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ABSTRACT: Natural gas combined cycle (NGCC) power plants show favorable conditions 8 

for the implementation of pressure swing adsorption (PSA) for the capture of carbon dioxide. 9 

These plants also show the advantage of a hydrogen co-production system. The challenge when 10 

implementing PSA in these plants is to achieve reference configurations that can obtain both 11 

products (hydrogen and carbon dioxide) at high purity levels, maximizing the recovery of 12 

hydrogen as a valuable product. This study presents the scale-up of a previously reported 13 

laboratory-based, four-bed, seven-step PSA model and a parametric study of the scaled-up PSA 14 

variables to maximize the product performance parameters. The capacity of the PSA model is 15 

based on the flow rate requirements of a GE-10 gas turbine, which can operate with up to 95% 16 

hydrogen purity. A parametric study using global system analysis (GSA) showed the effect of 17 

the bed diameter, length-to-diameter ratio and purge-to-feed flow rate ratio upon the product 18 

performance parameters. A purity of carbon dioxide of 95.37% and a hydrogen recovery of 19 

92.27% was obtained with a purge-to-feed flow rate ratio of 0.22. The purity of hydrogen 20 
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stayed close to 99.99%, with maximum deviations around 0.0001% for all case studies. The 21 

purity of the carbon dioxide and the recovery of hydrogen were further improved by 22 

considering additional PSA configurations. The addition of an assisted purge step and three 23 

pressure equalization steps improved these performance parameters by two percentage points. 24 

Overall, the model with one pressure equalization step, assisted purge step and rinse step after 25 

the feed step showed promising results with a purity of carbon dioxide of 98.28% and hydrogen 26 

recovery of 95.48%. Lower capitals costs are expected for this configuration, compared to 27 

adding pressure equalization steps using more than four fixed-bed units. 28 

KEYWORDS: CCS, NGCC, PSA, Parametric study, Process simulation 29 

Nomenclature 

  Ci          Concentration of the i component in the gas phase, mol/m3       

  Qi               Sorbent loading of the i component, mol/kg 

  𝝆           Gas density, kg/m3 

  𝝆𝒔          Particle density, kg/m3 

  Ɛb           Bed void fraction 

  Ɛp           Particle void fraction 

  Ɛt           Total void fraction 

  ν            Gas velocity, m/s 

  R            Ideal gas constant, J/(mol K) 

  t             Time, s 

 T             Temperature, K 

 Tw           Wall temperature, K 

 P             Pressure, bar 



3 
 

 λ              Heat axial dispersion coefficient, J/(s m K) 

 ΔHi
ads      Heat of adsorption of the i component, J/mol 

 Ci
pg             Specific heat of the i component in the gas phase, J/(mol K) 

 Cps          Sorbent specific heat, J/(kg K) 

  hi           Effective heat transfer coefficient, J/(m3 s K) 

  µg          Viscosity of the gas phase, (Pa s) 

  Dp              Sorbent particle diameter, m 

  bi           Langmuir equilibrium constant of the i component, 1/Pa 

  Ki          Effective mass transfer coefficient of the i component, 1/s 

  qmi              Maximum sorbent loading of the i component, mol/kg 

  DAB        Diffusion coefficient, m2/s 

  Dx          Mass axial dispersion coefficient, m2/s 

  L            Bed length, m 

  Fi           Molar flow rate of i component, mol/s 

  Qn          Normalized volumetric flow rate, m3/s 

  Abed            Fixed-bed reactor area, m2 

  i=1…n   Number of components  
 

 List of abbreviations 

    L/D        Fixed-bed length-to-diameter ratio 

    Pu/F       Purge-to-feed flow rate ratio 

    P             Pressurization step 

    A            Adsorption step 

    D            Depressurization step 

    PE-D      Pressure equalization-depressurization step 

    PE-P       Pressure equalization-pressurization step 

    A-Pu       Assisted purge step 

    R             Rinse step 
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    Pu           Purge step 

 30 

1. Introduction 31 

Climate change caused by global carbon dioxide emissions is regarded as one of the main 32 

challenges that the world will face in the next 50 years. Carbon capture and storage (CCS) is a 33 

technology able to decarbonize energy supplies that would otherwise generate carbon 34 

emissions (Heuberger et al., 2017; Mac Dowell and Staffell, 2016). In fact, the implementation 35 

of the technology worldwide will be critical if fossil fuel reserves are still substantially in use 36 

by 2050 and an increase of no more than 2°C in the global temperature is to be met (Budinis et 37 

al., 2018). Additionally, a system with purely renewable energy needs the implementation of 38 

an effective energy storage network; this is still not ready for implementation (Heuberger et 39 

al., 2017). 40 

The IPCC indicated in 2005 that a number of CCS technologies were ready for bench scale 41 

demonstration, because large gas separation processes were operating in industry (Abanades et 42 

al., 2015). The main technologies of carbon capture implemented at large scale involve 43 

chemical absorption in post-combustion conditions applied to coal fired power plants, such as 44 

the Petra nova CCS project. This plant captures about 90% carbon dioxide of the flue gas 45 

coming from a 240MW combustion facility (U.S. Energy Information Administration, 2017). 46 

The energy penalty of a pulverized coal fired power plant using post-combustion carbon 47 

capture has been reported to be between 15 and 28% (Budinis et al., 2018). 48 

Integrated gasification and natural gas combined cycle (IGCC and NGCC) power plants 49 

demonstrate a high potential to adopt CCS technologies and to reduce capture costs, as the 50 
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energy penalty for these plants is expected to be between 4.9 and 20% (Budinis et al., 2018). 51 

This is due to  carbon dioxide concentrations as high as 30 to 40% in the flue gas and high gas 52 

pressures between 20 and 40 bar that reduce compression requirements before combustion 53 

(Agarwal et al., 2010; Ju and Lee, 2017; Lee et al., 2014; Lee et al., 2014). Specifically, pre-54 

combustion CCS applied to NGCC power plants could show advantages with regards to the 55 

operating cost of the plant and degree of success of the purification process, due to the 56 

composition of the natural gas compared to the one in coal. 57 

Pre-combustion power plants have been implemented at a large scale using solvent based 58 

absorption, such as the ELCOGAS 335MW IGCC plant in Puertollano (Rackley, 2017). These 59 

power plants could also offer the advantage of implementing a hybrid power-hydrogen 60 

production system (Riboldi and Bolland, 2016; Seyitoglu et al., 2016). In fact, CCS is regarded 61 

as one of the main technologies for future hydrogen production (Grande, 2012). Hydrogen is 62 

regarded as one of the main energy vectors in a zero-emissions future, to decarbonize a number 63 

of sectors, such as industrial heat and transport. The production of hydrogen is currently 64 

responsible of around 700 mtpa (million tonnes per annum) of carbon dioxide emissions, 65 

according to the IEA (Gasworld, 2019). 66 

Pressure Swing Adsorption (PSA) has been considered the potential capture technology to 67 

be adopted in IGCC and NGCC power plants, due to the high energy efficiency of the industrial 68 

gas separation process (Abanades et al., 2015; Jansen et al., 2015; Moon et al., 2018; Riboldi 69 

and Bolland, 2015a). The capacity of the industrial plant, the final purity and recovery of the 70 

products, and the rate of energy consumption of the process dictate the arrangement of the PSA 71 

process steps and the number of fixed-bed adsorber units. A H2 rich syngas would be produced 72 

from the process and provided to a gas turbine for power generation (Lee et al., 2017). This is 73 

a next generation technology where gas turbines operating with over 95% hydrogen gas streams 74 
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are ready for implementation (Cappelletti and Martelli, 2017; Goldmeer, 2018). In this context, 75 

hydrogen fueled turbine efficiency and temperature issues are regarded as the main barrier for 76 

the implementation of pre-combustion capture (Rackley, 2017). 77 

Industrial PSA processes aim to obtain high recovery and purity of the light product, such 78 

as the production of hydrogen from natural gas (Ribeiro et al., 2008).The challenge of the 79 

process when implemented for CCS is also to obtain a high purity of the heavy product, carbon 80 

dioxide. For this purpose, there is no simple accepted process configuration that effectively 81 

concentrates the carbon dioxide. Consequently, there is a need to arrive at reference process 82 

configurations; mathematical simulation is used as a tool to predict these (Abanades et al., 83 

2015).  84 

On the one hand, most of the work done in PSA configuration and optimization studies has 85 

applied to hydrogen purification processes from natural gas feed containing CO2, CO, CH4, N2 86 

and H2 (Cavenati et al., 2006; Luberti et al., 2014; Moon et al., 2016; Nikolic et al., 2008; 87 

Ribeiro et al., 2008). These studies obtained hydrogen that was up to 99% pure. They suggested 88 

that multiple adsorbent layers would be convenient for improving the hydrogen recovery and 89 

purity when using multiple beds in the system, due to the number of components that enter the 90 

separation unit. These previous studies did not analyze the arrangement of steps that would 91 

also give high purity of the heavy product. 92 

On the other hand, there are some studies that analyzed the arrangement of the PSA steps in 93 

IGCC power plants that would optimize the recovery and the purity of the carbon dioxide 94 

(Agarwal et al., 2010; Wang et al., 2015). One of the novelties of these studies was recycling 95 

the carbon dioxide product to the feed during the depressurization step. The purity of the 96 

resulting carbon dioxide was over 90%. However, the studies were limited to the interaction 97 
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between two beds and did not show the effect that multiple pressure equalization steps between 98 

beds or a carbon dioxide rinse step would have on the gas product. 99 

Another recent study analyzed the effect of a number of parameters for a four-bed and eight-100 

bed pressure swing adsorption process on the final recovery and purity of hydrogen in IGCC 101 

power plants (Moon et al., 2018). Pressure equalization was used to reduce the amount of tail 102 

gas (heavy product) in the hydrogen. Recycled hydrogen was used as a purging gas to increase 103 

the product recovery to 99%. However, the study did not show the process arrangement that 104 

would give over 95% carbon dioxide purity, which is the requirement for carbon dioxide 105 

storage and utilization (Abanades et al., 2015; Webley, 2014). 106 

The aim of this study was to analyze a number of PSA process configurations to obtain over 107 

95% purity in both hydrogen and carbon dioxide products and recover over 90% of the 108 

hydrogen, with the process conditions of a NGCC power plant. The authors previously reported 109 

a laboratory scale PSA model, with parameter estimation and validation based on laboratory 110 

measurements of adsorption isotherms and breakthrough curves using amine modified 111 

activated carbon adsorbents (Azpiri Solares et al., 2019).  112 

This study analyzes the process design of scaling-up the validated model to treat 293 mol s-113 

1 of a hydrogen and carbon dioxide gas mixture, 60% and 40% (mol basis), respectively, at a 114 

pressure of 36.7 bar and 338 K defined from the process up-stream. Then, in a parametric study, 115 

the purity of the products was improved by varying the scaled-up process variables; diameter 116 

and length of the bed and the feed-to-purge flow rate ratio. The aim of this analysis was to 117 

study the effect of the scaled-up design on the PSA performance parameters (recovery and 118 

purity of the products).  119 
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Additionally, as it is challenging to establish an optimization framework by varying a 120 

number of fixed-bed reactors, four-, five- and six-bed PSA models were developed such that 121 

each model included a number of process configurations. The aim of analyzing the number of 122 

units and steps of the process was to establish a framework to see which PSA configurations 123 

could be suitable for the gas products specifications in a NGCC power plant.  124 

Previous studies have reported the effect of one to four pressure equalization steps and 125 

providing purge step on the purity and recovery of the product, for the synthesis of hydrogen 126 

and natural gas upgrading (Grande et al., 2017; Jiang et al., 2004; Luberti et al., 2014; Moon 127 

et al., 2018; Ribeiro et al., 2008). This study analyzes the effect of these steps and adds a longer 128 

rinse step than a purge step at 1 bar to obtain carbon dioxide purity requirements for storage 129 

and utilization applied to NGCC power plants. 130 

 131 

2. Design  132 

2.1.  The PSA model and scale up approach 133 

The authors previously reported a laboratory scale fixed-bed reactor model (Azpiri Solares 134 

et al., 2019), and the purpose of this article is to report its scale-up  using a number of cycle 135 

designs and based on 293.2 mol s-1 gas fed into the PSA system. The aim of scaling up the PSA 136 

model was to analyze the effect of the design and process variables on the product performance 137 

parameters at plant scale.  138 

The previously reported experimental adsorption process was validated against a one-139 

dimensional dispersed plug-flow model that made the following assumptions: (i) the gas 140 

flowing through the reactor is considered ideal, (ii) there are no radial variations in the pressure, 141 

temperature and concentration of the overall gas and the components, (iii) there is thermal 142 
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equilibrium between the gas and the solid phase, (iv) the solid bulk density remains constant, 143 

and (v) the limiting step of the mass transfer between the gas and the solid phase is the diffusion 144 

of the components through the micro-pores, described by the previously validated Linear 145 

Driving Force (LDF) model (Moon et al., 2018; Ribeiro et al., 2008).  146 

 147 

The overall and component mass balances and the non-isothermal energy balance were 148 

calculated based on these previous assumptions. The Langmuir isotherm, Eq (4),  successfully 149 

predicted the carbon dioxide adsorption equilibrium data, and the Ergun equation, Eq (5), was 150 

used to describe the pressure drop in the fixed-bed reactor (Azpiri Solares et al., 2019). Eqs 151 

(1)–(7) show the ordinary and partial differential equations used in the model. 152 

 153 

                 𝜀
( )

= −𝜀
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+ 𝜀 𝐷
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 163 

The basic case study for this model considered four fixed-bed reactors operating 164 

simultaneously. This is the minimum number of beds required in a NGCC power plants for a 165 

pressure swing adsorption cycle, as there is a minimum of four steps in a PSA cycle and there 166 

must be continuous production of hydrogen. These number of beds are required for the 167 

continuous feed of hydrogen to the gas turbine during depressurization and pressurization steps 168 

for a base four-step Skarstrom cycle (Ruthven et al., 1994). If fewer than four beds were 169 

implemented, hydrogen storage would be required; this would be challenging in terms of cost 170 

and safety. The boundary conditions of the PSA model are shown in Eqs (8)-(14). 171 

 172 

                                             −𝜀 𝐷 = 𝑣 (𝐶 , − 𝐶 , )                                          (8) 173 

                                             −𝜀 𝜆 = 𝑣 𝜌𝑐 , , (𝑇 − 𝑇 )                                    (9) 174 

                                                               𝑣 = 𝑣                                                                   (10) 175 

                                                        = 0                                                                         (11) 176 

                                                         = 0                                                                         (12)   177 

                                                         = 0                                                                                        (13)  178 

                                                       𝑃 = 𝑃                                                                    (14) 179 

 180 

The outlet boundary condition of the pressure during the depressurization, pressurization 181 

and pressure equalization steps was described by a transition equation between the adsorption 182 
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pressure (Pads), equalization pressure (Peq), and the atmospheric pressure (Patm). The change 183 

was described by a first order differential equation that modelled a linear valve, shown in Eqs 184 

(15)-(16). 185 

 186 

                                                  = −
/  

                                        (15) 187 

                                                     =
/

                                               (16) 188 

                   189 

The following steps were considered for the base study: (i) an adsorption step at 36.7 bar, 190 

A, with 40% CO2 and 60% H2 molar fractions; (ii) a depressurization-pressure equalization 191 

step, PE-D, in which the outlet stream of the depressurizing bed is connected to a pressurizing 192 

bed, until the depressurizing bed reaches 5 bar; (iii) a total depressurization step until 1 bar, D, 193 

where the outlet gas goes to the carbon dioxide product; (iv) a rinse step, R, at 1 bar and with 194 

a 100% CO2 feed molar fraction coming from a carbon dioxide storage tank; (v) a purge step, 195 

Pu, with a 100% H2 feed molar fraction coming from the adsorption step; (vi) a pressurization-196 

pressure equalization step, PE-P, with the same duration of the pressure equalization step 197 

during the depressurization; and (vii) a total feed pressurization step until 36.7 bar, P. The 198 

depressurization and pressurization of the bed were set to a rate that matched the adsorption 199 

time, for the sake of synchronizing the beds. The rinse and purge durations were of 5/6 and 1/6 200 

of the adsorption step, respectively, to return the bed to a clean stage. The schematic 201 

representation of this process is shown in Figure 1. 202 

 203 

Figure 1. 204 

       205 
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In order to simulate the four-bed model, a uni-bed model was assumed for the multi-bed 206 

PSA simulations. This was done by storing the results of the outlet gas (concentration, pressure 207 

and temperature) during the depressurization-pressure equalization process and entering this 208 

data in the same step during the pressurization process, because these steps are the only steps 209 

when two beds interact. This approach is supported by previous PSA studies and reduces the 210 

amount of computational time (Casas et al., 2013; Ribeiro et al., 2008; Riboldi et al., 2014).  211 

 212 

The scale up of the PSA model was based on a 293.2 mol s-1 feed into the PSA process from 213 

upstream. These data derive from the hydrogen flow rate needs of a GE-10 gas turbine, which 214 

can operate with over 95% hydrogen purity (Goldmeer, 2018). The flow rate fed into the gas 215 

turbine determines the sizing and the conditions of the PSA process, together with the operating 216 

feed composition, pressure and temperature from the process upstream of the PSA unit. The 217 

normalized flow rate (Nm3 s-1) was derived using the ideal gas equation, Eq (7), and included 218 

the feed pressure and temperature (these values are also set by the process up-stream). The feed 219 

conditions from the process upstream were established from the outlet stream of the water gas 220 

shift reactor described by the European Bench Marking Task Force (2011), with a value of 36.7 221 

bar and 523 K. The water gas shift outlet gas temperature would be decreased to 338 K to enter 222 

the PSA unit as reported in a previous study (Riboldi and Bolland, 2015b). 223 

 224 

The volumetric flow rate at a feed pressure of 36.7 bar was 0.2 m3 s-1. The adsorption time 225 

was established to 300 s, based on the feed pressure and the breakthrough capacity of the 226 

adsorbent (Jain et al., 2003). The superficial velocity of a pilot-scale or industrial fixed-bed 227 

reactor is typically between 0.01 and 0.05 m/s, which is a compromise between the productivity 228 

of the unit and avoiding fluidization inside the reactor (Wiheeb et al., 2016). With a superficial 229 

velocity of 0.04 m s-1, the diameter of the reactor was 2.57 m.  230 
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         231 

The length of the reactor was determined using a length to diameter ratio (L/D) of 1.51, 232 

based on the amount of carbon dioxide moles to treat during the fixed adsorption time and to 233 

show the breakthrough time of the carbon dioxide at 600 s when the depressurization step 234 

reaches 1 bar, as well as, previous PSA studies (Riboldi and Bolland, 2015b). The wall 235 

thickness of the fixed-bed reactor should be between 1 mm and 10 mm and it was used to 236 

calculate the heat transfer through the walls (Rase, 1990). For this system, 7 x 10-3 m was 237 

chosen, due to severe pressure inside the fixed-bed reactor in the adsorption step. The particle 238 

diameter was 1 x 10-3 m (the same as laboratory scale). Table 1 shows the rest of the parameters 239 

of the adsorbent and of the reactor used in this case study of the PSA model. For this process,  240 

the parameters of a previously reported Activated Carbon Norit® RB1 adsorbent modified with 241 

MEA-MDEA (1:0.6, mol AC:mol MEA-MDEA) were used in the simulation (Azpiri Solares 242 

et al., 2019). The isotherm parameters and mass transfer coefficient of the carbon dioxide 243 

towards the activated carbon were calculated from the laboratory data and parameter estimation 244 

of the previous work, respectively. The mass transfer coefficient of the hydrogen, as well as, 245 

the axial mass and heat dispersion coefficients were calculated using the Wakao and Funazkri 246 

(1978) correlation. The isotherm parameters of hydrogen are the ones reported by Riboldi et 247 

al. (2014) for the activated carbon.  248 

 249 

Table 1. Fixed-bed reactor and adsorbent parameters for the PSA simulation. 250 

Adsorbent and fixed-bed reactor data 
Particle density, 𝜌  

(kg m-3) 
262 Bed diameter, D  

(m) 
2.57 

Particle void fraction, ε  0.74 Bed void fraction, ε  0.48 
Particle diameter, dp  
(m) 

0.001 Bed length, L 
(m) 

3.88 

Effective heat transfer 
coefficient, hi  
(kW m-2 K-1) 

500 Wall specific heat, cpw  
(kJ kg-1 K-1) 

0.46 
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Effective mass transfer 
coefficient, Ki  
(s-1) 

CO2: 0.046 
   H2: 0.092 

Wall thickness, Lw  
(m) 

0.007 

Axial mass dispersion 
coefficient, Dx  
( m2 s-1) 
Axial heat dispersion 
coefficient, λ  
(W m-1 K-1) 

9.3 x 10-5 

 
 
1.5 

Wall density, 𝜌w  
(kg m-3) 

7700 

Maximum monolayer   
coverage capacity for CO2, 
qm,CO2  

(mol kg-1) 
Maximum monolayer    
coverage capacity for H2, 
qm,H2  
(mol kg-1) 
 

9.2 
 
 
 
 
23.57 

 Langmuir equilibrium  
constant for CO2, bCO2  
(Pa-1) 
 
Langmuir equilibrium  
constant for H2, bH2  
(Pa-1) 

3 x 10-6 

 

 

 

 

7.69 x 10-11 

  251 

2.2. Design variations in the PSA cycle 252 

The choice of several process variables when scaling up the PSA process has an effect on 253 

the separation process and, thus, on the composition of the outlet streams in each of the process 254 

steps shown in Figure 1. The capacity of a NGCC plant is determined as the number of moles 255 

of hydrogen gas required to produce a certain power; this logically also determines the number 256 

of moles that must enter the PSA separation process that was established with a constant value 257 

of 293.2 mol s-1, at 36.7 bar and 338 K from the process upstream, a water gas shift reactor 258 

(WGS) and a cooler.  259 

Once the feed molar flow rate, pressure and temperature were established, the main 260 

operational variables were the superficial velocity of the gas (v(0)) dependent of the bed 261 

diameter, the length-to-diameter ratio of the bed (L/D) and the purge-to-feed flow rate ratio 262 

(Pu/F). Figure 2 shows the flow diagram for the various design choices of the PSA process 263 

explained here.  264 

 265 

Figure 2. 266 
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 267 

The effect of the PSA decision variables was analyzed using the Global System Analysis 268 

(GSA) capability in gPROMS® ProcessBuilder 1.3.1. This capability enables users to explore 269 

the behavior of the system, based on a set of input variables. A number of model simulations 270 

are simultaneously performed for a selected range of the decision variables. A parametric study 271 

was executed by inserting a range of the input values shown in Figure 2 and obtaining the purity 272 

values of hydrogen and carbon dioxide, with a requirement of achieving over 85% recovery of 273 

hydrogen in each of the case studies. The range of the parameters for this study were chosen 274 

based on the previous conditions given for PSA studies that separate hydrogen and carbon 275 

dioxide. 276 

The partial differential equations (PDEs) for each of the parametric studies were solved 277 

using the forward finite difference method (FFDM) and the backward finite difference method 278 

(BFDM), depending on the direction of the flow. Grid independence for the discretization 279 

scheme was achieved by varying the discretization points from 50 to 100. Initially, it was 280 

assumed that the bed was filled with 100% pure hydrogen at feed pressure and ambient 281 

temperature, in order to initialize the partial differential equations. The performance indicators 282 

of this parametric study, the purity of carbon dioxide and hydrogen, were calculated using Eqs 283 

(17)–(18), and the recovery of the products was calculated using Eqs (19)–(20). 284 

 285 

                                          𝐶𝑂  𝑃𝑢𝑟𝑖𝑡𝑦 =  
∫ ,

∑ ∫
                                           (17) 286 

                                         𝐻  𝑃𝑢𝑟𝑖𝑡𝑦 =  
∫ ,

∑ ∫
                                                (18) 287 
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                                      𝐻  𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
∫ , ∫ ,

∫ , ∫ ,

                  (19) 288 

                                   𝐶𝑂  𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
∫ ,

∫ , ∫ ,

                (20) 289 

 290 

3. Additional beds and configurations 291 

Once the operational conditions and design parameters were established using the 292 

parametric study results, additional configurations and beds were included in the model.  The 293 

number of beds is one of the variables that dictate the number and types of steps in a PSA 294 

model. The goal of the alternative configurations was to raise the carbon dioxide purity, 295 

because the target of 99% purity of the hydrogen was obtained with the previous case studies 296 

using GSA. Additional configurations were based on the four-bed base case, adding one (a 297 

five-bed model) and two (a six-bed model) reactors. Cases beyond a six-bed PSA model have 298 

not been studied here, as more beds would critically raise the capital costs (CAPEX) of a NGCC 299 

power plant (Casas et al., 2013).  300 

Additional configurations for the four-bed model were investigated: introducing an assisted 301 

purge step (A-Pu) instead of the depressurization step. The assisted purge step used the outlet 302 

gas of the depressurizing bed until 1 bar, as the feed gas during the purge step.  The effect of 303 

including a rinse step (R1), feeding carbon dioxide after the adsorption and pressure 304 

equalization steps, was also studied. The durations of the assisted purge step and the rinse step 305 

were the same (50 s) in order to synchronize the beds.           306 

The effect of introducing an assisted purge step and a rinse step was also tested on the five-307 

and six-bed models. These models offered the introduction of additional pressure equalization 308 

steps; the five-bed model had two pressure equalization steps and the six-bed model had three 309 
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pressure equalization steps. It has been previously reported that the addition of pressure 310 

equalization steps increases the carbon dioxide purity and the hydrogen recovery (Casas et al., 311 

2013). The insertion of additional pressure equalization steps also allows the process to include 312 

the rinse step between the first and second pressure equalization steps (in the five-bed model) 313 

and the second and third equalization steps (in the six-bed model). This last step decreases the 314 

compression requirements compared to a rinse step after the feed step at adsorption pressure of 315 

36.7 bar, for the gas product coming from the assisted purge step at 1 bar. 316 

 317 

4. Results and discussion 318 

4.1. Comparison between the laboratory based and scaled-up PSA model 319 
    320 

Firstly, the performance parameters of recovery and purity, calculated using Eqs (17)–(20), 321 

and the evolution of the product mole fractions at the outlet of the bed were compared for the 322 

laboratory and the scaled-up PSA models. The PSA cycle used for this comparison is shown 323 

in Figure 1, which adds a carbon dioxide rinse step followed by a purge step to previously 324 

reported PSA cycles (Moon et al., 2018; Ribeiro et al., 2008). Both simulations were performed 325 

until Cyclic Steady State (CSS) was achieved, where the drop of the product performance 326 

parameters was of the order of 0.0005% in the case of purity, and 0.008% in the case of 327 

recovery. CSS was achieved after 497 cycles in both of the case studies, when the temperature 328 

profiles were stable in the gas phase for 10 consecutive cycles. 329 

On the one hand, the PSA configuration shown in Figure 1 follows previous 330 

depressurization and pressurization steps commonly reported in the literature, since the 331 

inclusion of a pressure equalization step was regarded as necessary to improve the recovery of 332 

hydrogen (Moon et al., 2018). On the other hand, a rinse step with carbon dioxide at 1 bar was 333 

necessarily added to the cycle to increase the purity of carbon dioxide. This step has not 334 
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commonly been implemented in previous PSA studies because carbon dioxide has not been the 335 

product of interest. The duration of the purge step with hydrogen at 1 bar was set to be 1/5 of 336 

that for the rinse step, in order to purge the remaining carbon dioxide gas out of the bed and to 337 

maximize the hydrogen recovery. 338 

Figure 3a and Figure 3b show the molar hydrogen and carbon dioxide component fractions 339 

at the outlet of the bed for the laboratory and scaled-up PSA cycle, respectively. Both of models 340 

follow the configuration shown in Figure 1. During the adsorption time (300 s), hydrogen gas 341 

that was around 99.99% pure came out of the bed and the carbon dioxide remained adsorbed 342 

in the activated carbon inside the bed at 36.7 bar. The depressurization-pressure equalization 343 

step lasted for 250 s (up to 5 bar) and carbon dioxide remained adsorbed in the bed until the 344 

end of this step. The 99.99% pure hydrogen stream coming from the depressurization-pressure 345 

equalization bed was used to pressurize another bed.  346 

 347 

Figure 3a. 348 

Figure 3b. 349 

 350 

The carbon dioxide product was obtained as soon as the depressurization step started and 351 

during the rinse (250 s) and purge steps (50 s). It took the last seconds of the depressurization 352 

step and the initial seconds of the rinse step to reach around 99.99% pure carbon dioxide exiting 353 

the bed and purity remained at that level until the rinse step finished for both PSA processes.  354 

There was a slight difference between the laboratory and the scaled-up process when the 355 

hydrogen purge was fed at 1 bar to the system: the carbon dioxide concentration decreased 356 

rapidly during those 50 s in the laboratory process to 43% purity, but decreased to 84% purity 357 
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for the scaled-up process. The slower decrease of the carbon dioxide concentration during the 358 

scaled-up process can be explained by the greater length of the reactor and the longer residence 359 

time: the response to a component entering the system occurs later. 360 

The purity of hydrogen obtained for both of the processes was 99.99%. The purity of carbon 361 

dioxide was 84.7% in the laboratory set-up and 86.4% in the scale up process. Hydrogen 362 

recovery was 87.6 % in both systems, and the recovery of carbon dioxide was lower than 85%. 363 

The temperature evolution in the fixed-bed reactor for both of the case studies was 364 

accounted using the energy balance shown in Eq (3). Figure 4 shows the temperature profile 365 

for the four-bed scaled-up model, where there is a temperature variation of 15°C before the 366 

depressurization step starts. This rise of temperature happens during the adsorption step at the 367 

end of the bed, and then is compensated by the desorption, purge and rinse steps. The 368 

temperature variation is in the range of previous studies using activated carbon adsorbents at 369 

high pressures in fixed-bed reactor units (Ribeiro et al., 2008). 370 

 371 

Figure 4. 372 

 373 

4.2. Parametric study of the scaled-up PSA process variables 374 

4.2.1. Effect of the superficial gas velocity varying the bed diameter 375 

The effect of the superficial gas velocity was investigated in the process shown in Figure 1. 376 

For this purpose, the superficial gas velocity was varied by changing the bed diameter at a 377 

constant molar flow rate of 293.2 mol s-1 and pressure of 36.7 bar, following the steps given in 378 

Figure 2. The length of the bed was constant and was set at the value of the basic case study 379 
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shown previously (3.88 m). Therefore, as the bed diameter was an experimental variable in this 380 

study, different bed length to diameter (L/D) ratios were used for each of the studied case. 381 

The parametric study simulated by the Global Systems Analysis (GSA) studied the effect of 382 

the superficial velocity and diameter of the reactor on the product performance parameters. A 383 

quasi-random sampling method was applied that executed the analysis by distributing the 384 

variable values uniformly across the sampling range selected. The sampling range selected for 385 

the superficial velocity was between 0.02 m s-1 (lower bound) and 0.05 m s-1 (upper bound). 386 

This sampling space was selected to avoid pressure drop and fluidization issues inside the 387 

fixed-bed reactor. 388 

Figure 5 shows the results for the GSA using the superficial gas velocity as the decision 389 

variable. The figure relates the value of the decision variable to the purity of the carbon dioxide 390 

product. For all of the cases the purity of hydrogen stayed over 99.99%. These purity values 391 

were obtained with the process steps shown in Figure 1. The hydrogen was obtained during the 392 

adsorption step, which lasted for 300 s. This adsorption time was established as a compromise 393 

to maximize the purity of the hydrogen and to guarantee the cyclic recovery of the activated 394 

carbon based on the dynamic capacity of the material tested at laboratory scale. The carbon 395 

dioxide was obtained after the pressure equalization step, during the depressurization step 396 

(from 5 bar to 1 bar) and during the rinse (250 s) and purge (50 s) steps (at 1 bar). 397 

 398 

Figure 5. 399 

 400 

The hydrogen purity was not sensitive to the superficial velocity of the gas, nor to varying 401 

the diameter of the bed, which had a maximum variation of 0.0001% when operating at 402 
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superficial velocities between 0.02 m s-1 and 0.05 m s-1. This insensitivity can be explained by 403 

the affinity of the carbon dioxide at 36.7 bar to the adsorbent surface compared to the affinity 404 

of the hydrogen for the range of superficial velocities chosen. Figure 5 shows that the carbon 405 

dioxide purity was more sensitive to the superficial velocity of the gas. The purity varied about 406 

42% around the selected velocity values. 407 

The purity of the carbon dioxide reached 92.93% when the superficial velocity was at the 408 

maximum limit of 0.048 m s-1, as shown in Figure 5. In order to study this behavior, the 409 

concentration front of the carbon dioxide at the end of the bed during the PSA process was 410 

investigated for three runs in the sampling space of the GSA. Table 2 shows the values of the 411 

bed diameter for those runs. At a velocity of 0.048 m s-1, the value of the bed diameter was 412 

2.38 m, which is among the smallest diameter values for the sampling space selected. This 413 

result gives a higher length-to-diameter ratio of 1.63, compared to the result obtained with the 414 

basic case study, which had a bed diameter of 2.57 m.  415 

 416 

Table 2. PSA product performance indicator values for three runs of GSA varying the 417 
superficial velocity (v). 418 

  Run                           v (m s-

1) 
D (m) Recovery 

H2 
(%) 

Recovery 
CO2 
(%) 

Purity 
H2    

(%) 

Purity 
CO2  

(%) 
1 0.036 2.75 87.56 83.57 99.999 57.54 

2 0.039 2.64 86.45 83.72 99.999 77.51 
3 0.048 2.38 84.56 84.13 99.994 92.93 

 419 

The recovery of hydrogen varied about 2% over the three selected runs and 1% for the 420 

carbon dioxide product. The recovery of hydrogen decreased mainly due to the purge step and 421 

the inclusion of only one pressure equalization step in the four-bed PSA model. Run 3 yielded 422 

the lowest recovery value, 84.57%, due to the higher velocities mainly during the purge step. 423 
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 424 

4.2.2. Effect of the reactor length 425 

The effect of the fixed-bed reactor length was studied by considering a number of length to 426 

diameter ratios at a constant diameter of 2.38 m, which gave the best performance in terms of 427 

overall product quality values, as explained previously. The length of the bed was discretized 428 

by the finite difference method in the PSA model. Therefore, the analysis could not be done 429 

via GSA, since the bed length needs to be a parameter with a fixed value for the discretization 430 

in the model but GSA requires a variable for the simulations using the Monte Carlo method. 431 

Instead, several runs varied the length to diameter ratio (L/D); then the trends of the component 432 

molar fractions at the end of the reactor and the product performance indicators were analyzed.  433 

Table 3 shows the PSA performance parameter values for three runs that varied the length 434 

of the reactor and the corresponding length to diameter ratios for each of the runs. Figure 6 435 

shows the carbon dioxide molar fractions in the outlet of the reactor from the adsorption until 436 

the purge step, where the carbon dioxide and hydrogen products were obtained. The best 437 

product purity values, taking both products into consideration, were obtained with a length to 438 

diameter ratio of 1.68, as shown in Table 3. 439 

 440 

Figure 6. 441 

 442 

Table 3. PSA product performance indicator values for the analysis that varied the bed length 443 
(L). 444 

  Run         L (m) L/D  Recovery 
H2 

(%) 

Recovery 
CO2 
(%) 

Purity 
H2    

(%) 

Purity 
CO2  

(%) 
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1   4 1.68 83.76 83.45 99.991 93.12 

2 4.76 2 84.56 84.13 99.994 92.65 
3 5.72 2.4 85.67 84.69 99.999 90.67 

 445 

For the purity of the hydrogen, the three runs show a purity of 99.99%. Figure 6 shows that 446 

with a length-to-diameter ratio of 1.68 (Run 1) and 2 (Run 2), the carbon dioxide started 447 

desorbing at the end of the depressurization step (t = 600 s), which allowed to obtain carbon 448 

dioxide purities as high as 93.12%. The slope of the desorbing carbon dioxide concentration 449 

front was slower with a length-to-diameter ratio of 2.4, decreasing the carbon dioxide purity to 450 

90.67%. The desorption rate is related to the pressure gradient in the reactor, thus the slower 451 

desorbing rate of the carbon dioxide in a longer bed can be explained by the smaller pressure 452 

gradient in the fixed-bed reactor compared to a shorter reactor.  453 

The hydrogen and carbon dioxide recovery values decreased with smaller length to diameter 454 

ratios, with a total decrease of 2% over all the simulations studied, but still did not achieve the 455 

value of 90%, due to the amount of hydrogen used in the purge and rinse steps, as well as, 456 

pressurization steps. 457 

 458 

4.2.3. Effect of the purge-to-feed flow rate ratio 459 

The effect of the purge-to-feed flow rate (Pu/F) was studied using GSA and following the 460 

methodology explained for the superficial velocity. The purge flow rate was selected as a 461 

varying parameter for the parametric analysis, which yielded a number of purge-to-feed ratios. 462 

The purge flow rate was the flow rate at entry into the PSA reactor during the rinse and purge 463 

steps. Afterwards, the flow rate was increased for the pressurization step until it reached the 464 

adsorption flow rate. The range of purge-to-feed flow rate ratios selected was based on previous 465 



24 
 

PSA studies in which values ranged from 0.1 to 1 (Luberti et al., 2014; Moon et al., 2018; 466 

Ribeiro et al., 2008; Riboldi and Bolland, 2015a). 467 

The carbon dioxide purity values from the GSA analysis are shown in Figure 7. The purity 468 

values of hydrogen were constant for this analysis, because hydrogen was obtained during the 469 

adsorption step and the only flow rate that varied during the analysis was the flow rate during 470 

the rinse and the purge steps. Figure 7 shows that the purity of carbon dioxide decreased with 471 

a linear trend with the increasing gas flow rate during the rinse and the purge steps. The PSA 472 

product performance parameters for three runs of the GSA sampling space are shown in Table 473 

4. 474 

 475 

Figure 7. 476 

 477 

Of the three simulation runs, Run 1 gave the highest carbon dioxide purity. Although the 478 

flow rate of the carbon dioxide in the feed decreased during the rinse step, the overall purity 479 

of the carbon dioxide increased due to the smaller hydrogen flow rate during the 50 s purge. 480 

 481 

Table 4. PSA product performance indicator values for three runs of the GSA while varying 482 
the purge-to-feed (Pu/F) flow rate ratio. 483 

  Run                           QPu  
(m3 s-1) 

Pu/F  
(-) 

Recovery 
H2 

(%) 

Recovery 
CO2 
(%) 

Purity 
H2    

(%) 

Purity 
CO2  

(%) 
1 0.066 0.22 92.27 90.11 94.994 95.37 

2 0.165 0.55 89.13 89.77 99.994 94.36 
3 0.267 0.89 87.59 87.65 99.994 93.22 

 484 

The decrease of the carbon dioxide feed flow rate during the rinse step did not have an 485 

effect on the purity of carbon dioxide during that step and it was constant for all three runs. 486 
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The overall purity of the carbon dioxide increased mainly due to the smaller decay of the 487 

component concentration front during the purge step in Run 1. The recovery of carbon 488 

dioxide increased at smaller feed to purge ratios, but it was not analyzed in this study, 489 

because carbon dioxide is not a valuable product. A part of the carbon dioxide product is used 490 

in this study to increase the carbon dioxide purity during the rinse step by using a storage 491 

tank at 1 bar in the product end. This performs as a carbon dioxide ‘make-up’ tank to recycle 492 

the carbon dioxide product in the PSA process. 493 

The purge-to-feed flow rate had a greater effect than did both the superficial gas velocity 494 

and the bed length on the hydrogen recovery, with overall deviations of about 5% in for the 495 

simulated runs. Run 1 also gave the best result for this performance parameter, because less 496 

hydrogen was recycled to the purge. The recovery of hydrogen for this run was above 90%, 497 

which is in an acceptable range for a NGCC power plant. 498 

      499 

4.3.      Additional configurations for the scaled-up PSA model 500 

The PSA process shown in Figure 1 obtained a maximum purity of hydrogen of 99.994% 501 

and a recovery of 92.27%, varying the scaled-up parameters. The maximum purity obtained 502 

for carbon dioxide was 95.37%, which is in the acceptable limit value of 95% purity for carbon 503 

dioxide storage and utilization. Additional configurations were tested in order to improve the 504 

hydrogen recovery and the purity of carbon dioxide. 505 

 506 

    4.3.1.    Addition of an assisted purge step  507 

The overall purity of the carbon dioxide of the four-bed PSA model decreased mainly due 508 

to the light fractions of hydrogen entering the bed during the depressurization step. In order to 509 
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increase the overall purity of the carbon dioxide, an assisted purge step was added to the four-510 

bed PSA model. Figure 8 shows the flow chart for the four-bed PSA model with an assisted 511 

purge step.  512 

 513 

Figure 8. 514 

 515 

As shown in this figure, the gas component fractions during the depressurization step go to 516 

the purging bed. Therefore, a fraction of hydrogen during the adsorption step is not recycled 517 

during a purge step of the process. Instead, the light fractions during the depressurization step 518 

are recycled to the process, as carbon dioxide starts desorbing around 1 bar (t = 600 s), as 519 

shown in Figure 6. Figure 9 shows the concentration fronts of the products for the four-bed 520 

PSA model with an assisted purge. 521 

 522 

Figure 9. 523 

 524 

In Figure 9, the concentration fronts of the components for the adsorption, 525 

depressurization, purge and rinse steps did not change much, compared to those from the 526 

four-bed model without an assisted purge. The concentration fronts did change slightly 527 

during the 50 s of the purge step and pressurization step due to the components coming from 528 

the depressurization step instead of the hydrogen. The purity of the hydrogen remained 529 

constant for this configuration, at 99.994%, compared to the purity from the four-bed 530 

reference model. However, the recovery of hydrogen increased to 94.35%, due to not using 531 
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hydrogen as a feed for the purge step. The hydrogen that was not diverted to the purge 532 

formed part of the hydrogen product during the adsorption step. There was a slight increase 533 

of the carbon dioxide recovery to a value of 90.56%, due to having a less pure stream of 534 

hydrogen in the inlet of the purge step. 535 

The carbon dioxide purity increased to 96.12% due to not obtaining the light component 536 

fractions during the depressurization step. This step enables to obtain over 95% purity of 537 

carbon dioxide, without the addition of more than four beds. A previous study reported a 538 

purity of carbon dioxide of 98% after a PSA and a flash separation, but the separation process 539 

included seven fixed-bed reactors (Riboldi et al., 2014).  540 

 541 

      4.3.2.    Addition of pressure equalization steps 542 

Industrial PSA reactors usually have more than one pressure equalization step; this 543 

requires additional beds. One and two beds were added to the process mainly to improve the 544 

recovery of the light product. A maximum of three pressure equalization steps were included 545 

in this work; there would be additional capital costs if there were more than six fixed-bed 546 

reactors in a power plant. The total duration of the pressure equalization step was kept 547 

constant for the synchronization of the steps. For the five-bed model each of the pressure 548 

equalization steps lasted 125 s, and for the six-bed model each of the steps lasted 83.3 s. 549 

Table 5 and Table 6 show the configuration of the steps for the five- and six-bed models, with 550 

two and three pressure equalization steps, respectively. Figure 10 shows the flow chart for the 551 

five-bed PSA model with two pressure equalization steps. 552 

 553 

Figure 10. 554 
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 555 

Table 5. Step configuration for the five-bed PSA model with two pressure equalization steps 556 
and an assisted purge step. 557 

Steps 1 2 3 4 5 6 7 8 9 10 

Bed 1 A D1 D2 A-Pu      R          Pu P1 P2 P 

Bed 2 P2 P A D1 D2 A-Pu     R         Pu P1 

Bed 3   Pu P1 P2 P A D1 D2 A-Pu R 

Bed 4  A-Pu R         Pu P1 P2 P A D1 D2 

Bed 5 D1 D2 A-Pu Pu P1 P2 P A 

 558 

 559 

Table 6. Step configuration for the six-bed PSA model with three pressure equalization steps 560 
and an assisted purge step. 561 

Steps 1 2 3 4 5 6 7 8 9 10 11 12 

Bed 1 A D1 D2 D3  A-Pu            R  Pu P1 P2 P3 P 

Bed 2 P3 P A D1 D2 D3 A-Pu           R Pu P1 P2 

Bed 3   P1 P2 P3 P A D1 D2 D3 A-Pu R Pu 

Bed 4  R Pu       P1 P2 P3 P A D1 D2 D3 A-Pu 

Bed 5 D3 A-Pu R     Pu          P1 P2 P3 P A D1 D2 

Bed 6 D1 D2 D3 A-Pu R Pu P1 P2 P3 P A       

 562 

The first pressure equalization-depressurization step (D1) had the lightest fractions of all the 563 

pressure equalization steps. This step was used in the third pressure equalization-pressurization 564 

step to clean the bed for the six-bed model, based on the component fractions profile in the 565 

outlet of the reactor for the four-bed model. Because the assisted purge step was also used for 566 

the five- and six-bed models, the purity of carbon dioxide was expected to be over 95%, with 567 

the previously mentioned requirement of over 90% hydrogen recovery. Table 7 shows the 568 

product performance parameters for the stated bed configurations when varying the number of 569 

pressure equalization steps. 570 
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Table 7. PSA product performance indicator values and variable values for a number of bed 571 
configurations using an assisted purge step. 572 

Number 
of beds                           

Number 
of PEs 

Recovery 
H2 (%) 

Recovery 
CO2 (%) 

Purity    
H2 (%) 

Purity 
CO2 (%) 

4 1 94.35 90.56 99.994 96.12 

5 2 95.61 90.42 99.994 97.18 

6 3 96.87 90.37 99.994 97.39 

 573 

Table 7 shows that although the purity of hydrogen remained constant over a varying 574 

number of pressure equalization steps, the recovery of this component increased by more than 575 

2 percentage points from a four-bed to a six-bed PSA model. There was a slight decrease of 576 

the recovery of the carbon dioxide to a value of 90.37% with three pressure equalization steps. 577 

The purity of carbon dioxide increased by 1 percentage point from the four- to the five-bed 578 

model. However, it increased by only 0.2 from the five- to the six-bed model. Previous work 579 

has not reported the effect of pressure equalization steps in the carbon dioxide purity, but 580 

showed to increase the recovery of the hydrogen product by two percentage points (Luberti et 581 

al., 2014). 582 

 583 

4.3.3.    Addition of a rinse step after the feed or pressure equalization steps 584 

The effect on the PSA performance parameters of adding a rinse step after the feed step was 585 

investigated for the four-bed PSA model and across the various pressure equalization steps for 586 

the five- and six-bed models. This step was studied after the feed and after each step of the 587 

pressure equalization steps. For the five-bed model, the rinse was applied after the first pressure 588 

equalization step (D1) and, after the second pressure equalization step (D2) for the six-bed PSA 589 

model. Table 8 shows the product performance parameters for a number of configurations 590 

using the rinse step. 591 
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 592 

Table 8. Product performance indicator values and variable values for a number of bed 593 
configurations using the assisted purge step and the rinse step. 594 

Number 
of beds                           

Number 
of PEs 

Rinse 
position 

Recovery 
H2 (%) 

Recovery 
CO2 (%) 

Purity  
H2 (%) 

Purity 
CO2 (%) 

4 1 A-PE1 95.48 90.76 99.991 98.28 

5 2 PE1-PE2 96.07 90.57 99.994 98.56 

6 3 PE2-PE3 97.02 90.49 99.994 98.74 

 595 

As shown in Table 8, the purity of hydrogen decreased insignificantly by 0.003 percentage 596 

points in the four-bed PSA model with a rinse step after the feed step (A-PE1) compared to the 597 

model without this step. The small decrease was due to the rinse that the carbon dioxide feed 598 

adsorbed inside the reactor at 37.6 bar. This is further clarified in Figure 11, where the carbon 599 

dioxide did not come out of the bed until it finished the depressurization step. The recovery of 600 

hydrogen did slightly increase by 1 percentage point due to not feeding gas during the rinse 601 

step and still obtain hydrogen. The recovery of carbon dioxide also increased slightly, due to 602 

recycling the carbon dioxide at high pressures, and then obtaining the product at atmospheric 603 

pressures. The purity of carbon dioxide increased between 1 and 2 percentage points when 604 

adding the rinse step to the various PSA configurations with pressure equalization.       605 

 606 

Figure 11 607 

 608 

The effect of the rinse step at pressures higher than 1 bar has not been previously reported 609 

to pressure swing adsorption processes applied to hydrogen purification and carbon capture in 610 

IGCC power plants (Luberti et al., 2014; Moon et al., 2018; Ribeiro et al., 2008; Riboldi et al., 611 

2014). A similar step has been previously reported where the outlet gas of the purge step is 612 
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recycled to the adsorption step to obtain a carbon dioxide purity over 95% (Wang et al., 2015). 613 

This step also shows an improvement on the overall hydrogen recovery due to the lower amount 614 

of hydrogen fed into the adsorption step when the carbon dioxide is recycled to pressures higher 615 

than 1 bar. 616 

 617 

5. Conclusions 618 

 A laboratory four-bed and seven step PSA model was scaled up to operate in a NGCC 619 

power plant and results from the laboratory and scaled-up models were compared. Both 620 

processes yielded the same purity and recovery values of 99.999% and 87.6% for the hydrogen, 621 

respectively. The carbon dioxide yielded a purity of 86.4% in the scaled-up model, 2% higher 622 

than the laboratory model, and a recovery lower than 85% for both cases. The four-bed model 623 

PSA included a rinse step at 1 bar which proved to be essential to increase the carbon dioxide 624 

purity. 625 

The effects of the parameters in the scaled-up model, such as the bed diameter bed length 626 

and purge-to-feed flow rate ratio were investigated by using global system analysis (GSA) to 627 

maximize the product performance parameters. At high velocities, such as 0.048 m s-1, and at 628 

a bed diameter of 2.38 m, a carbon dioxide purity of 92.93% was obtained. This can be 629 

explained by the increase of the mass transfer between the gas and the solid phase. The carbon 630 

dioxide purity increased further to 95.37% with a bed length of 4 m and a purge-to-feed flow 631 

rate ratio of 0.22. The purity of hydrogen remained nearly constant with a value of 99.99% for 632 

all the GSA cases. The recovery of hydrogen decreased to 84.56% at gas velocities of 0.048 m 633 

s-1, but it increased further at purge-to-feed flow rate ratios of 0.22 to 92.27%. The recovery of 634 

carbon dioxide yielded a value of 90.11% in this case. 635 
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Additional PSA configurations were studied to improve the carbon dioxide purity and the 636 

hydrogen recovery. These configurations included an assisted purge step, which increased the 637 

hydrogen recovery to 94.35%. This assisted purge step also proved to be essential to obtain 638 

carbon dioxide purities over 96%. These purities increased slightly (by 1 percentage point) 639 

upon the introduction of two (five-bed model) and three (six-bed model) pressure equalization 640 

steps. The main performance parameter which increased with the number of pressure 641 

equalization steps was the hydrogen recovery by 2 percentage points, by including three 642 

pressure equalization steps. The recovery of carbon dioxide varied less than 1 percentage point 643 

with the introduction of pressure equalization steps.  644 

The number of pressure equalization steps increases with the number of beds, which 645 

increases the CAPEX of the plant. The use of a rinse step after the feed or pressure equalization 646 

step increased the carbon dioxide purity by around 2% percentage points, obtaining a maximum 647 

of 98.74% purity for the six-bed model. This model included the rinse step after a second 648 

pressure equalization step. A compressor is required for this rinse step, which also affects the 649 

CAPEX of the plant.  650 

Overall, the four-bed model with an assisted purge step and a rinse step higher than 1 bar 651 

showed promising results, due to the lower capital costs expected for a power plant with 652 

decreasing number of fixed-bed units, and based on the cyclic capacity required to operate the 653 

gas turbine. The CAPEX and the OPEX of the designed PSA process integrated with a NGCC 654 

power plant will be studied in the near future. 655 
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List of Figure Captions 

 

Figure 1. Schematic figure of the seven-step four-bed PSA model. 

Figure 2. Flow diagram of the PSA parameters studied using GSA. 

Figure 3a. Component concentration profiles at the end of the bed for the seven-step four-bed 

PSA model at laboratory scale. 

Figure 3b. Component concentration profiles at the end of the bed for the seven-step four-bed 

PSA scaled-up model. 

Figure 4. Evolution of the gas phase temperature at the end of the fixed-bed reactor for the 

four-bed scaled-up process. 

Figure 5. Carbon dioxide purity results for the GSA analysis varying the superficial velocity. 

Figure 6. Carbon dioxide concentration profiles at the end of the bed for a number of bed 

length-to-diameter ratios. 

Figure 7. Carbon dioxide purity results for the GSA analysis varying the purge-to-feed flow 

rate ratio. 

Figure 8. Schematic figure of the four-bed PSA model, adding an assisted purge step. 

Figure 9. Component concentration profiles at the end of the bed for the four-bed PSA model 

adding an assisted purge step. 

Figure 10. Schematic figure of the five-bed PSA model with two pressure equalization steps. 

Figure 11. Component concentration profiles at the end of the bed for the four-bed PSA model 

adding a rinse step. 
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