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Abstract
Adsorption processes are expected to play an important role in carbon dioxide capture, utilization and storage (CCUS). In 
particular, blast furnace gas (BFG) from the steel industry is one of the major sources of  CO2 emissions, and reducing emis-
sions from this source is a major challenge. BFG can be treated as valuable hydrogen  (H2) source through water gas shift 
reactions, which may allow synthesis of methane and methanol if the purification of these two gases is possible. This study 
proposes and designs a new Vacuum Pressure Swing Adsorption (VPSA) process that consists of two tandem adsorption col-
umns for simultaneous separation of  H2 and  CO2 from BFG. A mathematical model is developed to predict the performance 
of the proposed process. The model is fitted to the experimental data using a VPSA pilot plant, which were demonstrated to 
predict flow rates within an error of 6%. Furthermore, the model was used to perform multi-objective optimization to analyze 
trade-offs among throughput, energy consumption,  CO2 purity, and recovery. Finally, we analyzed the optimal design and 
operating conditions such as pressure and column height.
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List of symbols
adratio  Ratio of adsorption time to desorption time [–]
C  Total concentration [mol/m3]
Ci  Concentration of component i [mol/m3]
Cpg  Heat capacity of gas [J/kg/K]
Cps  Heat capacity of solid [J/kg/K]
Cpw  Wall heat capacity [J/kg/K]
De  Effective diffusivity  [m2/s]
Di,j  Gas diffusivity  [m2/s]
Dp  Adsorbent diameter [m]
DX  Axial dispersion coefficient  [m2/s]
Dz  Dispersion coefficient  [m2/s]
E  Energy consumption for a unit mole of recovered 

gas [kJ/mol]
Emax  Upper bound of energy consumption [kJ/mol]
Feed  Total molar volume of gas that enters the VPSA 

[mol/m2]

F  Feed inflow rate [NL/min]
Fin  Feed gas flow rate [NL/min]
Flow  Flow rate from the column [NL/min]
hair  Heat transfer coefficient of air [J/m2/s/K]
hi Heat transfer coefficient [J/m2/s/K]
Ki  Affinity constant of component i  [bar−1]
KL  Effective axial thermal coefficient [J/m/s/K]
L1, L2  Height of column 1 and 2 [m]
M  Penalty constant
Mwi  Molecular weight of component i [g/mol]
NComp  Number of components
P  Total pressure [Pa]
P1, P2  Pressure of column 1 and column 2 [kPa]
Patm  Atmospheric pressure [kPa]
Pi  Partial pressure of component i [bar]
Pin  Pressure of column inlet [Pa]
Purmin  Lower bound of purity [%]
q0i  Saturation capacity [mol/kg]
qi  Adsorption amount of component i [mol/kg]
qi*  Adsorption amount of component i in the equilib-

rium state [mol/kg]
R  Gas constant [J/k/mol]
Rb  Radius of the column [m]
Recmin  Lower bound of recovery [%]
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Rep  Particle Reynolds number [−]
Rp  Adsorbent radius [m]
Si  Set for step index [−]
t  Time [s]
Tair  Air temperature [K]
tcy  Cycle time [t]
Tin  Temperature of column inlet [K]
Twall  Wall temperature [K]
u  Superficial velocity [m/s]
U  Overall heat transfer coefficient [J/m/s/K]
workad  Work of adsorption [kJ]
workde  Work of desorption [kJ]
yi  Mole fraction of component i [−]
z  Coordinate in the axial direction [m]

Greek letters
α, β  Parameters for approximation of pressure
γ  Heat capacity ratio [−]
γi, δi  Parameters used in the boundary conditions
ΔHi  Adsorption enthalpy [J/mol]
ε1, ε2  Tolerance variables to enforce a cyclic steady 

state for column 1 and 2 [−]
εb  Bed void [−]
εt  Total void fraction [−]
ηblower  Efficiency of blower [−]
ηpump  Efficiency of pump [−]
θ  Vector of parameters to be estimated
�lit  Initial parameter value
λads  Thermal conductivity of solid [J/m/s/K]
λg  Estimated thermal conductivity of gas [J/m/s/K]
λwall  Thermal conductivity of wall [J/m/s/K]
μ  Viscosity [Pa s]
ρ  Regularization coefficient [−]
ρb  Density of bed [kg/m3]
ρg  Density of gas [kg/m3]
ρp  Adsorbent density [kg/m3]
ρw  Wall density [kg/m3]
φ  Vector of state variables

Subscripts
ad  Adsorption
bl  Blowdown
de  Desorption
exp  Experimental value
lit  Literature value
Model  Modeled value
pr  Pressurization

1 Introduction

The rising concentration of carbon dioxide  (CO2) in the 
atmosphere is posing a severe threat to the global climate 
[1, 2]. For this problem, carbon dioxide capture, storage, 
and utilization (CCUS) has attracted attention [3], which 

is a technological concept to capture  CO2 from various 
sources, and pump it into the ground and seawater or use it 
as a resource. It is estimated that CCUS could reduce 20% 
of worldwide  CO2 emissions in 2008 [4]. In particular, 
blast furnace gas in the steel industry is one of the signifi-
cant sources of  CO2 emissions [5, 6], and application of 
CCUS technologies to this source is expected [7].

In the steel industry, a large amount of  CO2 is released 
to the atmosphere from blast furnaces. Blast furnace gas 
(BFG), generated in furnaces when iron is produced from 
iron ore and coke, mainly consists of  CO2, nitrogen  (N2) 
and carbon monoxide (CO), as well as a small amount 
of hydrogen  (H2). The CO in BFG can be converted into 
 CO2 and  H2 by steam reforming. The  H2 produced through 
stream reforming in addition to that exists originally in 
BFG, can utilized as a hydrogen source for CCUS. Fur-
thermore, the concentration of  CO2 in the BFG increases 
by steam reforming, which facilitates the  CO2 separation 
[8, 9]. Methane and methanol, promising products of  CO2 
utilization in CCUS, can be produced from  CO2 and  H2 
that exist in the reformed BFG [10, 11]. The  H2 must be 
separated from  CO2 and impurities [12]. Thus, simultane-
ous recovery of  CO2 and  H2 from BFG after reforming 
preferably by a single separation unit is expected to realize 
the proposed CCUS approach. Here, it is assumed that the 
BFG is withdrawn partially, but not totally from a furnace.

A promising technique for capturing  CO2 is Pressure 
Swing Adsorption (PSA), or Vacuum Pressure Swing 
Adsorption (VPSA) [13, 14]. This separation technique 
has been used in many applications of large-scale gas 
separation [15–17]. However, power consumption and 
energy cost must be reduced substantially for successful 
CCUS implementation [17, 18]. A study reported that the 
estimated cost is $72–114 per ton of  CO2 for capture and 
storage, most of which is spent to capture  CO2 [19]. It is 
expected that this cost should be reduced to approximately 
$18 [17]. To reduce the compression and transportation 
cost, concentrating  CO2 efficiently is critical [20, 19].

PSA and VPSA are often used to enrich weakly 
adsorbed components such as  H2, and most of the con-
ventional designs are found to be ineffective for purify-
ing strongly adsorbed components [21–23] such as  CO2. 
Indeed, a past simulation study of classical PSA showed 
that when the  CO2 recovery is increased, the purity of 
the recovered gas is only about 50% [24]. Various operat-
ing methods have been proposed and verified to overcome 
these shortcomings, one of which is the pressure equaliza-
tion step. Ho et al. reported that by introducing the pres-
sure equalization step, the purity of the recovered gas is 
around 90%, which is almost 50% higher than classical 
PSA [25]. In addition, Xiao et al. reported that the purity 
and recovery rate were more than 90% by introducing the 
pressure equalization step twice [26]. On the other hand, 
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a pressure equalization step has disadvantages such as 
increased equipment cost and complicated operations [27]. 
An alternative approach to pressure equalization is rinse, 
which supplies high-purity  CO2 gas into the column before 
desorption [27] to displace impurities. Choi et al. reported 
that the purity could increase to 90% by introducing the 
rinse step and the pressure equalization step [28]. On the 
other hand, one of the problems of the rinse step is that the 
recovery tends to decrease because the captured gas is re-
injected into the column [27]. To overcome this problem, 
a method has been proposed in which the gas discharged 
during the rinse step is recycled into the column during 
the adsorption step [29].

It is also known that the design and operating condi-
tions of VPSA must be determined carefully to optimize 
the performance. For example, Kim et al. reported the 
purity and recovery of recovered gas varied significantly 
with the choice of desorption and adsorption pressures 
[30]. In particular, changing the pressure during desorp-
tion by a few kPa in VSA can significantly reduce both 
the purity and the recovery [31]. In addition, some studies 
have also investigated the effects of changes in cycle time, 
inflow rate, etc., indicating the importance of determining 
operating conditions [32–34, 26].

In addition, purifying multiple gas species simultane-
ously using a single adsorption unit remains a challenge. 
Air Products and Chemicals, Inc. designed multiple 
PSA units for  CO2 and ammonia synthesis gas separa-
tion [35]. Dong et al. also proposed a PSA for separating 
 CO2,  CH4, and  N2 using three types of adsorbents and 
multiple adsorption columns [36]. While high purity and 
recovery can be achieved in these methods, multiple units 
are needed, which may increase the capital cost. In addi-
tion, these processes require a large number of columns, 
pumps and compressors [37–39]. The complexity of such 
processes would not allow easy analysis and optimization 
[35], and may pose operational challenges.

Another problem with VPSA for simultaneous separa-
tion of  CO2 and  H2 is the low concentration of  H2 in the 
feed gas. In past studies, the  H2 concentration in the feed 
gas has been higher than 50%, while the  H2 concentra-
tion in the reformed BFG is as low as 25%. To the best of 
our knowledge, sufficient effort has not been made for  H2 
purification from dilute  H2 sources, which is a bottleneck 
for separating  CO2 and  H2 simultaneously from BFG [40].

In this study, a new adsorption process for simultane-
ous separation of  H2 and  CO2 from steam reformed BFG 
is proposed, and its performance is verified using a labora-
tory-scale system. The proposed process achieves high  CO2 
purity and recovery and simultaneous recovery of  H2 from 
the dilute hydrogen source by fractionation downstream of 
the column. The reformed BFG can be supplied continu-
ously to the proposed process without a buffer tank by using 

only two columns, which is a substantial decrease of capital 
cost compared to conventional approaches that require at 
least four columns. Furthermore, there is no rinse or pressure 
equalization step, eliminating the need for extra energy and 
capital cost for blower or compressor. This process was ana-
lyzed using a mathematical model to estimate concentration 
and temperature profiles which cannot be measured experi-
mentally. In our model, the adsorption isotherm parameters 
are refined using the experimental data from the VPSA 
pilot plant employing Tikhonov regularization to suppress-
ing overfitting. Using the developed model, multi-objective 
optimization of energy consumption and throughput was 
performed, which identified potential improvement from our 
experimental investigations. We further analyzed the rela-
tionship among multiple performance indicators, including 
purity, recovery, energy consumption and throughput, find-
ing the optimal operating conditions and design.

The structure of the paper is as follows. Section  2 
describes the proposed process and experimental setup for 
simultaneous separation. The developed model, parameters, 
boundary conditions, model fitting, and optimization meth-
ods are presented in Sect. 3. In Sect. 4, we first present the 
fitting results and confirm the accuracy by comparing them 
with experimental results. The results of the optimization 
under two different conditions were then presented. In the 
first case, we compared the results with the experimental 
results and confirmed potential improvement. Finally, the 
performance and operating conditions were analyzed.

2  Process description

2.1  Principles of proposed process

The new VPSA process proposed in this study exploits 
the differences in isotherm shapes among adsorbates [41]. 
In Fig. 1a, isotherms of two components  CO2 and  N2, are 
shown. The isotherm of  N2, which adsorbs to the adsorbent 
weakly, is nearly linear with respect to pressure, as shown 
in Fig. 1a. On the other hand, the isotherm of  CO2, which 
adsorbs to the adsorbent strongly, is concave. Because of the 
differences, the selectivity of the two components depends 
on the pressure: the selectivity in the period from (2) to (3), 
mCO2(2)-(3)/mN2(2)-(3), is higher than that in the period from (1) 
to (2), mCO2(1)-(2)/mN2(1)-(2).

The dependence of the selectivity on the pressure deter-
mines the concentration profiles of the product stream, 
which is withdrawn by the vacuum operation of VPSA pro-
cesses. Separation of components in the process is deter-
mined by the driving force, which is the difference between 
the amount adsorbed in the adsorbent and the equilibrium 
capacity. In the vacuum operation where desorbed gas con-
tinues to be released from the adsorbent, the total pressure 
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cannot always be decreased instantaneously but at a finite 
rate, and thus the selectivity changes as the vacuum opera-
tion continues. Thus, the total pressure changes as shown in 
Fig. 1b, and the selectivity changes accordingly from (1) to 
(3). In Fig. 1c, only  N2 is desorbed at the beginning (1), but 
as the total pressure continues to be decreased to (2) and (3), 
the concentration of  CO2 increases more rapidly compared 
to  N2. This principle has been applied to separation of  CO2 
using a single column by Shigaki et al. [41], and this study 
extend this approach to multi-component separation for the 
first time.

The time dependence of the selectivity illustrated above 
allows purification of components by fractionation at the 
outlet off the column. As shown in Fig. 1c, the outflowing 
gas from the column in the duration between (1) and (2) is 
collected as “Impurity”, and that between (2) and (3) is col-
lected as “Product gas” (Fig. 1b). More specific examples of 
such operations are discussed below.

2.2  Multicomponent separation by fractionation

Figure 2 shows the operation of the proposed VPSA for 
muti-component gas separation for  CO2 and  H2 in reformed 
BFG from a water gas shift reactor. The process consists of 
two tandem columns, which allow the separation of two gas 
components within one cycle without excessive energy pen-
alty, as discussed more in detail in Sect. 4.2.2. In this opera-
tion, one cycle consists of six operation steps. In the pressur-
ization step, the pressure inside the column is increased. In 
the following adsorption step,  CO2, the component with the 
highest affinity toward the adsorbent, is captured in column 
1. Simultaneously in this step,  N2, the component with the 
second-highest affinity, is adsorbed in column 2. As these 
two components are captured,  H2, the component with the 
lowest affinity toward the adsorbent, is concentrated in the 
gas phase and collected at the outlet of column 2. In the 
following blowdown process, the pressure in the column is 
decreased to the target pressure by discharging the internal 
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Fig. 2  Operation of VPSA for multiple separations



13Adsorption (2023) 29:9–27 

1 3

gas through the backpressure valve. In the following step, 
desorption I, column 2 is depressurized using a vacuum 
pump to regenerate the adsorbent in column 2. Then, in des-
orption II and III, column 1 is depressurized using a vacuum 
pump to regenerate the adsorbent in column 1. At this time, 
 N2-rich gas flows out immediately, and  CO2-rich gas flows 
out subsequently as the depressurization operation contin-
ues. In these three-step desorption operation, the purity of 
 CO2 is increased by discharging  N2-rich gas as Impurity gas 
and collecting  CO2-rich gas as Product gas.

There are three unique aspects in this process. The first is 
that the column is split into two, which have different roles. 
As mentioned above, the first column captures  CO2 from the 
feed gas, while the second column purifies  H2 in the outflow 
gas from column 1. The second aspect is rinse or pressure 
equalization operations are not employed while maintaining 
high purity and recovery, which is accomplished by utiliz-
ing the gas fraction line and the difference in adsorption 
strength between  N2 and  CO2, as explained in Sect. 2.1. The 
absence of rinse and pressure equalization steps eliminates 
the need for equipment to introduce rinse gas and additional 
columns, allowing continuous supply of the feed gas only 
with two columns eliminating equipment complexity and 
cost increase. The third is that the gas flow is always in one 
direction. As can be seen from Fig. 2, the inlet line of the 
feed gas and the outlet line of the desorbed gas are located 
on opposite sides of the two columns. This design avoids 
contamination of the product gas by impure species in the 
feed gas, which would occur in the conventional designs 
where supply of feed gas and withdrawal of the product gas 
are performed on the same side sharing the same line.

2.3  Experimental method

To verify the performance of the  CO2-H2 simultaneous sepa-
ration VPSA, laboratory-scale VPSA experiments were con-
ducted using the experimental setup shown in Fig. 3. Table 1 
also shows the experimental conditions of the VPSA pro-
cess. The feed gas is supplied from the top of the adsorption 
column as a mixture consisting of  N2,  CO2, and  H2. The 
constituent gases are prepared using gas cylinders, which 
have a purity of 99.99% or higher. Mass flow controllers 
control the feed gas composition, which mix the gases in 
the ratio shown in Table 1, and supply them at a constant 
flow rate. The cylindrical adsorption columns are made of 
stainless steel and have an inner diameter of 43 mm. The 
height of column 1 is 60 mm, and column 2 is 200 mm. 
Zeolite 13X pellets with a diameter of 1.5 mm were used as 
the adsorbent. Column 1 was packed with 57 g and column 
2 with 190 g of the zeolite. Two gas channels are placed 
downstream of column 1 lead to column 2 and the vacuum 
pump for desorption. The downstream side of column 2 has 
three gas channels, two of which are for Off Gas connected 
to back pressure valves, and another for Impurity and Prod-
uct to a vacuum pump. A valve is installed downstream of 
the vacuum pump to realize gas fraction. The gas channel 
was changed by an automatic valve operated by compressed 
air, and the timing for opening and closing the valve was 
decided in advance. The adsorption pressure was adjusted by 
a back pressure valve attached to the outlet lines for Off Gas. 
The target desorption pressure to be reached at the end of the 
desorption step was adjusted by a needle valve upstream of 
the vacuum pump. The gas volume was measured with an 

Fig. 3  Experimental setup
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integrated gas flow meter installed at each gas outlet. The 
temperature inside the column was not measured due to the 
difficulty in placing a thermocouple.

3  Method

3.1  Mathematical model

A model was developed under the following assumptions 
[38, 39].

(1) The gas in the column follows the ideal gas law.
(2) The radial variations of temperature and concentration 

can be ignored.
(3) The temperature dependence of viscosity, thermal con-

ductivity, and diffusion coefficient is negligible.
(4) The adsorbent and gas are in thermal equilibrium and 

at the same temperature.
(5) Competitive adsorption follows the Langmuir equation.
(6) Mass transfer rate across the gas and adsorbent phases 

is given by the LDF model.

The overall mass balance equation is given by

where C [mol/m3] is the total concentration; t [s] is the time; 
Dz  [m2/s] is the dispersion coefficient; u [m/s] is the super-
ficial velocity; ρp [kg/m3] is the adsorbent density; εb [−] is 
the bed void; qi is the adsorption amount of component i; 
subscripts i is for the gas component. Here, the equation of 
state for an ideal gas is given by

where P [Pa] is the total pressure; and R [J/k/mol] is the 
gas constant. In the target process, the flow velocity in the 
axial direction of the column is not constant due to density 
change caused by pressure change and adsorption/desorption 

(1)
�C

�t
− Dz

�2C

�z2
+

�(uC)

�z
+ �p

1 − �b

�b

∑ �qi

�t
= 0

(2)C =
P

RT

of each component. The total concentration balance equation 
is implemented in the model in order to calculate the flow 
velocity considering the pressure change and adsorption/
desorption.

The mass balance equation of each component is given 
by

where Ci [mol/m3] is the concentration of component i. 
Summing this equation for all component i gives Eq. (1) 
with C =

∑
i Ci . Since Ci is the product of the total concen-

tration C and the mole fraction yi [−].
The energy balance for the column is given by

where εt [−] is the total void fraction; ρb and ρg [kg/m3] are 
the density of bed and gas, respectively; Cpg and Cps[J/kg/K] 
are the heat capacity of gas and solid; KL [J/m/s/K] is the 
effective axial thermal coefficient; ΔHi [J/mol] is adsorp-
tion enthalpy; hi [J/m2/s/K] is the heat transfer coefficient; 
Rb [m] is the radius of the column; and Twall [K] is the wall 
temperature. It should be noted that in the above equation 
involves many assumptions, such as constant heat of adsorp-
tion ΔHi, ignoring heat loss to the environment, and constant 
bed density �b . Further details can be found in Ko et al. [42], 
Ko et al. [43], Ribeiro et al. [44], and Luberti et al. [45].

The energy balance for the column wall is given by

where, ρw [kg/m3] is the wall density; Cpw [J/kg/K] is the 
wall heat capacity; U [J/m/s/K] is the overall heat transfer 
coefficient; Tair [K] is the air temperature.

The pressure drop can be described by Ergun's equation

(3)
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Table 1  Experimental condition Condition Value Condition Value

Adsorbent Zeolite13X Feed gas composition [%] N2:40,CO2:37
H2:23

Pellet diameter [mm] 1.5 Feed gas temperature [K] 298.15
Height of column [mm] Column 1:60

Column 2:200
Cycle time [s/cycle] 80,90,100,110

Weight of adsorbent [g] Upper:57
Lower:190

Pressure at the bottom of column 
[kPaG]

Adsorption: 50
Desorption: -95

Column inner diameter [mm] 43 Feed gas flow rate [NL/min] 3.0
Blowdown pressure [kPa] 101 Desorption pressure [kPa] 3.0–5.1
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where, Dp [m] is the adsorbent diameter; μ [Pa s] is the 
viscosity.

Mass transfer rate across the gas and adsorbent phases can 
be represented by the LDF model

where De  [m2/s] is the effective diffusivity; Rp [m] is the 
adsorbent radius; qi* [mol/kg] is the adsorption amount of 
component i in the equilibrium state. Here, qi* is given by 
the competitive Langmuir isotherm

where, q0i [mol/kg] is the saturation capacity; Ki  [bar−1] is 
the affinity constant; and Pi [bar] is the partial pressure of 
component i. The reference temperature Tref is set to 250 K. 
This low temperature was chosen to avoid potential numeri-
cal difficulties; by setting this temperature to be sufficiently 
low, the sign of (1/T – 1/Tref) always remains negative.

The gas density and the inflow rate of the feed gas are given 
by the following equations.

where Mwi[g/mol] is the molecular weight of component i; 
Fin [NL/min] is the feed gas flow rate, Tin [K] is the tempera-
ture of column inlet; and Pin [Pa] is the pressure of column 
inlet.

3.2  Boundary conditions and parameters

Boundary conditions for each step were set referring to 
previous studies [42, 43]. The parameters used in the 
model are shown in Table 2. Boundary conditions except 
for outlet pressure are shown in Table S2 and Table S3. In 
this study, there is a time-dependent fractional flow opera-
tion, and thus modeling the gas flow rate is critical. To 
reproduce the gas flow rate, the profiles of pressurization 
and depressurization with respect to time should also be 
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1000RT
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1

R2
b
�

accurately modeled, and the outlet pressure were set to be 
follow the experimental results.

The boundary conditions of column outlet pressure for 
the simulation are given as polynomials up to the third-
order in each of nine sections in a cycle:

where P1 and P2 [kPa] are the pressure of column 1 and col-
umn 2, respectively; L1 and L2 [m] are the height of column 
1 and 2. Here, t is the elapsed time from the start of each 
section, and the time intervals are given as follows: t0 = 0 
and ti= {3,30,50,51,55,65,67,70,100}. The constants in the 
equations were determined from the experimental pressure 
measurement. The results of the fitting will be presented in 
Sect. 4.

The physical properties of the adsorbent porosity and 
density were obtained by measuring the weight and vol-
ume before and after the column was permeated with 
water. Among the parameters listed in Table 2, KL, U, hi, 
and DX are estimated as follows: the Effective axial ther-
mal coefficient, KL [J/m/s/K] is estimated using the follow-
ing equations [47].

where λads [J/m/s/K] is the thermal conductivity of solid, 
and λg is that of gas estimated as a weighted average by 
compositions.

The overall heat transfer coefficient U [J/m/s/K] is esti-
mated by the following equation.

where λwall [J/m/s/K] is the thermal conductivity of wall; 
hair [J/m2/s/K] is the heat transfer coefficient of air. The heat 
transfer coefficient for component i, hi [J/m2/I/K], is esti-
mated by the following equations [48].

where, Rep [−] is the particle Reynolds number.

(12)
P1

||z=L1 = �i,3t
3 + �i,2t

2 + �i,1t + �i,0 ti−1≦t≦ti, i = 1, 2,… , 9

(13)
P2

||z=L2 = �i,3t
3 + �i,2t

2 + �i,1t + �i,0 ti−1≦t≦ti, i = 1, 2,… , 9

(14)�e0 = �g�b +
1 − �b

0.22
�2
b

�g
+

2�ads

3

(15)KL = �e0 + 0.5DpuCpg�g

(16)U =

(
1

Rohair
+

1

λwall
ln

Ro

Rb

)−1

(17)Nuw = 4.21Re0.365
p

(18)Nuw =
hiRb

�g
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The axial dispersion coefficient DX  [m2/s] is estimated 
by the following equations [49].

where Di,j  [m2/s] is the gas diffusivity as listed in Table 2. 
The values at the inlet of column 1 at the end of the adsorp-
tion process were used as representative values for flow rate, 
mole fraction, gas density, and heat capacity of the gas.

3.3  Model fitting

To improve the prediction accuracy of the VPSA model, 
fitting to the experimental results was performed. A con-
ventional approach to improve the prediction accuracy is to 
develop an accurate adsorption isotherm model from iso-
therm measurement data. However, the VPSA in this study 

(19)Dm,i =
1 − yi∑

i

yi

Di,j

(20)Dz,i = 0.73Dm,i +
uRp∕�b

1 + 9.49
�Dm,i

2uRp

is a three-component system, which requires a large num-
ber of isotherm measurement points to quantify interactions 
among the components. In general, experiments to measure 
the amount of adsorption are time-consuming. Estimation 
even with the data from the past laboratory study using the 
same adsorbent does not necessarily assure that the isotherm 
has been modeled sufficiently accurately.

In this study, we propose an approach where the experi-
mental data from the pilot plant test are utilized together with 
the laboratory isotherm measurements. Such an approach is 
made possible by Tikhonov regularization where the two dif-
ferent experimental data sets are considered simultaneously. 
This approach has been demonstrated in previous studies for 
liquid-phase adsorption processes [50–52]. In this approach, 
the model parameters were estimated using the following 
equation as the objective function.

where NComp is the number of components, with NComp = 3; θ 
is the vector of parameters to be estimated; Flow [NL/min] 

(21)

min
�

3∑
j=1

NComp∑
i=1

(
Flowi,j,Model − Flowi,j,exp

)2
+ �

NComp∑
i=1

(
�i − �lit,i

�lit,i

)2

Table 2  Model parameters Parameter Value Unit

ρp Adsorbent density 1580 kg/m3 Shigaki et al. [7]
εb Bed void 0.57 – This study
εt Total void fraction 0.746 – This study
ρb Bed density 670 kg/m3 Shigaki et al. [7]
Cps Heat capacity of the solid 1340 J/kg/K This study
KL Effective axial thermal coefficient 0.43 J/m/s/K Equation (17)
hi Heat transfer coefficient 18.2 J/m2/s/K Equation (20)
Rb Column radius 0.0215 m This study
ρw Wall density 7930 kg/m3 Stainless Steel Association [46]
Cpw Heat capacity of the wall 500 J/kg/K Stainless Steel Association [46]
Ro Column outside radius 2.43 ×  10–2 m This study
U Overall heat transfer coefficient 0.266 J/m/s/K Equation (18)
μ Viscosity 1.45 ×  10–5 Pa × s Kagaku Kogakukai ed. [47]
λads Thermal conductivity of adsorbent 0.3 J/m/s/K Shigaki et al. [41]
λwall Thermal conductivity of wall 16 J/m/s/K Stainless Steel Association [46]
hair Heat transfer coefficient of air 11 J/m2/s/K Kagaku Kogakukai ed.[47]
Rp Adsorbent radius 7.50 ×  10–4 m Shigaki et al. [7]
Dx Diffusivity coefficient of  N2 4.36 ×  10–5 m2/s Kagaku Kogakukai ed. [47]

Diffusivity coefficient of  CO2 4.40 ×  10–5 m2/s Kagaku Kogakukai ed. [47]
Diffusivity coefficient of  H2 6.44 ×  10–5 m2/s Kagaku Kogakukai ed. [47]

λg Thermal conductivity of  N2 2.41 ×  10–2 W/m/K Kagaku Kogakukai ed. [47]
Thermal conductivity of  CO2 1.45 ×  10–2 W/m/K Kagaku Kogakukai ed. [47]
Thermal conductivity of  H2 1.68 ×  10–1 W/m/K Kagaku Kogakukai ed. [47]

Di,j Gas diffusivity between  N2 and  CO2 1.44 ×  10–5 m2/s Kagaku Kogakukai ed. [47]
Gas diffusivity between  N2 and  H2 6.66 ×  10–5 m2/s Kagaku Kogakukai ed. [47]
Gas diffusivity between  H2 and  CO2 5.52 ×  10–5 m2/s Kagaku Kogakukai ed. [47]
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is the flow rate from the column; ρ [−] is the regularization 
coefficient; subscripts j is for steps shown in Fig. 1; Model 
and exp denote modeled and experimental value, and sub-
script lit denotes the literature parameter value. The param-
eter vector θ is defined as θ = [K1,K2,De]T. In this study, we 
do not estimate the saturation capacity q0i but fix them to the 
original values, since they are highly correlated to K1 and K2 
which lead to failure in estimation.

The objective function, Eq. (21), consists of two terms 
with different roles. The first term is the sum of the errors 
between the values given by the modeled and experimental 
results. The second term is for the Tikhonov regularization, 
which acts as a penalty in the fitting. The minimization of 
this term prevents the estimated value from deviating sig-
nificantly from the initial parameter value�lit,i . In addition, ρ 
is the regularization factor, as mentioned earlier, balancing 
the two terms; if ρ was too large, the estimated value would 
converge around the initial value, and the error would not 
be reduced. In contrast, if ρ was too small, the fitting of the 
model would improve, the parameters would deviate signifi-
cantly from the literature value�lit,i , and thus the reliability 
of the parameters, as well as predictability of the model for 
unexperimented operating conditions would be diminished. 
In this study, we determine the value using multiple experi-
mental data sets, as shown in Sect. 4.1.

3.4  Process optimization

There is a trade-off between the amount of gas processed and 
energy consumption, and a multi-objective optimization was 
conducted to analyze the relationship between these two. 
Here, we define the throughput:

The objective function for process optimization is formu-
lated as follows.

where Feed [mol/m2] is the total molar volume of gas that 
enters the VPSA; tcy [s] is the cycle time; L1and L2 [m] are 
the height of column1 and column2; ε1 and ε2 [−] are toler-
ance variables to enforce a cyclic steady state for column 1 
and 2, respectively; M is the penalty constant set to 5000; 
u is a vector of decision variables. The definition of u is 
discussed below. This objective function maximizes the 
throughput while penalizing the deviations from the cyclic 
steady state (CSS); the deviations from the CSS for Columns 
1 and 2 are bounded by �1 and �2 , respectively, which are 
forced to be sufficiently close to zero at the optimal solution, 
as discussed below.

(22)Throughput =

∑NComp

i=1
Feedi

tcy
�
L1 + L2

�

(23)max
u

Throughput −M�1 −M�2

The purity and recovery of component i are defined 
as follows:

where yfeed,i is the mole fraction of component i, and the 
set Si is given as follows:, SH2

= {2, 3} , SN2
= {4, 5} , and 

SCO2
= {6, 7} Using these definition, the following con-

straints are implemented:

where i =  H2,  CO2; Purmin,i and RecmiI,i are the lower bound 
of purity and recovery of component i, respectively; E [kJ/
mol] is the energy consumption for a unit mole of recovered 
gas; Emax is the upper bound of energy consumption. The 
energy consumption E is given by:

where Product [mol] is the total molar volume of recov-
ered  CO2 and  H2; and workad and workde [kJ] are the work 
of adsorption and desorption step given by the following 
equations;.

where, ηblower and ηpump [−] are the efficiency of blower and 
pump, with ηblower = 0.8; Pbl is the pressure at the end of 
blowdown step; Patm [kPa] is the atmospheric pressure; γ [−] 
is the heat capacity ratio; and ηpump. is the efficiency of the 
vacuum pump modeled by the following quadratic function:

(24)Purityi =

∑
k∈Si

tk+1

∫
tk

yi
��z=Ldt

∑
k∈Si

tk+1

∫
tk

yi
��z=Ldt

(25)Recoveryi =

∑
k∈Si

tk+1

∫
tk

yi
��z=Ldt

tcycle

∫
0

yFeed,idt

(26)Purityi ≧Purmin,i

(27)Recoveryi ≧Recmin,i

(28)E≦Emax

(29)E =
workad + workde

Product

(30)

workad =

⎧⎪⎨⎪⎩

298.15𝛾R

𝛾−1
𝜋R2

b

t2

∫
0

1
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�
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𝛾−1

𝛾 − 1

�
uP

RT
dt if P(t)>Patm

0 if P(t) < Patm

(31)workde =
298.15�R

� − 1
�R2

b

t7

∫
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1
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where L represents the outlet of each column. The pump 
efficiency was calculated from the characteristic curves of 
an industrial vacuum pump (TRM1253, Unozawa-gumi Iron 
Works, Ltd, Japan), which is plotted in Fig. 4. There exists a 
maximum at around 50 kPa.

In the optimization, the boundary condition of outlet pres-
sure is dependent on the decision variables, which can be 
different from the one used in the experiments. In this study, 
the pressure profiles are parameterized as shown in Fig. 5. 
In addition to the operations shown in Fig. 2, we assumed 
and modeled a process called desorption IV, in the period 
from t6 to t7, in which the vacuum pump pulls out Prod-
uct from column 1 at constant pressure. The molar flux for 
this step is calculated using the same formula as Producti in 
Table S1. In the following, the end time of the pressuriza-
tion, the adsorption, the blowdown, and the desorption I-IV 
are denoted as t1, t2, t3, t4, t5, t6, and t7, respectively.

The outlet pressure for Column 1 is assumed to follow the 
following equation:

where Pfinal is set to 2.0 kPa. Similarly, the outlet pressure 
for Column 2 is assumed to follow the following equation:

The coefficients in the linear equations in Eqs. (33) and 
(34) are determined as follows: the pressure is assumed to 
change linearly in pressurization ( �prt + Pde) and blowdown 

(32)
�pump = −9.5 × 10−5

( P(t)|z=L
1000

)2

+ 9.632

× 10−3
( P(t)|z=L

1000

)

+ 9.494 × 10−3

(33)P1
��z=L1 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

�prt + Pde pressurization t0≦t≦t1

Pad adsorption t1≦t≦t2

�bl
�
t − t2

�
+ Pad blowdown t2≦t≦t3

Pbl desorption I t3≦t≦t4�
2∑
i=1

�ie
−�i(t−t4) + Pfinal

�
× 1.01 × 103 desorption II t4≦t≦t5

�
2∑
i=1

�ie
−�i(t−t4) + Pfinal

�
× 1.01 × 103 desorption III t5≦t≦t6

Pde desorption IV t6≦t≦t7

(34)P2
��z=L2 =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

�prt + Pde pressurization t0≦t≦t1

Pad adsorption t1≦t≦t2

�bl
�
t − t2

�
+ Pad blowdown t2≦t≦t3

�de
�
t − t3

�
+ Pbl desorption I t3≦t≦t4

Pde desorption II, III, IV t4≦t≦t7

( �bl
(
t − t2

)
+ Pad) for column 1, and pressurization 

( �prt + Pde) , blowdown ( �bl
(
t − t2

)
+ Pad) , and desorption 

I ( �de
(
t − t3

)
+ Pbl) for column 2. In these equations, the 

coefficients αpr and αbl were set referring to the experi-
mental conditions: αpr = (Pad – Pde)/t1 = (152–5)/30 = 4.9
0 kPa/s, αbl = (Pbl − Pad)/t3 = (140–152)/1.1 = -10.9 kPa/s. 

By fixing these rates of pressure increase and decrease, 
we avoid unrealistic operations of rapid pressure change. 
We found that accurate fitting of the pressure is critical; 
our attempts of using conventional valve equations tend to 
show substantial deviations from the experimental pressure 
measurements. This is partly because of the delay in valve 
actions which cannot be ignored in the timescale of our 
modeling. It is assumed that this process can be scaled up 
without changing the bed heights, while increasing the col-
umn diameter; thus the pressure changes remain the same 
in scaled-up processes [53].

Finally, the pressure for desorption II and III in column 
1 are given by exponential functions which works well 

Fig. 4  Pump efficiency modeling
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for extrapolation, as opposed to polynomials in Eqs. (12) 
and (13). The exponential function represents our experi-
mental observation well, where further pressure change 
cannot be achieved near the end of the desorption step. 
The coefficients �i and �i were determined according to the 
experimental pressure measurementas shown in Table S4 
in the Supporting Information.

Table 3a and b shows the decision variables and optimiza-
tion constraints, respectively. There are eight decision vari-
ables in total. Here, Pad [kPa] is the pressure in the adsorp-
tion step; and F [NL/min] is the feed inflow rate. The time 
intervals, ti – ti-1 for i = 2, 5, 6, and 7, are implemented as 

decision variables. The initial values, except for t6-t5 and 
t7-t6, are from the experimental operating conditions. Since 
desorption IV was not present in the experiment, a lower 
limit of 1 s was set for t7-t6, and this lower limit was used 
as the initial value. The initial value was obtained for t6 by 
subtracting one second of t7-t6 from the t6-t5 in the experi-
mental condition. Furthermore, t4-t3, the time for desorption 
I, which is short and found to be relatively insensitive, is set 
to a fixed value. It should be noted that some of the variables 
are correlated and have similar influences to the performance 
indicators; for example, when the column length is short-
ened, the performance indicators changes similarly to the 
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Fig. 5  Outlet column pressure for optimization; a Column 1; and b Column 2

Table 3  Optimization conditions

(a) Decision variables

Variable Lower bound Upper bound Initial value

Pad [kPa] 130 1,000 152
t2-t1 [s] 1.00 1,000 30.0
t5-t4 [s] 1.0 ×  10–5 1,000 1.70
t6-t5 [s] 1.00 1,000 31.9
t7-t6 [s] 1.00 1,000 1.00
F [NL/min] 1.00 31.2 3.12
L1 [m] 0.01 2.00 0.06
L2 [m] 0.01 2.00 0.2

(b) Bounds in constraints

Variable Lower bound Upper bound

ε1 [−] 0 0.1
ε2 [−] 0 0.1
adratio [−] 0.9 1.1
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case where the feed flow rates is increased. Such correlations 
could be analyzed only heuristically. In this work, instead of 
relying on heuristic decisions, we include many variables as 
decision variables, and attempt to find the optimal solution 
numerically.

Some of the time variables, t1, t3-t2, t4-t3, as well as the 
desorption pressure Pde are determined as dependent variables 
from the decision variables shown in Table 3. For example, 
t1 is given by Eq. (33) as Pad = �adt1 + Pde , where the blow-
down pressure Pbl is set to 111 kPa. Similarly, t3-t2 is given 
by Eq. (34) as Pbl = �bl(t3 − t2) + Pad. Finally, the desorption 
pressure is also given by Eq. (33) as a function of the decision 
variable t4 and t6:

We also consider a constraint to assure continuous process-
ing of the feed gas using only two VPSA units, each of which 
consists only of a single column. The feed gas can be sup-
plied only during the adsorption steps represented by t2, but 
not during the desorption steps represented by t7-t2. Here, we 
define adratio [−] as the ratio of the t2 to the subtraction of the 
t2, and t7.

We require that adratio must be sufficiently close to 1.

(35)Pde =

(
2∑
i=1

�ie
−�i(t6−t4) + Pfinal

)
× 1.01 × 103

(36)adratio =
t2

t7 − t2

Cyclic Steady State (CSS) constraints must be enforced for 
the optimization of cyclic adsorption processes. CSS is a state 
that the column profile at the start of the cycle is the same as 
those at the end. CSS is defined by Eq. (37).

where φ is a vector of state variables, φ = [yi,qi,T,Twall]T. The 
above equation is approximated using small positive values 
of ε1 and ε2,

where �1 and �2 are state variables for Columns 1 and 2, 
respectively. In the above two constraints, the state variables 
for Columns 1 and 2 are enforced to be within the tolerances 
±�1 and ±�2 , respectively, which converge toward zero by 
the penalty terms in the objective function in Eq. (23) with 
the upper and lower bounds in Table 3b.

(37)�(z, t)|t=0 − �(z, t)|t=tcy = 0

(38)−�1≦�1(z, t)|t=0 − �1(z, t)|t=tcy≦�1

(39)−�2≦�2(z, t)|t=0 − �2(z, t)|t=tcy≦�2,
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Fig. 6  Outlet pressure at the column outlet; a Column 1; and b Column 2. The numbers in the figure indicate, respectively, 1 for the pressuriza-
tion, 2 for the adsorption, 3 for the blowdown, 4 for the desorption I, 5 for the desorption II, and 6 for the desorption III

Table 4  Experimental values and model fitting of purity and recovery

PurityCO2 RecoveryCO2 PurityH2 RecoveryH2

Experiment [%] 89.4 71.8 53.4 75.2
Model [%] 83.7 75.7 51.6 72.4
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4  Results and discussion

4.1  Model fitting

4.1.1  Fitting the outlet pressure to the experimental 
conditions

Figure 6 shows the pressure boundary conditions for the 
simulation, Eqs. (12) and (13), and the pressure measure-
ments from the experiment. The coefficients in these equa-
tions for column 1 and column 2 were determined by fitting 
these equations to the experimental measurements (Table S5 
and S6 in Supporting Information). Due to the delay in the 
valve actions, the pressure in Column 1 keeps decreasing 
even at the beginning of Step 4, Desorption I. If the column 
height must be scaled up, the blowdown time may need to 
be increased due to pressure drop increase [53].

4.1.2  Process model fitting

Table 4 shows the model fitting for the experiment. It can 
be seen that both the purity and recovery of  CO2 have errors 
of up to 6%, while those of  H2 are up to 3%. While reducing 
the value of ρ in Eq. (21) further would allow the parameter 
values to deviate from literature and reduce the model error, 
overfitting and parameter values that are physically incon-
sistent must be avoided. Also, Table 5 shows the estimated 
parameters and literature value used as the initial value of 
the estimation. The initial values of K1 and K2 are taken from 

previous studies and fitted into Eq. (8) [54, 55], while those 
for De are from Shigaki et al. [41].

Figure 7 shows the fitting and validation results, confirm-
ing the improvement of the estimated parameters (circles) 
from the initial parameters (crosses). The model was fitted 
to a single experimental data shown by the empty symbols. 
The resulting model was validated against new data sets 
shown by the closed symbols. In particular, the deviations 
of  N2 (green) are resolved in Off Gas (Fig. 7a), as well as in 
Impurity (Fig. 7b). We also note that some minor deviations 
of  CO2 (blue) remain even after parameter estimation.

There are two potential approaches to further improve the 
predictions given by the estimated parameters. The first is to 
change the adsorption isotherm model. The Langmuir-type iso-
therm, which is relatively simple, can be replaced by another 
model with a larger number of parameters such as the bi-Lang-
muir or Langmuir–Freundlich. The second is the modeling of 
the dead volume; the model developed in this study is only for 
the adsorption column, and ignores the volume of the pipes, 
pump and back pressure valve. Mixing in such dead volume may 
be modeled by a stirred tank model [50].

Information such as the time variation of mole fractions 
at the column outlets, which cannot be measured experimen-
tally, can be estimated using the obtained model. Figure 8 
shows the time variation of the mole fraction at the col-
umn outlet. The graph shows that the enrichment of  H2 is 
achieved because most of the  CO2 is removed in column 1 
and the separation of  N2 and  H2 occurs in column 2. Look-
ing at the region from 0 to 10 s in Fig. 8a, we can see that 
breakthrough of  H2 occurs early, which is followed by that 

Table 5  Estimated parameters 
and initial values

K1i  [bar−1] K2i [K] De  [m2/s]

i Estimated Initial value Estimated Initial value Estimated Initial value

N2 4.55 ×  10–3 6.00 ×  10–3 3.57 2.20 2.36 ×  10–7 2.05 ×  10–7

CO2 6.37 ×  10–1 4.32 ×  10–1 4.39 1.72 6.83 ×  10–8 2.05 ×  10–7

H2 1.26 ×  10–4 8.70 ×  10–5 4.80 ×  10–1 1.13 6.83 ×  10–8 2.05 ×  10–7

Fig. 7  Model validation (prediction) for gas flow rates; a off gas b impurity gas c product gas. The red, blue, green plots show  H2,  CO2, and  N2, 
respectively. Open symbols show the data used for fitting, and closed ones show the validation results (Color figure online)
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of  N2. On the other hand, it can be confirmed that the  CO2 
concentration is always low until 50 s when the adsorption 
process ends. This indicates that most of the influx into col-
umn 2 during the pressurization and adsorption steps is  H2 
and  N2. In addition, looking at the region of 0 to 40 s of 
(b), the timings of the breakthroughs of  H2 and  N2 are suf-
ficiently apart, confirming that  H2 is enriched. It can also 
be seen that the mole fraction of  N2 is higher at the end of 
the cycle in Fig. 8b than in Fig. 8a, confirming  N2 is further 
enriched in Column 2.

One of the advantages of splitting the column into two 
columns is lower energy consumption, which can also be 
seen from Fig. 8. Purified  CO2 is collected from the outlet 
of Column 1 (right end of Fig. 8a), where  CO2 is highly 
purified. There,  CO2, which has a high affinity towards the 
adsorbent, is removed effectively by the vacuum pump from 
the middle of the bed. This operation, where the strongly 
adsorbing component is pulled out from the middle of the 
bed, avoids incurring pressure drop across the entire bed 
length, lowering the energy consumption of the vacuum 
pump.

4.2  Optimization results

4.2.1  Comparison of experiment and optimization

To compare with experimental and optimized perfor-
mance, optimization was conducted constraining the purity, 

recovery, energy consumption to Purmin, Recmin, and Emax 
at the same values from the experiments, respectively, 
(Table 6). Comparing the experimental and optimized per-
formance in Table 6, it is confirmed that the optimization 
finds better operating conditions; the throughput increases 
by approximately 14%, while reducing the energy consump-
tion by approximately 30% at the same purity and recovery 
of  H2. In addition,  CO2 purity and recovery at the optimal 
solution are 6% and 4% higher than those from the experi-
ment, respectively. This improvement is expected because 

Fig. 8  Mole fractions at the out-
let of a column 1; and b column 
2 (Color figure online)

Table 6  Comparison of 
experimental and optimized 
performance

The optimization was performed with the following conditions to match the experimental results: 
Purmin,CO2 = 89.4%, Recmin CO2 = 71.8%, Purmin,H2 = 53.4%, Recmin,H2 = 75.2%. Values shown with asterisks 
(*) show the values at the lower bounds

Experiment Optimization Experiment Optimization

Energy Consump-
tion [kJ/mol]

93.8 65.5 Throughput [mol/
m3/s], maximized

3.06 3.48

PurityCO2 [%] 89.4 95.7 RecoveryCO2 71.8 76.2
PurityH2 [%] 53.4 53.4* RecoveryH2 75.2 75.2*

Fig. 9  Pareto optimal solutions for energy consumption and through-
put with Purmin,CO2 = 99%, Recmin,CO2 = 90%, Purmin,H2 = 60%, 
Recmin,H2 = 65%
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the optimal solution employs a higher desorption pres-
sure of Pde from that of the experimental condition, 5.71 
vs. 5.10 kPa, to reduce the energy consumption, while the 
length of the second column L2 is longer at the optimal solu-
tion, 0.41 vs. 0.20 m, to maintain the required purity and 
recovery. Further details are given in Table S7 in the Sup-
porting Information. It should be noted that this prediction 
may be subject to the assumptions of the pump efficiency 
discussed in Sect. 3.4.

4.2.2  Pareto optimization

To analyze relationship of performance index of the process, 
optimization whose PurminCO2 = 99%, RecminCO2 = 90%, Pur-
minH2 = 60% and RecminH2= 65% was conducted while varying 
Emax from 67.5 kJ/mol to 85 kJ/mol. Figure 9 shows the opti-
mization results, showing the trade-off between throughput 
and energy consumption for a unit mole of recovered  CO2 
and  H2. In all of the optimal solutions, the inequality con-
straints shown in Eqs. (26) and (27) are active; i.e. they are 
exactly at the lower bounds. It should be noted that concen-
trating the dilute  H2 in our case study is very challenging, 
where the  H2 concentration in the feed is as low as 23%; this 
value is significantly lower than that in Streb and Mazzotti 
(2019), 50%.

4.2.3  Decision variables

Figure 10a shows the relationship between the adsorp-
tion pressure, or the target pressure reached at the end of 
the adsorption step, versus the energy utilization, and (b) 
shows the relationship between the desorption pressure, or 
the target pressure at the end of the desorption step versus 
the energy utilization. It can be found that when the energy 
utilization is highly constrained, energy consumption for the 
vacuum pump should be reduced while that for the compres-
sor can be sacrificed; from Fig. 10a, it can be found that the 

adsorption pressure is higher at lower energy consumption, 
which should be reduced when higher energy consumption is 
tolerated. Similarly, Fig. 7b shows that the desorption pres-
sure is higher at lower energy consumption, which should 
be decreased when higher energy consumption is tolerated. 
The desorption pressure, which varied from 3.0 to 4.4 kPa, 
are dependent on the efficiencies of the compressor and 
vacuum pump. If a too low pressure must be avoided, the 
upper bound of the desorption times, t7–t6 and t6–t5, should 
be shortened, so that depressurization is completed before 
reaching a too low pressure.

In this study, the optimal adsorption pressure is signifi-
cantly higher than atmospheric pressure, which is contrary 
to the conventional approaches to save energy [56]. This 
is because the VPSA in this study is intended to capture 
two components,the second column requires high pressure 
to separate  N2 and  H2, which adsorbs weakly. It should also 
be noted that the above finding may highly depend on the 
assumptions of the efficiency of the compressor and vac-
uum pump. As introduced in Chapter 3, the efficiency of a 

Fig. 10  Optimal operating pressures; a Adsorption pressure and energy consumption; and b desorption pressure and energy consumption

Fig. 11  Energy consumption and feed flow rate
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vacuum pump is measured and given as a function of pres-
sure. In contrast, the efficiency of the compressor is given 
as a constant.

Figure 11 shows the relationship between the energy con-
sumption and the flow rate of the feed gas at the entrance of 
column 1, which confirms that the feed gas flow rate can be 
increased to achieve higher productivity as higher energy 
consumption is tolerated. The increase in the feed gas flow 
rate shortens the adsorption time, which leads to a shorter 
desorption time as required by the constraint in Eq. (36). 
Due to this constraint, desorption must be completed in a 
short time at a lower pressure and higher feed gas flow rate, 
requiring higher energy consumption of the vacuum pump.

Figure 12a shows the sum of the heights of the two col-
umns increases when higher energy consumption is toler-
ated. An increase in column height leads to an increase in 
pressure drop, which in turn increases energy consump-
tion. The longer column facilitates meeting the purity and 
recovery constraints, allowing higher feed gas flow rates to 
increase the productivity.

Figure  12b shows the height ratio of Column2 also 
increases when higher energy consumption is tolerated. 
This is because enrichment of  H2 is more difficult than that 
of  CO2; while  CO2 can be concentrated by extending the 
time of desorption II, the only way to concentrate  H2 is to 
remove  N2 by adsorption in column 2. As the feed gas flow 
rate increases to achieve higher throughput, the amount of 
 N2 to be removed also increases. To cope with this difficulty, 
the amount of adsorbent must be increased to achieve suf-
ficient separation performance. It is confirmed in Fig. 11 that 
the feed gas flow rate increases as the energy consumption 
increases.

The optimizations were performed by varying the energy 
consumption, which allows us to analyze the relationship 
between the throughput and energy consumption. Such an 
analysis will enable us to select the optimum operating con-
ditions for multiple scenarios pursuing reduction of capital 

cost (i.e., higher throughput), versus pursuing reduction of 
operating cost (i.e. lower energy consumption). On the other 
hand, there is still an error between the values given by the 
model and experiments under the same conditions, as can 
be seen in Table 4 and Fig. 7. Further experimental and 
modeling effort, especially, improving the multi-component 
isotherms, may be necessary to validate the model.

5  Conclusions

In this study, we proposed a new VPSA process for simul-
taneous separation of  CO2 and  H2 from BFG. This pro-
cess utilizes two columns in series and a gas fraction line 
downstream of the columns to achieve high separation 
performance for  CO2 and  H2. In addition, the proposed 
operation that require only two columns reduces equip-
ment cost from that of conventional VPSAs for simulta-
neous separation of multiple components. In addition, a 
pilot-scale experiment was conducted to verify the perfor-
mance of this process. A model-based analysis was also 
carried out utilizing the pilot-scale experimental data. A 
mathematical model of the process was first developed to 
enable prediction of the operation results by calculation. 
In addition, the adsorption isotherm parameters and mass 
transfer coefficients were estimated by fitting the model 
to the experimental data. The resulting model predicted 
flow rates of all gases within an error of 6%. The obtained 
model and parameters allow us to estimate gas composi-
tions and concentrations that were not measured experi-
mentally. Using the model, optimization was performed 
to maximize the throughput, which confirms potential 
improvement from the design employed in our experi-
ment. Furthermore, multi-objective optimization revealed 
a Pareto set for the trade-off between energy consumption 
and throughput under the purity and recovery constraints, 
identifying the optimal design and operating conditions 

Fig. 12  Energy consumption and optimal column height; a the sum of the heights of the two columns; b the height ratio of Column 2
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such as operating pressure, step times, feed gas flow rate, 
and column height.

Future research could include improvement of the model 
and optimization. Modeling the multi-component adsorp-
tion isotherm can be improved by using different adsorption 
isotherms, and the dead volume may need to be included in 
the model. In the optimization, sensitivities with respect to 
the purity and recovery constraints should also be analyzed, 
and alternative operating strategies, including reflux opera-
tions, should be investigated. Finally, variations in the feed 
compositions should be handled by changing the decision 
variables to maintain the product purity and recovery, which 
may be aided by an automatic control scheme [57].

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10450- 022- 00371-x.
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