeworks and in the range of 4–6 h, because only the adsorption of CO2 is considered in our model, whereas some humidity is present in the real air flow rate. However, experimental analyses show that after 5 h adsorption time, the CO2 uptake curves are still on an upwards path, while the corresponding H2O curves have reached a steady state for all relative humidity values [105]. This explains why Climeworks utilizes a shorter cycle.



For other operating parameters, no significant differences are present. In fact, for Climeworks the amount of captured CO2 is 135 kgCO2/day, with an average single pass recovery of 0.9. Regarding the energetic consumption, the proposed electrical energy consumption is between 200 kWhel/tonneCO2 and 450 kWhel/tonneCO2. The required thermal energy consumption is 1500–2000 kWhth/tonneCO2.



Regarding the economic analysis, our total cost (751 USD/tonneCO2) is the same order of magnitude of that proposed by Climework (600 USD/tonneCO2) [111].



Moreover, our calculated total cost can be higher than that estimated when humidity is present in the air. In fact, as reported in Wurzbacher et al. [104], the energy consumption for the regeneration can increase up to 20% when the relative humidity increases from 20% to 80%.





4. Conclusions


An independent analysis is developed in this research work to evaluate some KPIs (energy consumption, CO2 productivity, and costs) of a DAC processes, based on adsorption using different sorbents. In particular, chemisorbents (two amine-functionalized sorbents, SI-AEATPMS and APDES-NFC-FD) and physisorbents (three MOFs: MIL-101, MOF-5, and MOF-177) are compared.



For this purpose, a mathematical model describing adsorption and desorption stages is developed for each sorbent.



Results show that MOFs are characterized by a very low equilibrium loading and hence a very low working capacity in comparison to chemisorbents. For MIL-101, MOF-177, and MOF-5 this last parameter is, respectively, 0.00035 mol/kg, 0.00039 mol/kg, and 0.00084 mol/kg. On the other hand, for SI-AEATPMS and APDES-NFC-FD working capacity is, respectively, 0.367 mol/kg and 0.771 mol/kg.



The equilibrium loading is a critical parameter because it influences the adsorption capacity, energy consumption, and cost. Better results are found for the adsorption processes using amine-functionalized sorbents. For the cellulose-based sorbent, 152 kgCO2/day are captured, consuming 299 kWhel/tonneCO2 of electrical energy and 1427 kWhth/tonneCO2 of thermal energy at an overall total cost of 751 USD/tonneCO2. For MOF-177, the amount of captured CO2, electrical energy and thermal energy consumptions, and total costs are, respectively, 72 kgCO2/day, 1350 kWhel/tonCO2, 1,300,000 kWhth/tonCO2, and 39,400 USD/tonneCO2. It is evident that the huge amount of thermal energy requirement makes the processes based on MOFs impracticable.



This independent analysis shows that costs reported in the literature appear to be with the same order of magnitude of our analysis. A comparison with the Climeworks Company (using the APDES-NFC-FD sorbent) shows a good agreement with KPIs, and total cost. Higher costs are expected when humidity is in the air.



It is important to note that we are assuming here the availability of industrial waste heat—should this not be available, costs will be somewhat higher (22%, when a traditional boiler is used for heating, considering a cost for heat of 0.165 USD/kWh [112]. Suggestions to reduce costs are provided. It was found that for systems using amine-functionalized sorbents, the use of air for the cooling stage and cheaper materials for equipment could reduce OPEX and therefore overall costs. For processes using MOFs, more research should be focused to improve their loading allowing a lower cost for thermal energy. The use of air for cooling could reduce costs too.
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Figure 1. Operating principle of TSA process. 
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Figure 2. Diagram of the experimental setup used for the validation of the mathematical model [74]. 
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Figure 3. Breakthrough curves (CO2 concentration at the outlet/CO2 concentration at the inlet) for physisorbents. 
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Figure 4. Breakthrough curves (CO2 concentration at the outlet/CO2 concentration at the inlet) for chemisorbents. 
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Figure 5. Loading for physisorbents: (a) MIL-101, (b) MOF-177, and (c) MOF-5. 
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Figure 6. Loading for chemisorbents: (a) SI-AEATPMS sorbent and (b) APDES-NFC-FD sorbent. 
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Figure 7. CO2 concentration during the desorption step for physisorbents: (a) MIL-101, (b) MOF-177, and (c) MOF-5. 
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Figure 8. CO2 concentration during the desorption step for chemisorbents: (a) SI-AEATPMS sorbent and (b) APDES-NFC-FD sorbent. 
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Table 1. CO2 uptakes of some amine-functionalized sorbents.
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Support

	
Amine

	
Conditions

	
Con. CO2

(ppm)

	
Adsorption Capacity

(molCO2/kgsorbent)

	
Reference






	
Class I




	
Hierarchical bimodal meso/microporous silica

	
PEI

	
303 K, 19% relative humidity

	
400

	
3.36

	
Kwon et al. [28]




	
Fumed silica

	
PEI + PEG

	
323 K

	
360

	
6.8 × 10−1

	
Meth et al. [38]




	
Silica and polymethylmethacrylate

	
TEPA

	
308 K

	
400

	
2.50

	
Brilman and Veneman [39]




	
SBA-15

	
PPI prepared by HClO4

	
303 K

	
400

	
3.1 × 10−1

	
Sarazen et al. [29]




	
SBA-15

	
PPI prepared by HBr

	
303 K

	
400

	
2.5 × 10−1

	
Sarazen et al. [29]




	
SBA-15

	
PPI prepared by HCl

	
303 K

	
400

	
1.5 × 101

	
Sarazen et al. [29]




	
SBA-15

	
PPI prepared by Ch3SO3H

	
303 K

	
400

	
1.7 × 10−1

	
Sarazen et al. [29]




	
Microporous polymer

	
PEI

	
308 K

	
400

	
2 × 10−1

	
Pang et al. [40]




	
Mesocellular foam

	
PAA

	
298 K

	
400

	
6.3 × 10−1

	
Chaikittisilp et al. [41]




	
Mesocellular foam

	
PEI

	
298 K

	
400

	
6.1 × 10−1

	
Chaikittisilp et al. [41]




	
Mesocellular foam

	
PEI

	
298 K

	
400

	
4.4 × 10−1

	
Chaikittisilp et al. [41]




	
Class II




	
Nanofibrillated cellulose

	
APDES

	
296 K, relative humidity

	
400

	
2.13

	
Gebald et al. [42]




	
Mg2(dobpdc)

	
H2N4

	
298 K

	
400

	
3.89

	
Liao et al. [43]




	
MCM-41

	
TRI

	
298 K, 67% relative humidity

	
300

	
1.40

	
Belmabkhout et al. [26]




	
Nanofibrillated cellulose

	
AEAPDMS

	
298 K, 40% relative humidity

	
506

	
1.39

	
Ng et al. [44]




	
Mg/DOBDC

	
ED

	
298 K

	
400

	
1.50

	
Choi et al. [36]




	
Class III




	
SBA-15

	
Aziridine

	
298 K

	
400

	
1.78

	
Choi et al. [45]




	
Hybrid silica materia

	
APTMS

	
303 K, relative humidity

	
400

	
1.68

	
Abhilash et al. [32]
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Table 2. Adsorption capacity of some physisorbents from ambient air at 49% of relative humidity.
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Physisorbent

	
Adsorption Capacity

(mol/kgsorbent)

	
Reference




	
CO2

	
H2O






	
SIFSIX-3-Ni

	
1.8 × 10−1

	
5.17

	
Shekhah et al. [50]




	
HKUST-1

	
5 × 10−2

	
9.89

	
Kumar et al. [39]




	
Mg-MOF-74

	
1.4 × 10−1

	
9.50

	
Caskey et al. [51]
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Table 3. Estimated costs for adsorption technology.
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	Literature Work/Team
	Actual Cost

(USD/tonneCO2)
	Future Cost

(USD/tonneCO2)





	Fasihi et al. [53]
	
	6.3 × 101–8.6 × 101



	Kulkarni and Sholl [54]
	4.3 × 101–4.94 × 102
	



	Zhang et al. [18]
	9.1 × 101–2.27 × 102
	



	Sinha et al. [55]
	6 × 101–1.9 × 102
	



	Viebahn [56] (Climeworks)
	6 × 102
	1 × 102



	Kintisch [57] (Global Thermostat)
	
	1.5 × 101–5 × 101










[image: Table] 





Table 4. Main data for MOFs.
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MIL 101




	
Particle diameter

	
3.8 × 10−3

	
m

	
Eyitope [75]




	
Particle density

	
6.2 × 102

	
kg/m3

	
Ferey et al. [72]




	
Bed porosity

	
4.4 × 10−1

	

	




	
MOF-177




	
Particle diameter

	
3.8 × 10−3

	
m

	
Eyitope [75]




	
Particle density

	
4.3 × 102

	
kg/m3

	
Kaskel [76]




	
Bed porosity

	
4.4 × 10−1

	

	
Qasem et al. [64]




	
MOF-5




	
Particle diameter

	
3.8 × 10−3

	
m

	
Eyitope [75]




	
Particle density

	
6.21 × 102

	
kg/m3

	
Qasem et al. [64]




	
Bed porosity

	
4.4 × 10−1
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Table 5. Main data for amine-functionalized sorbents.






Table 5. Main data for amine-functionalized sorbents.





	
SI-AEATPMS




	
Particle diameter

	
2 × 10−3

	
m

	
Goyal et al. [77]




	
Particle density

	
1.31 × 103

	
kg/m3

	
Goyal et al. [77]




	
Bed porosity

	
6 × 10−1

	

	




	
APDES-NFC-FD




	
Particle diameter

	
5 × 10−3

	
m

	
Wurzbacher [73]




	
Particle density

	
5.54 × 101

	
kg/m3

	
Wurzbacher [73]




	
Bed porosity

	
5 × 10−1
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Table 6. Data of one adsorbent bed unit.






Table 6. Data of one adsorbent bed unit.










	Area footprint excl. options
	2 × 101
	m2



	Height
	3.2
	m



	CO2 flow rate, inlet
	1.8 × 102
	kg/day



	YCO2, inlet
	4 × 10−4
	



	Air flow rate, inlet
	2.86
	m3/s
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Table 7. Langmuir parameters for MOF sorbents.
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MOF-177




	
qsat

	
1.03 × 101

	
mol/kg

	
Mason et al. [84]




	
bo

	
2.51 × 10−12

	
1/Pa

	
Mason et al. [84]




	
ΔHCO2

	
−1.4 × 104

	
J/mol

	
Qasem et al. [64]




	
MOF-5




	
qsat

	
4.8 × 10

	
mol/kg

	
Eyitope [75]




	
bo

	
8.06 × 10−10

	
1/Pa

	
Eyitope [75]




	
ΔHCO2

	
−3.4 × 104

	
J/mol

	
Eyitope [75]




	
MIL-101




	
qsat (298 K)

	
3.32 × 101

	
mol/kg

	
Montazerolghaem et al. [65]




	
b (298 K)

	
3 × 10−2

	
1/bar

	
Montazerolghaem et al. [65]




	
qsat (373 K)

	
3 × 10−5

	
mol/kg

	
Montazerolghaem et al. [65]




	
b (373 K)

	
7.32 × 102

	
1/bar

	
Montazerolghaem et al. [65]




	
ΔHCO2

	
−1.63 × 104

	
J/mol

	
Zhang et al. [85]
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Table 8. Toth parameters for APDES-NFC-FD sorbent [74].






Table 8. Toth parameters for APDES-NFC-FD sorbent [74].










	bo
	2.25 × 104
	1/bar



	ΔHCO2
	6 × 104
	J/mol



	to
	4.22 × 10−1
	



	α
	9.49 × 10−1
	



	nso
	1.97
	mol/kg



	χ
	2.37
	










[image: Table] 





Table 9. Variable operating costs.






Table 9. Variable operating costs.











	MOF-5
	1.95
	USD/kg
	Danaci et al. [95]



	MOF-177
	1.95
	USD/kg
	Danaci et al. [95]



	MIL-101
	1.95
	USD/kg
	Danaci et al. [95]



	SI-AEATPMS
	1.30
	USD/kg
	



	APDES-NFC-FD
	1.16
	USD/kg
	



	Cooling water
	8 × 10−2
	USD/m3
	Danaci et al. [95]



	Electricity from MWI
	1 × 10−1
	USD/kWh
	Bauer et al. [96]



	Waste heat from MWI
	2.4 × 10−2
	USD/kWh
	SDH [97]
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Table 10. Main results from adsorption and desorption stages.
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	Sorbent
	MIL-101
	MOF-177
	MOF-5
	SI-AEATPMS
	APDES-NFC-FD





	Mass of the sorbent (kg)
	2.22 × 104
	1.54 × 104
	2.23 × 104
	3.36 × 104
	1.77 × 103



	Average single pass recovery
	5.2 × 10−1
	5.9 × 10−1
	5.3 × 10−1
	8.6 × 10−1
	8.9 × 10−1



	Adsorption time (s)
	3.2 × 102
	2.14 × 102
	7.49 × 102
	3.06 × 105
	3.26 × 104



	Desorption time (s)
	9.9 × 101
	1.6 × 102
	3.15 × 102
	1.67 × 104
	1.85 × 103



	Full cycle time (h)
	1.2 × 10−1
	9 × 10−2
	2.9 × 10−1
	8.92 × 101
	9.53



	Number of cycles/day
	2.07 × 102
	2.71 × 102
	8.15 × 101
	3 × 10−1
	2.5



	Captured CO2 (kg/h)
	3.96
	4.5
	4.00
	6.43
	6.66



	Captured CO2 (kg/cycle)
	3.5 × 10−1
	2.6 × 10−1
	8.3 × 10−1
	546 × 102
	6.03 × 101



	Captured CO2 (kg/day)
	7.3 × 101
	7.2 × 101
	6.8 × 101
	1.47 × 102
	1.52 × 102
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Table 11. Energy consumptions for different adsorbent beds.






Table 11. Energy consumptions for different adsorbent beds.





	Sorbent
	MIL-101
	MOF-177
	MOF-5
	SI-AEATPMS
	APDES-NFC-FD





	Regeneration mode
	TSA
	TSA
	TSA
	TSA
	TSA



	Regeneration temperature (K)
	3.73 × 102
	3.73 × 102
	3.73 × 102
	3.83 × 102
	3.73 × 102



	Pressure drop (Pa)
	1.94 × 103
	1.94 × 103
	1.94 × 103
	7.34 × 102
	6.36 × 102



	Electrical energy (kWhel/tonneCO2)
	1.54 × 103
	1.35 × 103
	1.52 × 103
	3.57 × 102
	2.99 × 102



	Working capacity (mol/kg)
	3.5 × 10−4
	3.9 × 10−4
	8.4 × 10−4
	3.67 × 10−1
	7.71 × 10−1



	Regeneration energy (kWhth/tonneCO2)
	1.07 × 106
	1.3 × 106
	4.94 × 105
	1.88 × 103
	1.4 × 103
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