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Abstract  

The continuous increase of carbon dioxide concentration in the atmosphere is the main contributor to climate 

change. Thus, it is imperative to develop strategies that help to control manmade emissions of this gas. Carbon 

dioxide capture is an intensive research area that aims to decrease the energy requirements for the separation 

and storage of CO2. Even though absorption using an aqueous solvent is a well-established and is the most 

widely implemented capture technology, it requires high energy for the regeneration of the solvent due to the 

need to increase the temperature of the aqueous solvent, decreasing the overall efficiency of the process. 

Adsorption using porous solids has been presented as an alternative process to capture CO2 while decreasing 

the energy requirements. 

 

In the present work, a thermodynamic analysis of the CO2 removal process by adsorption using literature 

reported data is performed, in order to devise a framework to evaluate and compare two adsorbents under 

realistic process conditions. Zeolites NaX and Beta were used as case studies to evaluate the proposed model. 

The results show that, although bed composition profiles have similar trends for both adsorbents, there is a 

significant difference in the regeneration temperature of these adsorbents, since for zeolite NaX the regeneration 

temperature is reached around 360K when CO2 is almost pure, whereas for Beta this value is reached around 

390K. Thus, NaX has a lower energy requirement than Beta for stablished process conditions. The energy 

penalty is 91.08 MW per molCO2 recovered for NaX and 104.28 MW per molCO2 recovered for Beta, which is 

consistent with the calculation of the specific thermal energy and the working capacity.  

 

1. Introduction 

According to the International Energy Agency [1], global CO2 emissions reached a historical high of 33.5 Gt 

in 2018, of which power generation together with transport, accounted for over two thirds. These emissions 

contribute around 75% to the global greenhouse gas emissions in CO2e [2]. This has caused environmental 

problems such as increase of ~1 degree Celsius in the earth's average surface temperature since 1900 [3, 4], an 

average loss of 407 billion tons of ice per year in Greenland and Antarctica between 1993 and 2016 [5], and a 

global sea level rise of ~20 cm in the last century [6]. 

 

The close link between power generation and CO2 emissions means that while energy demand continues to 

increase, CO2 emissions will also increase. In 2017, global electricity demand grew by 3%, more than any other 

energy source, reaching 22.2 petawatt-hours [7] because of economic growth. Although new technologies for 

energy production have been developed, renewable energies represent only 26% of the global energy production 

[8]. For instance, wind and solar photovoltaic now provide around 6% of the electricity generation worldwide 

[7]. However, this is still inadequate to supply the increasing global energy demand and it is expected that the 



 

 

 

non-renewable energies remain as the major component of the energy mix at least in the mid-term [7]. Hence, 

it is necessary to implement a mid-term solution to mitigate climate change due to anthropogenic CO2 emissions. 

Therefore, research to develop processes that increase the efficiency of capture systems are critical to create 

a feasible greenhouse gas emission control plan, covering not only power plants and industrial facilities but also 

the infrastructure required to support that plan [9].  

 

The development of carbon capture, utilization, and storage technologies (CCUS) could constitute part of 

that solution [10-13] particularly if current research in this area is able to achieve significant cost reductions. 

For instance, 18 large-scale CCUS projects are in operation globally today, capturing around 33 million tons of 

CO2 each year (~0.1% of the global emissions). 

 

The most common capture technology is absorption with aqueous solutions of amines [14, 15]. Despite that, 

an important barrier to the deployment of any aqueous amine solvents is the high energy required for solvent 

regeneration [16-18]. On the other hand, adsorption can avoid the need to heat liquids with large heat capacities 

by directly heating the gas phase potentially lowering the energy requirement [13]. This process is a surface-

dominated capture mechanism taking place when CO2 meets a solid adsorbent through physical interactions. 

Adsorption is commonly implemented for post-combustion processes, that is after the fuel has been burned. 

Here, the flue gas is recovered from the emission source, containing 3-15 mol % CO2 [19], depending on the 

fuel. The recovered gas then goes through a cyclic adsorption process in which adsorption and desorption steps 

are performed to separate and store the CO2 and regenerate the adsorbent. The capture units are expected to 

concentrate the CO2 from flue gas with purity and recovery exceeding 95 and 90% respectively [20, 21], the 

purity gives an idea of the desired product concentration in the flue gas, which is CO2 for this case; and the 

recovery refers to  the amount of original substance that is recovered after a chemical process is completed. 

In addition to purity and recovery there are other relevant metrics to evaluate CCUS projects.  For instance, 

the specific thermal energy requirement, which is the amount of heat required during the heating step per unit 

production of the desired product; or the cyclic working capacity, which is the molar amount of the desired 

product recovered per cycle per unit mass of adsorbent. Another very important parameter, which can be derived 

from the aforementioned metrics, is the energy penalty, which is the relationship between the energy required 

to capture CO2 and the energy produced in the plant when generating the CO2.  

 

As mentioned above, even if in principle the regeneration energy required can be lower in adsorption than in 

absorption, this requires the use of adsorbents with high selectivity and high capacity. Thus, currently there are 

not commercial examples of well-structured adsorption processes for CO2 capture from low pressure flue gas 

streams [23, 24]. Most research on adsorbents for CO2 capture have focused on exploring the adsorption and 

separation capabilities of different materials. Even today it is still a materials science challenge to 

find/synthesize an adsorbent that covers all the critical specifications with respect to CO2 for their 

implementation in an industrial process [25]. Although there are a large number of works in the literature 

describing the characteristics of adsorbents for CO2 capture [26-29], there is no a common framework for the 

evaluation of those materials from the process’ point of view. 

 

A step in the development of an evaluation of adsorbents at a process level was that of Ajenifuja et al. [30]. 

They developed a simplified temperature swing adsorption (TSA) model for a three-step cycle. The algorithm 

allowed rapid screening of adsorbents for the recovery of strongly adsorbed species from a gas mixture. Purity, 

recovery, specific thermal energy demand, and cyclic working capacity were the indicators used to evaluate 

zeolite NaX and 75 other adsorbents performance for post-combustion CO2 capture. Even though there is a large 

number of published CO2 adsorption data with different types of adsorbents [31-35], there is not an established 

step-by-step mechanism to evaluate these adsorption isotherms from different sources considering their 

application in industrial removal of CO2.  

 

The need to reduce the energy penalty of CCUS technologies required for decarbonization of energy 

generation process and the need to have a simple and reliable evaluation tool to assess the energy requirements 

of a given adsorbent are the main drivers for this project. The aim of this work is analyzing thermodynamically 

the CO2 removal by adsorption using data from adsorption isotherms. Herein, zeolites NaX and Beta are used 

as case studies to evaluate the method using previously published data. First, a framework to evaluate and 
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compare adsorbents for CO2 capture under realistic TSA process conditions is proposed. Then, the developed 

method is used to determine the penalty energy required for a sample carbon capture process taking information 

from experimental data of zeolites NaX and Beta. 

 

2. Materials and methods 

The current work considers the flue gases to be treated in the adsorption process as a binary mixture 

containing CO2 (a strongly adsorbing component) and N2 (a weakly adsorbing component). This assumption 

can be explained because the gaseous products from coal combustion are mostly CO2 (14.98%), N2 (76.54%), 

O2 (2.32%), H2O (6.13%), and SO2 (0.002%) [36], where CO2 represents the interest compound, and the N2 

corresponds to the mostly abundant compound. However, the model could be extended to consider 

multicomponent mixtures by making appropriate modifications to the mass and energy balance equations. 

 

This work considers a TSA cycle, two-bed, three-step with indirect heating and cooling system [30], as shown 

in Figure 1. This process typically operates at atmospheric pressure (or near), but the model can operate under 

any isobaric conditions. The TSA process consists of three steps (i) adsorption, (ii) heating, and (iii) cooling. 

 

• Adsorption: the cycle starts with an empty adsorption bed. The flue gases are fed from one end of the 

column. The CO2 is preferentially adsorbed by the zeolites, significantly decreasing the CO2 

concentration in the outlet at the other end of the adsorption column. This behavior continues until the 

adsorbent saturates and an increase in the CO2 concentration in the outlet is observed. 

• Heating: once the adsorbent saturates the flue gas inlet is closed, the temperature is increased, and the 

outlet remains open for the recovery of the CO2.  

• Cooling: after the CO2 has been desorbed at the desired temperature the temperature is decreased while 

closing the outlet and opening the inlet of the adsorption column, this stage ends once the adsorption 

temperature is reached, and the cycle is repeated until a cyclic steady state is obtained. 

The adsorption equilibrium dictates the saturation capacity during the adsorption step and the temperature 

swing required for the heating and cooling step. This information is obtained from adsorption isotherm, which 

is an equilibrium expression relating the concentration of the fluid phase to the concentration of the adsorbed 

particles at a given temperature [37].  

 

Figure 1. Schematic of the three-step TSA cycle process. Blue means a heating 

fluid flows through the jacket while red means a cooling fluid flows   
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In order to calculate the energy requirement of the carbon capture process, a mathematical model was 

developed. This model was divided in two sections. In the first one, a shortcut model was adopted to describe 

the mass and heat transfer in each step of the TSA cycle and evaluate the adsorbents’ performance. In the second 

one, the adsorption isotherm experimental data from literature were used to fit the parameters that describe the 

equilibrium behavior of a binary system in the two adsorbents. Finally, a study-case process was adopted to 

evaluate both adsorbents under realistic process conditions.  

2.1. Adsorption process modeling 

The mass and heat transfer in each step of the TSA cycle were modeled to evaluate the adsorbents’ 

performance using the shortcut model proposed by Ajenifuja et al. [30]. The simplifying assumptions proposed 

in that work significantly reduce the computational complexity compared to a full detailed model and its 

accuracy to predict process performance across the range of operating conditions investigated. The simplifying 

assumptions are as follows: 

 

• The bed is well-mixed during the heating and cooling steps; that is, there are no axial or radial 

temperature or concentration gradients within the bed.  
• During the adsorption step, a discontinuous profile separating the initial concentration from the feed 

concentration propagates through the bed until breakthrough.  
• The pressure drop in the bed is negligible.  
• The adsorbed and gas phases are in thermal and chemical equilibrium. 

• Heat-transfer resistances are negligible. 

• The specific heat capacity of the gas phase is negligible. 

• The gas phase is accurately described by the ideal gas law. 

 

The assumption of instantaneous heat transfer and of a discontinuous front during the adsorption step means 

that at the end of the adsorption step, the gas-phase composition in the bed is identical to the feed composition, 

and the bed is at the adsorption temperature. The model is summarized below. 

The overall material balance around an adsorption column containing 𝑋 components is given by  

 

∑ 𝑁𝑗,𝑡𝑜𝑡𝑎𝑙
0

𝑋

𝑖=1

+𝑁𝑖𝑛 − 𝑁𝑜𝑢𝑡 = ∑ 𝑁𝑗,𝑡𝑜𝑡𝑎𝑙
𝑓

𝑋

𝑖=1

 
(1) 

 

Where Nj,total is the sum of the total moles of the component i in the adsorbed phase and the total moles of 

the component i in the gas phase. The superscripts “0” and “f” refer to the initial and final states of the column, 

𝑁𝑖𝑛 is the total moles fed into the bed, and 𝑁𝑜𝑢𝑡 is the total moles removed from the bed.  

The energy balance is given by  

 

𝑚1𝐻1 = 𝑚2𝐻2 + 𝑄𝑒𝑥𝑡  
(2) 

 

Where 𝑚1 and 𝑚2 are the total mass of the adsorbent in states 1 and 2 respectively, 𝐻1 and 𝐻2 are the 

enthalpies of the adsorbent in states 1 and 2 respectively and 𝑄𝑒𝑥𝑡  is the amount of external heating or cooling 

provided.  

Considering that in adsorption process, the energy changes (∆𝐻) that occur in the bed are quantified by the 

isosteric heat of adsorption, and that for states 1 and 2 the total mass of the adsorbent are equal (𝑚1 = 𝑚2 =
𝑚), eq 2 could be expressed as:  

 

𝑚𝑐𝑝,𝑎𝑑𝑠∆T = ∑ ∆𝐻𝑖𝑠,𝑖

𝑋

𝑖=1

∆𝑁𝑖,𝑎𝑑𝑠 + 𝑄𝑒𝑥𝑡  
(3) 
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Where 𝑐p, ads is the specific heat capacity of the adsorbent, ΔT is the change in the column temperature, ΔHis,i 

is the isosteric heat of adsorption of the component i, ΔNads,i is the change in moles adsorbed of the component 

i.  

The dependence of the isosteric heat of adsorption on temperature and adsorbed phase loading is represented 

by a Clapeyron-type expression 

 

∆𝐻𝑖𝑠,𝑖 = R𝑇2 (
𝑑(ln 𝑃𝑖)

𝑑𝑇
)

𝑞𝑖

 

(4) 

 

Where T is the adsorption temperature, Pi is the partial pressure of the component i and qi is the amount 

adsorbed of component i from the gas mixture. Eq 4 was solve numerically in Excel with a pressure delta of 

1Pa while temperature delta was 0.1K. 

 

Adsorbent performance was analyzed by the specific thermal energy requirement and the cyclic working 

capacity. These parameters allow a comparation in thermodynamic terms of the performance of a given 

adsorbent in the adsorption process. However, other performance indicators, such as product purity and 

recovery, were evaluated too.  

 

The shortcut TSA model was implemented using Python version 3.8.8. The heating and cooling steps were 

divided into 50 sub-steps. For heating and cooling steps and for the overall adsorption step, the applicable system 

of equations described in Figure 2 were solved for each sub-step k. Subscripts A and B refers to CO2 and N2 

respectively; Tads is the adsorption temperature; Tdes is the desorption temperature; yA is the gas-phase mole 

fraction of component “A”;  is the total porosity; m is the mass of the adsorbent; Tk is the temperature change 

between current and previous sub-steps; ∆𝑁𝑖,𝑎𝑑𝑠
𝑘  is the change in moles adsorbed of the component i between 

current and previous sub-steps; superscripts cool and BT refers to the end of the cooling and adsorption steps 

respectively; and 𝑁𝑤𝑎𝑠𝑡𝑒  is the total moles of the undesired product, which is rich in the weakly adsorbed 

component and recovered during the adsorption step.  

 

The solver requires initial guesses for the solution of the system of equations. The heating step was computed 

first, with initial CO2 composition equal to the feed composition. At each sub-step, the calculated values from 

the previous sub-step were used in the solver as initial guesses for the solution of the system of equations. 
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Figure 2. Flowchart of the algorithm used to solve the shortcut model of CO2 capture process.  
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2.2. Dual-site Langmuir isotherm model 

The dual-site Langmuir (DSL) model was selected to fit the parameters that describe the equilibrium 

behavior. This adsorption model allows the prediction of the equilibrium behavior of binary and ternary systems 

reasonably well using parameters obtained from fits to the pure component equilibrium data [30].  

 

This model describes the adsorption of a pure component on a heterogeneous adsorbent that is composed of 

two homogeneous but energetically different sites [38-40]. The adsorbed amount, 𝑞, of the component i, would 

be given by 

 

𝑞𝑖 =
𝑞𝑠1,𝑖𝑏𝑖𝑃𝑖

1 + 𝑏𝑖𝑃𝑖

+
𝑞𝑠2,𝑖𝑑𝑖𝑃𝑖

1 + 𝑑𝑖𝑃𝑖

 
(5) 

 

Were 𝑞𝑠𝑛,𝑖 is the saturation capacity of i at the adsorption site n; 𝑃𝑖  is the partial pressure of i; 𝑏𝑖 and 𝑑𝑖 are 

the affinity parameters of i for sites 1 and 2, respectively, which are considered to be temperature dependent as 

expressed in equations 6 and 7, where 𝑏0,𝑖 and 𝑑0,𝑖 are the pre-exponential factors; 𝑄1,𝑖 and 𝑄2,𝑖 are their 

corresponding adsorption energies; R is the universal gas constant; and T is the adsorption temperature. 

 

𝑏𝑖 = 𝑏0,𝑖 exp (
𝑄1,𝑖

𝑅𝑇
) 

(6) 

𝑑𝑖 = 𝑑0,𝑖 exp (
𝑄2,𝑖

𝑅𝑇
) 

(7) 

It is necessary to relate the interactions between all the components in the gas mixture. The DSL model has 

different cases for a multicomponent system. It is important to consider the energetic site-matching issue to 

correctly apply the DSL formulation. The energetic site-matching issue refers to the fact that in a 

multicomponent system all the adsorbates do not necessarily see the site 1 as the high-free-energy site and site 

2 as the low-free energy site. For a binary system, two possible forms of the extended DSL exist: perfect positive 

(PP), where both adsorbates see the same site as the high energy site, and perfect negative (PN), where the 

adsorbates see different sites as the high energy site [41]. As CO2 and N2 have similar sizes, unless otherwise 

stated, the PP form of the binary DSL isotherm model was used in this work, and it is described in eq 8. 

 

𝑞𝑖 =
𝑞𝑠1,𝑖𝑏𝑖𝑃𝑖

1 + ∑ 𝑏𝑗
𝑛
𝑗=1 𝑃𝑗

+
𝑞𝑠2,𝑖𝑑𝑖𝑃𝑖

1 + ∑ 𝑑𝑗
𝑛
𝑗=1 𝑃𝑗

 
(8) 

 

Where subscript j refers to the components in the gas mixture from 1 to n. Fitting of the model to the 

experimental data was done with Excel, and the values of the parameters for each component were found by 

minimizing the sum of the mean relative errors (MRE). 

 

2.3. Case-study process conditions 

In this work we adapted a sample process reported for a pulverized coal (PC)-fired power plant [36], which 

is commonly used in power generation plants. In that process, CO2 capture and compression are the final unit 

operations in a CCUS process with aqueous amines. For simplicity, we are not going to consider the 

compression of CO2 but focus the analysis on the CO2 capture step adapting it to a CO2 adsorption process with 

zeolites NaX and Beta. Table 1 shows the parameters reported for the PC-fired power plant that are considered 

in this work as the reference case study conditions to demonstrate the application of the proposed algorithm. 
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Table 1. Reference parameters for the evaluation of the separation process using the zeolites NaX and Beta [36] 

Technical parameters  Value 

Net output (MW)  800.00 

Coal consumption (kg/s)  61.00 

Auxiliary work (MW)  42.13 

Net efficiency (%)  40.38 

CO2 emission (kg/s)  164.41 

Flue gas flow (kg/s)   725.00 

CO2 concentration of flue gas (%mol)  14.98 

Capture efficiency (%)  90.00 

 

3. Results and analysis 

3.1. Model development 

3.1.1. Fitted adsorption isotherm model 

 

The experimental data for the fitting was taken from two different sources. As it is shown below in Figure 

3, points correspond to experimental data, filled symbols [42] and open symbols [28]. The initial guesses for 

the fitting procedure were the parameters reported by Ajenifuja et al. [30]. That fact can explain the closeness 

of MRE sum values to cero. For instance, the maximum MRE sum was 0.051 for NaX and 0.063 for Beta. 

However, it is important to note that the experimental data have an uncertainty, and it could affect the fitting 

results. It is important to use reliable and robust methods for fitting the experimental data, and for datasets 

without initial values it is recommended to at least use the values for a similar reported material. 

 

The goodness of fit to the experimental data can also be seen in Figure 3 where the experimental absolute 

adsorption isotherms of pure CO2, N2 on zeolites NaX and Beta, shown as symbols, are very close to the 

simulated data, shown as lines.   

 

As expected, CO2 always adsorbs more strongly than N2 on both adsorbents for all temperatures. It is shown 

in Figure 3, where the adsorbed amount of CO2 is higher for all pressure changes. The affinity parameters, b 

and d, are larger for CO2 than the corresponding ones for N2 for both adsorbents at all temperatures, which 

means that CO2 is more strongly attracted to the adsorbent active sites than N2. Adsorption is an exothermic 

process, therefore the affinity parameters decrease with temperature, so at higher temperature the isotherms 

become less sharply curved. That is why all adsorbent performance indicators have a strongly dependence of 

adsorption and desorption temperatures, and process conditions are critical factors when choosing a certain 

adsorbent for a given application. 
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From a thermodynamic consistency point of view, the saturation capacity (𝑞𝑠𝑛,𝑖) for each component should 

not be temperature-dependent [41]. Hence, this restriction must be included in the adsorption model. Three 

adsorption datasets at different temperatures were used to fit the parameters of DSL model for each component 

at the two adsorbents, and they are presented in Table 2 and Table 3.  

 

Table 2. DSL model parameters for single-component adsorption on zeolite NaX 

 
qs1,i  

(mol/kg) 
qs2,i  

(mol/kg) 
b0,i  

(bar-1) 
d0,i  

(bar-1) 

 293 K  313 K  333 K 

Component 
 

bi  

(bar-1) 

di  

(bar-1) 

 
bi  

(bar-1) 

di  

(bar-1) 

 
bi  

(bar-1) 

di  

(bar-1) 

CO2 2.50 3.18 2.2310-8 1.1310-7  23.79 1.33  8.83 0,51  3.69 0.22 

N2 3.16 3.16 9.5710-6 9.5710-6  1.91 1.91  1.06 1.06  0.63 0.63 

 

Table 3. DSL model parameters for single-component adsorption on zeolite Beta.  

 
qs1,i  

(mol/kg) 

qs2,i  

(mol/kg) 

b0,i  

(bar-1) 

d0,i  

(bar-1) 

 293 K  313 K  333 K 

Component 
 

bi  

(bar-1) 

di  

(bar-1) 

 
bi  

(bar-1) 

di  

(bar-1) 

 
bi  

(bar-1) 

di  

(bar-1) 

CO2 6.32 29.08 1.0110-6 8.8310-6  1.64 2.87  0.66 1.16  0.06 0.04 

N2 2.50 2.50 8.8910-6 8.8910-6  0.11 0.11  0.07 0.07  0.03 0.03 

 

 

 

 

 

Figure 3. Fitting of pure CO2 and N2 adsorption data at different temperatures (Symbols: experimental data: circles 298K; triangles 

313K; squares 333K. Lines: fitted DSL model): (a) CO2 in NaX, (b) N2 in NaX, (c) CO2 in Beta, (d) N2 in Beta.  
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3.1.2. Shortcut model development 

 

The DSL model was used to calculate the total loading of each component in all steps of the TSA shortcut 

model at stablished process conditions. The cyclic behavior of the three stages adsorption process is presented 

in Figure 4 for both zeolites NaX and Beta. The adsorption column cycles through these three steps until it 

reaches a cyclic steady state. At cyclic steady state, the profiles of the bed internal temperature, composition, 

and pressure no longer change between cycles, and a consistent product is recovered in subsequent cycles [43]. 

For both adsorbents, composition profiles have similar trends. For instance, the isotherm process is seen in the 

adsorption step, where CO2 composition increases at the same temperature until breakthrough, while in the 

heating step the CO2 composition starts to increase with temperature until reaches the desorption temperature 

where the CO2 tends to a value close to one.  Even though the bed composition profiles have similar trends for 

both adsorbents, there is a significant difference in the regeneration temperature of both adsorbents. For NaX, 

the regeneration temperature is reached around 360K, whereas for Beta this value is around 390K. This has a 

significant impact in the adsorption process performance because the specific thermal energy (spthermal) and the 

working capacity (WC) of CO2 as well as other adsorbent performance indicators are affected by these changes 

in the composition profiles.  

 

 

Equilibrium adsorption capacity can be evaluated with purity and recovery. The results for the former were 

96% for NaX and 89% for Beta, and for the latter were 97% and 91% for NaX and Beta respectively, showing 

that NaX has a better equilibrium adsorption capacity than Beta. These results are related to the fact that NaX 

has a higher surface area and pore volume than Beta [28]. Nevertheless, the adsorbents’ energy performance in 

the case study process was estimated. NaX has a specific thermal energy of 2.07 MW per kg of CO2 and a 

working capacity of 2.74 molCO2 per kg of adsorbent compared with 2.37 MW per kgCO2 and 1.94 molCO2 

per kg of adsorbent for Beta. This means that NaX has a lower energy requirement for the stablished process 

conditions. Both adsorbents studied have a better energy performance than the benchmark capture technology, 

absorption by MEA, which presents ranges between 3.1 and 16 MW per kg of CO2 for the heat duty [44], the 

correspondent to the specific thermal energy in absorption processes. Please note that the objective of this work 

was not to propose the optimal adsorbent for the CO2 removal process but instead to develop a simple and 

reliable tool to compare among adsorbents by considering their application in industrial removal of CO2. This 

model allows to evaluate different adsorbents reducing computational and mathematical complexity.  

4. Benchmarking 

Zeolite NaX could have even a higher recovery and purity than zeolite Beta. However, since both adsorbents 

can achieve the capture efficiency proposed at the stablished process conditions (90%, see Table 1), these values 

should not be used as criteria to select NaX over Beta for the practical application of CCUS. Not in all cases the 

relationship between the recovery and purity with the energetic performance is a direct one [45]. There is an 

 

Figure 4. Cyclic steady-state bed composition profile with respect to temperature for a three-step TSA cycle. (a) NaX, (b) Beta 
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optimal range between adsorption and desorption temperatures where the adsorbent reaches its highest 

performance [30], but this range is different for all adsorbents. Therefore, it is imperative to stablish a capture 

efficiency in thermodynamic terms in order to have a reliable comparison method.   

 

Starting from the CO2 feed and capture efficiency proposed in Table 1, the amount of CO2 recovered 
(𝑁𝐶𝑂2,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑) per second is 164.41 kg/s, therefore the external energy required, 𝑄𝑒𝑥𝑡 , is given by 

 

𝑄𝑒𝑥𝑡 = 𝑠𝑝𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ∙ 𝑁𝐶𝑂2,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 + 𝑠𝑝𝑐𝑜𝑜𝑙𝑖𝑛𝑔 ∙ 𝑁𝐶𝑂2 ,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 (9) 

 

Note that 𝑄𝑒𝑥𝑡  is the total amout of energy required to recover 164.41 kg/s, so the energy penalty could be 

defined as  

𝐸penalty =
𝑄𝑒𝑥𝑡

𝑁𝐶𝑂2,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

× 𝑊𝐶𝑂2
 

(10) 

Where 𝑊𝐶𝑂2
 is the molar mass of CO2. 

 

Starting from eq 9 and eq 10, 𝑄𝑒𝑥𝑡  is 340.33 MW and 389.65 MW for NaX and Beta respectively, and energy 

penalty is 91.08 MW per molCO2 recovered for NaX and 104.28 MW per molCO2 recovered for Beta. Therefore, 

NaX has a lower energy requirement than Beta for the stablished process conditions.  

 

Note that under different conditions, Beta could have a better performance, and thus for every particular case 

the specific conditions should be evaluated. Bringing the process conditions to the optimal ranges of each 

adsorbent can lead to a higher energy demand due to the external energy required to reach these conditions. 

Therefore, to compare among adsorbents by considering their application in industrial removal of CO2, it is 

necessary to evaluate realistic process conditions.  

 

The energy penalty and working capacity calculated at stablished process conditions were compared for both 

zeolites NaX and Beta in Figure 5. These two metrics are independent of CO2 removed, and when this is fixed, 

energy penalty and working capacity indicate the energy required to achieve that CO2 removal. It is seen that in 

general an increase in CO2 captured per cycle also results in a higher specific thermal energy demand. From a 

thermodynamic point of view, the best adsorbent should be in the upper left in Figure 5. Therefore, zeolite NaX 

shows an excellent compromise between the high working capacity and low specific thermal energy.  

 

 

Figure 5. Performance indicators for zeolites NaX and Beta. 
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Finally, it is important to mention that increasing TSA cycle complexity by adding additional steps such as 

recycle, purge, and secondary heating steps could lead to significant improvements in performance. Specifically, 

for a simple TSA cycle for post-combustion carbon capture in which CO2 purity and recovery of 83 and 80% 

are attained, introducing additional steps could lead to improvements of over 15% in purity and recovery [46].  

5. Conclusions  

Adsorption and desorption isotherm models for zeolites NaX and Beta were modeled based on individual 

experimental data using the Dual-Site Langmuir isotherm. The models had excellent agreement to the 

experimental data, with a maximum MRE sum of 0.051 and 0.063 for zeolite NaX and Beta respectively. The 

binary adsorption predicted by DSL showed the nonideal behavior of CO2/N2 mixture and good capacity of 

these adsorbents. Likewise, mass and heat transfer for CO2 and N2 in a TSA cycle were simulated using a 

shortcut-model at realistic process conditions, showing higher equilibrium adsorption capacity for NaX, with a 

purity and recovery of 96 and 97 % respectively compared with 89 and 91 % for Beta. This can be expected due 

to the fact that NaX has a highest surface area and pore volume. 

 

Also, the model developed in this work allowed to compare two commonly used adsorbents to evaluate their 

energy performance in the CO2 capture process. The working capacity and specific thermal energy were 

evaluated and proposed an accurate benchmark to compare among adsorbent in terms of their process 

performance instead of their properties. NaX presented lower energy requirement than Beta for the stablished 

process conditions, with 13% less energy penalty, and 29% more working capacity.  
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