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Abstract: 

Chemical looping air separation (CLAS) represents a promising approach for efficient O2 

production from the air. The present study aims at optimizing the absorber/desorber 

operations and the separation process with extensive experimental validation. Specifically, a 

one-dimensional packed bed model was developed to investigate the CLAS operation with a 

Sr0.8Ca0.2Fe0.9Co0.1O3-δ perovskite sorbent. The redox thermodynamics of perovskite sorbent 

was measured by TGA and then incorporated into a linear driving force model to describe the 

O2 absorption and desorption rates. Both 4-step and 5-step air separation cycle configurations, 

with various cyclic structures, were performed in a subpilot-scale packed bed. The model 

predicted O2 purity and productivity were consistent with experimental results, supporting its 

accuracy and applicability. Parametric analysis and multi-objective optimization were further 

carried out to assess the performance of CLAS. Both O2 purity and recovery increased 

monotonically with the cycle time, airflow rate, steam flow rate, and absorption pressure. 

Meanwhile, optimal O2 productivity and power consumption can only be achieved by 

specific combinations of these parameters. The optimized results showed that CLAS can be 

highly competitive when compared to conventional pressure swing adsorption (PSA) or 

cryogenic distillation. The 5-step cycle configuration achieved a minimum power 

consumption of 118 kW·h for producing 1 ton O2 with ≥95% purity. The maximum O2 

productivity reached 0.0932 gO2/(gsorbent·h) with 390 kW·h/ton O2 of energy consumption (95% 

pure). The optimization results also indicate that CLAS can potentially be more efficient than 

cryogenic distillation even when the required O2 purity is above 99%. 
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1. Introduction 

Oxygen (O2) is an important industrial gas for chemical production, metallurgy, and power 

generation [1]. It also plays a crucial role in the medical sector [2]. Currently, O2 is mainly 

produced from air separation [3]. Cryogenic distillation is the most mature and cost-effective 

air separation technology for producing large quantities of O2 [4]. High purity O2, nitrogen 

(N2), and other byproducts can be separated by cooling and distillation based on boiling 

temperature differences among the gas products. However, this liquefaction process 

consumes a substantial amount of energy [5]. Even though many configurations have been 

proposed to improve the cryogenic air separation, the power consumption of state of the art 

still requires 200 kW·h/(ton O2) to produce 97% pure O2 and 300 kW·h/(ton O2) to produce 

99% pure O2 [6-8]. Additionally, due to the high capital investment and the complex system 

design, cryogenic air separation is not suitable for applications that require fast 

startup/shutdown or consume small quantities of O2 (e.g., less than several hundred tons/day) 

[9].  

Besides cryogenic air separation, adsorption-based and membrane-based air separation 

technologies have also been extensively investigated [3]. Conventional adsorption technology 

accomplishes the air separation by physical adsorption of N2 via pressure swing adsorption 

(PSA) or temperature swing adsorption (TSA). Zeolite-type sorbents, e.g., 5A, 13X, are the 

most widely used [10]. The adsorption-based technology, especially PSA, is ideal for 

small-scale operations that require fast startup and shutdown, such as the medical oxygen 

concentrator [11]. However, the insufficient selectivity of physical adsorption using zeolite 
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makes it difficult to completely separate O2 from N2, and this limits the O2 purity to 90~95% 

for a single-stage PSA [12,13]. Moreover, the power consumption is very high (>500 

kW·h/(ton O2)) [14]. Multi-stage PSA can increase the O2 purity to over 99%, but the process 

is even more energy-consuming, with O2 recovery below 15% [15]. In addition, the amount 

of N2 in the air is nearly four times that of O2. As a result, large quantities of sorbents, which 

scale linearly with the oxygen production capacity, need to be used. This leads to larger bed 

sizes and higher capital costs. The large energy consumption and high capital cost make 

adsorption-based air separation economically unattractive for centralized applications. 

Polymer membranes and ion transport membranes are two other approaches for air separation 

[16,17]. Polymer membranes can produce concentrated O2 with 60-80% purity but are not 

suitable for high purity O2 production [18]. Ion transport membranes produce ultra-high 

purity O2, but both the production capacity and the process efficiency are not competitive 

with other mature air separation technologies [19,20].  

As a potentially efficient approach for oxygen generation, chemical looping air separation 

(CLAS) has attracted increased attention in recent years [21-23]. The operating modes of 

CLAS are similar to those of conventional adsorption-based systems, but it uses redox 

reactions of an oxygen sorbent for reversible oxygen release and uptake [24-26]. The 

oxidation of an oxide-based sorbent would absorb O2 from the air at a low temperature and/or 

a high O2 partial pressure, and the absorbed oxygen is subsequently released under a higher 

temperature and/or a lower O2 partial pressure environment. The redox reactions are 100% 

selective for oxygen uptake and release. Therefore, high purity O2 can be produced even with 

a simple cyclic configuration [27]. Moreover, the energy consumption of CLAS is expected 
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to be only 30%-50% of the advanced cryogenic air separation technology according to 

process simulation studies based upon Cu- and Mn-based oxygen sorbents [28,29]. However, 

a few practical limitations in heat exchange and reaction kinetics were not fully considered in 

these studies. 

At present, there are two crucial aspects in the development of the CLAS technology: i). 

Development and optimization of oxygen sorbents; ii). Design and demonstration of the 

stable and high-efficiency system and process [30,31]. Extensive work has been performed 

for oxygen sorbent development, focusing primarily on improving sorbent activity, oxygen 

capacity, and long-term stability [32,33]. Copper oxide (CuO) and mixed transition metal 

oxides containing Mn and Co have been extensively investigated for both CLAS and 

chemical looping oxygen uncoupling (CLOU) [34-36]. They tend to exhibit high 

oxygen-carrying capacity but require very high operating temperatures (≥ 800 oC) [37,38]. 

The high operating temperature, however, negatively impacts the process efficiency, incurs 

high reactor cost, and leads to the sintering of metal oxides [39-41]. In comparison, 

perovskite-structured sorbents, particularly doped SrFeO3, have shown promise for low 

temperature (400 – 650 oC) operations [42-47]. 

Compared to the extensive research on oxygen sorbent development, relatively few studies 

have been devoted to process design for CLAS. Moreover, these studies mainly focused on 

simulating an interconnected fluidized beds configuration [29,48]. A pressure swing 

configuration, which is preferable in CLAS, is challenging to implement in the complex 

multi-fluidized bed systems [49,50]. Given the similarity between CLAS and nitrogen 
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sorbent-based PSA systems, detailed studies investigating CLAS reactor design, operating 

scheme, and performance with a packed bed absorber/desorber design are highly desirable. 

Specifically, numerical simulation can be an effective tool to design the PSA system and 

optimize operating parameters, such as cycle configuration, cycle time, adsorption and 

desorption pressures, and bed size [51-53]. Xu et al. [54] incorporated a first-order linear 

driving force (LDF) model into a one-dimensional (1D) model and simulated the CLAS 

process with La0.1Sr0.9Co0.9Fe0.1O3−δ perovskite sorbent in a packed bed. However, due to lack 

of experimental data, the process simulation and optimization results have not been verified. 

In this paper, a packed bed CLAS system using a Sr0.8Ca0.2Fe0.9Co0.1O3-δ (SCFC8291) 

perovskite sorbent was simulated by accounting for oxygen non-stochiometry, redox kinetics, 

mass transfer, and heat transfer in a 1D numerical model. The simulation results were 

corroborated by experimental data from a subpilot-scale packed bed. Using the 

experimentally validated numerical model, the cycle configuration, cycle time, air flow rate, 

steam flow rate, absorption pressure were systematically studied to evaluate their impacts on 

O2 purity, productivity, and recovery, as well as power consumption. The O2 productivity and 

power consumption Pareto fronts and the O2 purity and power consumption Pareto fronts 

were obtained by multi-objective optimization. The results showed that CLAS can be highly 

competitive compared to existing approachs. The 5-step cycle configuration achieved a 

minimum power consumption of 118 kW·h for producing 1 ton O2 with ≥95% purity, and 

the maximum O2 productivity reached 0.0932 gO2/(gsorbent·h) with 390 kW·h/(ton O2). The 

findings also indicate that CLAS can be more efficient than cryogenic distillation even when 

the required O2 purity is above 99%. 
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2. Experimental and simulation methods 

2.1. Material preparation and characterization 

A 1 kg batch of SCFC8291 sorbent was synthesized by using the sol-gel method. This 

method produced oxygen sorbent with faster kinetic rate and higher oxygen capacity 

compared to samples prepared by solid-state reaction or co-precipitation method in our 

previous study [55]. We note that oxygen capacity was measured by pressure swing between 

2 min of Ar flow and 1 min of 20% O2 flow so the measured oxygen capacity was affected by 

both redox kinetics and thermodynamics. In addition, the oxygen vacancy concentrations can 

also be affected by the synthesis methods [56]. 

Stoichiometric mixtures of Sr(NO3)2, Ca(NO3)2·4H2O, Fe(NO3)3·9H2O, and 

Co(NO3)2·6H2O were dissolved in the deionized water. 5 mole citric acid per mole of sorbent 

was then added into the solution at room temperature under vigorous stirring for 30 min. 

After that, 7.5 mole ethylene glycol per mole of sorbent was added to the solution and 

followed by stirring at 80oC for three hours to form a gel-like mixture. The resulting 

composite was dried at 120 oC overnight and heated at 1100 oC in the air for 10 h to eliminate 

the organic contents. After cooling down to room temperature, the sorbent was reheated to 

1100 oC and isothermal for another 10 h to remove any impurity and form the pure perovskite 

phase. The samples were grounded into powders and then compressed into the cylindrical 

pellet with 3 mm in diameter and 12 mm in length by a pellet extruder. The resulting pellets 

were sintered at 950 oC for 60 h and then slowly ramped down to room temperature with 100 
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oC/h.  

X-ray diffraction of SCFC8291 powders was conducted on an Empyrean PANalytical XRD 

with Cu Kα radiation (λ=1.5406 Å) at 45 kV and 40 mA. The scanning range of 2θ was from 

15o to 80o with a step size of 0.026°. As shown in Fig. S1, the XRD pattern of SCFC8291 

shows a pure perovskite phase. 

 

2.2. TGA experiment 

The oxygen non-stoichiometry of SCFC8291 at different O2 partial pressures and 

temperatures were measured using a Thermal Gravimetric Analyzer (TGA, TA-Instrument 

SDT Q650). 50 mg sample was grounded into fine particles with size smaller than 90 μm and 

then loaded into a 70 μL alumina crucible. The O2 volume fraction varied from 0.2% to 50%, 

and the total gas flow rate was maintained at 200 ml/min. All mass flow controllers were 

calibrated by the Definer 220 volumetric flow meter before experiments. The O2 

concentrations above 1 vol. % was adjusted by mixing the pure O2 (Airgas extra dry grade O2) 

with the pure argon (Airgas UHP 5.0 grade Ar), while those concentrations below 1 vol.% 

were achieved by replacing pure O2 with 1.048 vol.% O2 calibration gas (Airgas argon 

balance). The temperature was increased from room temperature to 650 oC under the 50 % O2 

atmosphere and then was isothermal for 10 min until no further weight change was observed. 

After that, the temperature was ramped down to 625oC and held for a specific time. The 

non-stoichiometric values at 600 oC, 575 oC, and 550 oC were also obtained by the same 

program. Then, the temperature was increased to 650 oC again, and the next cycle of the 
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temperature test was started under a different O2 concentration. The increase and decrease 

rates of the temperature were all 20 oC/min. After all temperatures and O2 concentrations 

were measured, the temperature was raised to 1100 oC. The SCFC8291 samples were held in 

the 20% H2 atmosphere for 30 min to be entirely reduced to a mixture of SrO, CaO, Fe, and 

Co. With this reference point, the non-stoichiometry at different conditions can be calculated 

by Eq.(1). Four more repeated experiments were conducted to verify the reproducibility and 

obtain the error bar. 

= 2 s reduced reduced

O reduced

m m MW

MW m
δ −− ⋅  (1) 

2.3. Packed bed experiment 

The schematic diagram of the packed bed experimental system is shown in Fig. 1. The 

packed bed reactor is a vertical stainless steel tube with a 0.0206 m inner diameter. 357.63 g 

of pellets were loaded into the reactor, and the apparent packing density was about 1.83 g/cm3. 

The pellets were closely packed at the bottom part of the packed bed, so the dead volume in 

the upstream (bottom) part can be neglected. The dead volume in the downstream part needs 

to be estimated by experiments. The bed temperature was measured using a thermocouple 

placed at a distance of ~50 cm from the bed inlet. Six other thermocouples embedded in the 

refractory were used to monitor and control the furnace temperatures. The pressure was 

measured using pressure transducers, and the O2 concentrations were measured using an O2 

analyzer. Data were collected each second and logged on the computer. Before the 

breakthrough experiment, the bed column was held under ~900 Pa vacuum for 10 min and 
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then purged with 1 standard liter per minute (SLM) N2 (99.9% purity) for about 20 min at 

ambient pressure until the O2 concentration was below 0.1%. This pretreatment process was 

only used in the breakthrough experiment. After that, the packed bed was swept by 1 SLM 

synthetic air (20.9% O2) at 246.5 kPa for 2000 s until the O2 concentration in the outflow 

stream reached 20.9%. The inlet gas temperature and the furnace temperature were all 

maintained at 600 oC, nominally. 

The basic 4-step cycle configuration for PSA by zeolite often consists of a pressurization 

step, a high-pressure adsorption step, a depressurization step, and a low-pressure desorption 

step [57]. More complex cycle configurations, which contain the purge step, the vacuuming 

step, or some other processes, are mainly for achieving higher O2 purity, lower power 

consumption, or some other objectives [58]. Therefore, two cycle configurations were 

designed for CLAS experiments with SCFC8291 sorbents in this paper. A 4-step cycle 

configuration was used as the basic configuration. 1~3 SLM air flowed into the packed bed 

from the upstream. The downstream pressure was controlled by a back pressure regulator 

(BPR) and raised to about 280 kPa. The pressurization step took about 4 seconds and was 

followed by a specific time of absorption. After the absorption process, the upstream air flow 

was stopped, and the pressure was released to nearly ambient pressure. This depressurization 

step lasted 5 seconds. Then, the counter-current desorption step started under 110 kPa by 

using steam. The mixture gas was passed through the condenser to remove water vapor, and 

the O2 product was collected in the product tank. Afterward, it took 1 second to stop the 

steam injection, and then the next cycle started. For each experimental condition, the packed 

bed system was continuously operated for many cycles. The O2 concentration in the product 
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stream was also continuously monitored. If the curves of O2 concentration in two consecutive 

cycles remained almost unchanged, the system was considered to have reached the 

pseudo-steady-state, and then ten continuous cycles were carried out to obtain stable 

performance of O2 production. In the 5-step cycle configuration, a recycle step was added 

after the depressurization step to enhance the O2 purity. O2 product was collected and stored 

in a reservoir. 1.4 SLM of O2-enriched gas was extracted from the reservoir in the recycle 

step and then pumped back to the packed bed under ambient pressure. Part of the N2 in the 

bed voidage and the dead volume was removed so the O2 purity could be increased. All 

experiments were carried out at 600 oC. 

 

Fig. 1  Schematic diagram of the CLAS experimental system 

2.4. Model description 

One-dimensional (1D) models have been widely accepted for calculating the adsorption 
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process in the packed bed owing to its reasonable accuracy and less computational cost 

[59-62]. Therefore, it is adopted for simulating the CLAS process in the current study. The 

oxidation and reduction kinetics of perovskite-type sorbents in a TGA have been described by 

different models in literature [63-66]. In terms of the mass transfer conditions and adsorption 

behaviors in the packed bed, the first-order LDF model is the most common model for 

calculating PSA by zeolite. The first-order LDF model was also adopted and then verified in 

the paper. The following assumptions are employed: 

1. The radial gradients of temperature, pressure, concentration, and velocity are neglected. 

2. The momentum balance is described by the Ergun equation. 

3. Compressed air is considered as a mixture of N2 and O2 with a volumetric ratio of 

79.1:20.9. Other minor impurities are neglected. 

4. The ideal gas law is applicable for all three gas components (O2, N2, and H2O). 

5. The external and internal mass transfers of O2 follow the first-order LDF model, and 

lump coefficients were fitted to describe the O2 absorption and desorption rates. 

6. The system is non-isothermal, but the gas and solid phases are in thermal equilibrium. 

7. The particle size and the bed voidage are uniform along the packed bed. 

8. The temperature of the inner surface of the packed bed column remains constant. 

9. The variation of steam flow rate is neglected in the 1s valve-closing step. Steam injection 

is assumed to remain unchanged for 1s until an instantaneous stop at the end of the step. 

Therefore, the desorption step and the valve-closing step in the experiments are combined 

as the desorption step in the model. 
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Two configurations were simulated based on the aforementioned experiments. The basic 

4-step configuration consisted of (1) pressurization with air feed (PR); (2) absorption with air 

feed (AB); (3) co-current depressurization (DP); (4) counter-current desorption with steam 

injection (DE). The 5-step cycle configuration included an additional oxygen recycle (RE) 

step, between depressurization and desorption steps, to purge out N2 in the particle interstices 

and the dead volume to improve the O2 purity. The fraction of the recycled O2 was 

determined based on the O2 product obtained in the previous cycle. The 4-step and 5-step 

cycle configurations are shown in Fig. 2.  

  

  

Fig. 2 Schematics of the 4-step cycle configuration (including PR, AB, DP, and DE) and the 

5-step cycle configuration (including PR, AB, DP, RE, and DE) 

2.5. Mathematical equations 

Based on the above assumptions, the mass conservation equation of each gas component 
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can be described by Eq.(2): 

,

( )
1, 2, 3i i i i

b b b z i

C q uC C
D i

t t z z z
ε ρ ε∂ ∂ ∂ ∂∂  + = − + = ∂ ∂ ∂ ∂ ∂ 

 (2) 

The absorption amount on perovskite sorbents is neglected for N2 and steam. 

The axial mass dispersion coefficients can be calculated by Eq.(3) [67]:  

,
,

0.5 /
0.73

1 9.7
/

p b

z,i m i
m i

p b

ud
D D

D

ud

ε

ε

= +
+

 
(3) 

The momentum balance can be described by the Ergun equation:  

2
2

2 3 3

150 (1 ) 1.75(1 )g b b
g

p b p b

P
u u

z d d

µ ε ε ρ
ε ε

− −∂ = − −
∂

 (4) 

The energy balance can be calculated by Eq.(5)  

( ) ( )
2,

( )1 4
(1 )

2
g pgi

b g pg b b ps b ad O b b eff w

t

u c TqT P T U
c c H T T

t t t z z z D

ρ
ε ρ ρ ε ρ ε ε λ

∂∂∂ ∂ ∂ ∂ + − + ∆ − = − + + − ∂ ∂ ∂ ∂ ∂ ∂ 

 (5) 

The heat capacity of SrFeO2.5 at 600 oC was used as a substitution for that of SCFC8291 

[68]. As the heat capacity of the solid material dominates the heat transfer in a particle, the 

heat release and absorption of gas inside a particle were neglected in the energy balance 

equation. 

The absorption of O2 is exothermic and desorption is endothermic. The absorption enthalpy 

at different non-stoichiometric values can be obtained by Van't Hoff equation [69]: 
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2 2 2, ,

0

( ) ( )
ln O ab O ab O

P H S

P RT R

δ δ∆ ∆ 
= − + 

 
 (6) 

The corresponding ∆���,��
 was fitted by using an empirical Eq.(7). As shown in Fig. S2, 

the calculation results matched up well with the experimental data within the range of 

δ=0.26-0.50.  

2

4 3 2
, ( ) 457580 681302 370726 86405 7089.7ab OH δ δ δ δ δ∆ = × − × + × − × +  (7) 

The absorption and desorption rates of sorbents are described by the first-order LDF model. 

( )2

2 2

*O

LDF O O

q
k q q

t

∂
= −

∂
 (8) 

kLDF are specified as kAB for the absorption step and kDE for the desorption step in the 

following sections. For the perovskite, the O2 absorption amount can be explicitly described 

by the O2 non-stoichiometry at a specific state and the reference state. 

2

0=
2O

s

q
MW

δ δ−
 (9) 

Then, Eq.(10) can be obtained by incorporating Eq.(9) into Eq.(8).  

( )2 *

s s

1 1
2 2

O

LDF

q
k

t MW t MW

δ δ δ
∂ ∂= = −
∂ ∂

 (10) 

The initial and boundary conditions are listed in Table 1 [70]. The inlet gas velocities at the 

PR step and the outlet gas velocities at the DP step were estimated by using the valve 
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equations. 

( )2 2

2 2

2

4
1.179 , 0.53

4
, 0.53

high low

valve v low high

b t g

high

valve v low high

b t g

P PR T
u C if P P

D MW P

PR T
u C if P P

D MW P

ε π

ε π

−
= >

= ⋅ ≤

 (11) 

If the gas stream is leaving the bed, P equals Phigh. If the gas stream is entering the bed, P 

equals Plow [70]. The coefficients (Cv) for both PR and DP steps were fitted based on the 

experimental pressure curves. As shown in Fig. S3, the predictive pressure curves matched 

well with the experimental results of a typical 4-step cycle configuration.  

 

Table 1  Initial and boundary conditions for 1D model 

Initial conditions:  

C(O2)= 10-3C0; C(H2O)= 10-5C0; C(N2)= C0- C(O2)- C(H2O); 

T0=Tin, P0=101325Pa, δ0=δ(P(O2), Tin)  

Step Z=0 (inlet) Z=L (outlet) 
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RE 
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⋅ ∂ ∂ = −
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=

 

The model parameters are listed in Table 2: 

Table 2 Experimental parameters used for model validation 

Item Symbol Unit Value 

Reactor inner diameter Dt m 0.0206 

Bed length (Reactor) Lbed m 0.586 

Mass of sorbent msorbent g 357.64 

Bulk density of sorbent ρb kg/m3 1830 

Apparent density of pellets ρp kg/m3 3380 

Bed voidage εb - 0.46 

Specific heat capacity of solids cps J/(K·kg) 650 

Equivalent sorbent particle size dp mm 4 

Inlet temperature Tin oC 600 

Tubular wall temperature Tw oC 600 

Absorption pressure PAB kPa ~280 

Desorption pressure PDE kPa 110 

Absorption time tAB s 26~296 

Depressurization time tDP s 5 

Recycle time tRE s 0, 5, 6, 7 

Desorption time tDE s 30~300 

Pressurization time tPR s 4 
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Inlet air flow rate Qair SLPM 1, 2, 3 

Inlet steam flow rate Fsteam mol/min 0.1 

Valve coefficients at PR/DP steps Cv m ∙ s√�
� ∙ � 1.1×10-8/2.3×10-8 

2.6. Solution method and optimization scheme 

The 1D model was developed with FORTRAN code. The partial differential equations 

(PDEs) were converted into algebraic equations using the finite difference method. The bed 

geometry was discretized in the axial direction into 30 volume elements of the same size. The 

set of non-linear equations was solved by using the IMSL numerical library (Rogue Wave 

Software).  

The simulation is iterated until it reaches a cyclic steady state (CSS). In the present work, 

the criterion for CSS was defined as <0.1% relative change in O2 purity and productivity 

between two consecutive iterations. Four indicators at the CSS are used to evaluate the 

performance of O2 separation, i.e., O2 purity, O2 productivity, O2 recovery, and power 

consumption. The dead zone in the downstream packed bed strongly affects the O2 purity in 

the product. Therefore, it was also considered in the calculation. For simplification, N2 and 

O2 in the dead zone were added to the O2 product during the desorption process. The gas 

concentrations in the dead zone were the same as the outlet gas concentrations at the last step 

(DP or RE step), and the Vdead was obtained by fitting the experimental results.  

The four performance indicators are defined as: 

�� ������ (%) =
�
��� �
��  
! �� ��
"�#� �$ the "� 
����
$  ���

�
��� �
��  
! )� + �� �$ ��
"�#� �$ the "� 
����
$  ���
× 100% (12) 
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�� recovery (%) =
�
��� �
��  
! �� ��
"�#� from the "� 
����
$  ���

�
��� �
��  
! �� !�" �$�
 �ℎ� #
���$ �$ 
$� #�#��
× 100% (13) 

�� productivity (2��
⋅ 2456�789

:; ⋅ ℎ:;) =
�
��� �
��  
! �� ��
"�#� �$ the "� 
����
$  ���

�456�789   ×  
$� #�#�� ����
 (14) 

Power consumption (kW ⋅ h/ton O�) =
EFG + EHI + EJK

L�   
! �� p�
"�#� �$ "� 
����
$  ���
 (15) 

The power consumption in this study is reported in terms of the electricity equivalent to 

produce 1 ton O2, i.e., kW·h/(ton O2). EPR and EAB are the power consumption to compress 

the air from the ambient pressure to the absorption pressure in the pressurization step and the 

absorption step, respectively. EDE is the power consumption used to generate steam in the 

oxygen desorption step. 

As the absorption pressure was not very high, multi-stage compression with inter-cooling 

is not necessary. The adiabatic compression process was used to estimate the power 

consumption for air compression, which is described by Eq.(16). The compression coefficient 

ηc was assumed to be 0.85. 
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 (16) 

The energy penalty of the steam generation was fully considered in the current study. Based 

on the process of integrating the steam production with the heat recovery in our previous 

work [71], the production of 1 kg of 600 oC steam consumes 121 kJ (electricity equivalent) 

when heat integration is considered. Thus, the power consumption related to steam generation 

in each cycle can be determined by the desorption time and the steam flow rate. A more 
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conservative steam energy consumption of 121 kJ/kg was used in the current study when 

compared to our previous study (80 kJ/kg). The detailed energy consumption for each unit is 

listed in Table S1. Based on our previous process simulation study [71], other energy 

consumptions such as heat loss from the reactor wall and supplemental preheating 

requirement for air beyond heat exchange with the exhaust gas are very small when compared 

to steam-related energy consumption.  

The model fitting and experimental validation were carried out as the following steps: (1) 

Fit the kAB based on the breakthrough curve; (2) Fit Cv for both PR and DP steps based on the 

experimental pressure curves. (3) Fit kDE based on the experimental measurement of O2 

productivity obtained with parts of experimental data; (4) Verify kDE with all experimental 

data of O2 productivity; (5) Fit Vdead based on the experimental measurement of O2 purity 

parts of experimental data; (6) Verify Vempty with all experimental data of O2 purity. 

The O2 purity, O2 productivity, and power consumption are all critical in the practical 

application, but it is difficult to achieve the optimal condition of these parameters at the same 

time. The multi-objective optimization was conducted to obtain a tradeoff relationship 

between these parameters. Seven decision variables were considered, i.e., absorption pressure, 

bed length, absorption time, desorption time, air flow rate, steam flow rate, recycle time. The 

optimization framework was modified from a non-dominated sorting genetic algorithm with 

jumping gene adaptation (NSGA-II-aJG) developed by Gupta et al. [72, 73]. The decision 

variables created by the NSGA-II-aJG operator were used as the input of the 1D model, and 

the performance indicators obtained by the 1D model were further used as the fitness 
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functions for determining the Pareto fronts. The population size and the generation size in the 

genetic algorithm were set to be 50 and 70, respectively, in the current work. The 

optimization conditions are listed in Table 3: 

Table 3. Optimization conditions 

Item Unit Case1 Case2 Case3 Case4 Case5 Case6 Case7 

tAB s 30~270 

tDP s 30~270 

Lbed m 0.29~1.16 

Fsteam mol/s 0.05~0.20 

PAD kPa 120~300 

Qair SLM 0.5~5 

tRE s 0 1~8 0 1~8 

Vdead L 0.058 0.058 0.058 0.012 0.058 0.012 

O2 purity % >90 >95 >95 - 

Optimization 
objective 

- 
Max: O2 productivity  

Min: Power consumption 

Max: O2 purity 

Min: Power consumption 

 

3. Results and Discussion 

3.1. Experimental verification 

 As shown in Fig.3, SCFC8291 spontaneously released O2 even at relatively high O2 partial 

pressures. The oxygen non-stoichiometry changed from around 0.309 to 0.473, by switching 

gas from 50% O2 to 0.2% O2 at 600 oC, corresponding to around 1.5 wt% of oxygen capacity. 
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In order to accurately quantify the equilibrium limitations for oxygen release and uptake, 

which is important for the LDF based kinetic model, a 9-parameter empirical equation was 

fitted to predict the non-stoichiometry at different pressures and temperatures. The maximum 

relative deviation between the prediction and experiment was less than 2%, which was 

sufficiently accurate to describe the non-stoichiometry.  
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(17) 

The effects of kAB on the absorption breakthrough curves are shown in Fig. 3. The O2 

absorption rate increased with kAB in the LDF model, which leads to a shorter time to reach 

the equilibrium. The breakthrough of the packed bed only occurs when all the sorbents are 

contacted with O2. When the kAB is close to 0, the O2 absorption rate is very slow. Therefore, 

only a small amount of O2 is removed from the air stream. The whole packed bed would be 

immediately penetrated by the O2 reaction front. On the other hand, an infinitely large kAB 

would consume the O2 instantly and achieve a vertical breakthrough curve. In other words, a 

steeper breakthrough curve can be obtained by a larger kAB. The breakthrough curve predicted 

with the kAB of 0.033 matched the experimental data well and was used in the following 

simulations. As shown in Fig.3c, the modeling results accurately captured the stage of 

temperature increasing caused by the fast oxygen absorption. The maximum increment of the 

predicted temperature was about 14 oC, which was very close to the experimental value. We 
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also note that the predicted temperatures decreased more rapidly than the experimental results 

after the reaction front passed the measurement position of the thermocouple. One possible 

reason may be the feedback control of the tube furnace. For the period of 700 s – 1200 s, the 

furnace temperature was increased, by the PID control, to compensate for the impact of the 

fast decrease in the bed temperature. In contrast, our model assumed a fixed wall temperature 

of 873 K. The additional heat from the furnace would slow down the decrease of the bed 

temperature in the experiments. In addition, when the O2 concentration was close to the 

equilibrium (i.e., 20.9%), the reaction rate became much slower. The intrinsic reaction 

kinetics replaced the dominant role of the mass transfer. In that case, the apparent reaction 

rate described by the linear driving force model might predict a faster ending of absorption 

reaction, while the experiment had a longer delay. Since the temperature deviation was very 

small (<8 oC throughout the experiment), the current model is adequate to predict the 

experimental results.  

. 
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 (b)  
(c) 

Fig. 3  (a) Oxygen non-stoichiometry at different temperatures and O2 partial pressures; (b) 

Effects of kAB on the modeling results of absorption breakthrough curves (Tin=600 oC, Qair=1 

SLM, PAB=246 kPa); (c) Modeling results of bed temperature with the best-fit kAB =0.033 

(Tin=600 oC, Qair=1 SLM, PAB=246 kPa) and experimental results of bed temperature and 

furnace temperatures (based on the thermocouples embedded in the furnace refractory). 

Similar to kAB, a larger kDE leads to a faster desorption rate and a higher O2 production each 

cycle. As shown in Fig. S4, kDE=0.118 gave the smallest standard deviation from the 

experimental data. As shown in Fig. 4a and Fig. S5, the model slightly underpredicted the 

experimental data for most cases, but the deviations were within the acceptable range. The 

maximum error was 23.5%, and 82% of data fell within ±15% deviation. Apart from the 

reason discussed above, another potential reason for this underprediction is the nonideal 

performance of the back-pressure regulator (BPR). As shown in Fig. S3, during the 

pressurization step, the measured pressure gradually increased to the desired value. This 

indicates that the BPR does not completely shut off when the pressure is lower than the 

setting value. Therefore, the actual air flow can be slightly higher than the nominal air flow 

0 200 400 600 800 1000 1200

0.00

0.04

0.08

0.12

0.16

0.20

0.24

550 600 650 700 750 800 850 900
0.00

0.04

0.08

0.12

0.16

0.20

0.24

 Exp.
 kAB=0.010

 kAB=0.020

 kAB=0.033

 kAB=0.070

Time (s)

O
2 

fr
ac

tio
n

400 600 800 1000 1200
865

869

873

877

881

885

889

Time (s)

B
ed

 te
m

pe
ra

tu
re

 (
K

)

 Exp. Temp.

 Pred. Temp.

 Furnace Temp1

 Furnace Temp2



 
 

26 
 

during this period, leading to higher oxygen uptake by the sorbent and hence larger oxygen 

release in the subsequent desorption step. We note that a slight underprediction by the model 

would be acceptable since the model would provide a conservative projection of the CLAS 

performance. The above validation of the experimental results also confirms that the LDF 

models are able to predict the O2 absorption and desorption rates in the packed bed with 

reasonable accuracy.  

 

(a) 

 

(b) 

Fig. 4  Comparison of relative deviations between experimental measurement and modeling 

prediction for the 4-step cycle configuration (a) O2 productivity and (b) O2 purity. 

The residual N2 in the empty volume downstream of the packed bed will negatively affect 

the O2 purity in the product. Since it is difficult to accurately measure the empty volume due 

to the complex geometry of the downstream assemblies, experimental data were used to fit 

the volume (Fig. S6). The smallest standard deviation was achieved at Vdead=0.058 L. Smaller 

Vdead values would overestimate the O2 purity and vice versa. As shown in Fig. 4b, 90% of 

predictions fell within ±5% deviation, and 82% were within ±3% deviation. The detailed 

experimental and modeling results are shown in Fig. S7. Two points with 10% error 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Pr
ed

. O
2 

pr
od

uc
tiv

ity
 (

g O
2·

g s
or

be
nt

-1
·h

-1
)

+25% error

-25% error

0%

Exp. O2 productivity (gO2·gsorbent
-1·h-1)

+15% error

-15% error

60 65 70 75 80 85 90 95 100
60

65

70

75

80

85

90

95

100

Pr
ed

. O
2 

pu
ri

ty
 (

%
) +5% error

-5% error
0%

Exp. O2 purity (%)

+10% error

-10% error



 
 

27 
 

correspond to experiments carried out at tAB=30 s and Qair=1 SLM. The frequent gas 

switching and the low air flow rate are likely to be the reasons for the larger discrepancies 

under this condition.  

3.2. Parametric analysis 

The effects of desorption time on O2 purity, recovery, and productivity, and power 

consumption are shown in Fig. 5. The O2 release increased with the increase in the desorption 

time. As such, the O2 purity and recovery increased with the desorption time. However, there 

existed extremums for O2 productivity and power consumption. The difference of 

non-stoichiometry, which is the driving force of the O2 release based on Eq.(10), will 

decrease with the increase in the desorption time, and the O2 release rate also follows the 

same trend. The O2 productivity initially increased with the desorption time due to the larger 

O2 recovery. However, as the O2 release rate is inversely proportional to the cycle time, the 

rate decrease eventually led to a decrease in the O2 productivity. The power consumption 

shows an opposite trend. An increase in the desorption time increased both the steam-related 

power consumption and the O2 production. The faster growth in the O2 production 

significantly reduced the power consumption at the initial stage, reaching a minimum at 

around 125 s desorption time. This is followed by a gradual increase in power consumption 

as the increase in oxygen production slows down relative to the increase in steam 

consumption.  
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(a) 

 

(b) 

Fig. 5  Effects of desorption time on (a) O2 purity and recovery, and (b) O2 productivity and 

power consumption (tAB=150 s, Qair=2 SLM). 

The effects of absorption time on the four performance indicators are shown in Fig. 6 a and 

b. The O2 absorption amount increased with the absorption time. As a result, the O2 release 

also increased, leading to a higher O2 purity. The O2 volume fraction profiles along the bed 

are shown in Fig. 7. At first, the increase in the absorption time increased the O2 

concentration in the packed bed, and the increased O2 storage in the sorbents would be 

released in the desorption step (Fig. 6a). The rapid increase in O2 productivity, up to around 

75 seconds for the absorption step, leads to a decrease in power consumption (Fig. 6b). 

Meanwhile, increased absorption time leads to O2 breakthrough, thereby lowering O2 

recovery.  
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(a) (b) 

 

(c) 

 

(d) 

Fig. 6 (a-b) Effects of absorption time on (a) O2 purity and recovery, and (b) O2 productivity 

and power consumption (tDE=60 s, Qair=2 SLM). (c-d) effects of air flow rate on (c) O2 purity 

and recovery, and (d) O2 productivity and power consumption (tAB=120 s, tDE=120 s) 
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Fig. 7 Axial profiles of the O2 volume fraction at the end of the absorption step when the 

simulation reached CSS with different absorption time 

With the desorption time fixed at 60 seconds, a further increase in the absorption time above 

75 seconds would not lead to additional benefits since the absorbed oxygen cannot be fully 

recovered by the steam purge. As such, O2 would gradually accumulate in the packed bed 

with the cyclic operation, and the O2 reaction front at the end of the absorption step would 

finally penetrate the entire bed at the cyclic steady state (CSS) condition. As a result, the O2 

recovery rapidly decreases with the increased absorption time. In addition, both the 

compression work and the overall cycle time would increase with increasing absorption time. 

These factors lead to decreased O2 productivity and increased power consumption when the 

absorption time exceeds 75 seconds. The varying trends of O2 productivity and power 

consumption indicate that there exists a best match between the O2 absorption time/amount 

and the O2 desorption time/amount, which can maximize O2 productivity and minimize power 

consumption. 

The effects of air flow rate were similar to those of the absorption time. As shown in Fig. 6 

c and d, higher O2 purity and lower O2 recovery were obtained at a larger air flow rate. The 

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

O
2 

fr
ac

tio
n 

(%
)

Dimensionless bed length (-)

15s

30s

60s

70s

180s



 
 

31 
 

power consumption reached a minimum value and then increased. The only difference was 

that the O2 productivity continuously increased with the air flow rate. This is because of the 

fixed cycle time and the increasing amount of O2 release. It should be noted that if the 

absorption time is sufficiently long, the breakthrough curve in the packed bed can be formed 

even at a low air flow rate. In other words, the minimum power consumption will shift 

towards the lower air flow rate with increasing absorption time. 

As shown in Fig. 8 a and b, O2 purity, recovery, and productivity, and power consumption 

increased with the absorption pressure. The difference in oxygen non-stoichiometry values in 

the absorption and desorption steps increases with the absorption pressure. As such, more O2 

can be released at a higher absorption pressure. The O2 purity, recovery, and productivity 

accordingly increased with the absorption pressure. However, the compression work 

increased faster than the O2 productivity. As a result, the power consumption also increased 

with the absorption pressure. Fig.8 c and d summarizes the effect of steam flow rate in the 

desorption step. An increase in the steam flow rate leads to a larger driving force for O2 

desorption. This leads to higher O2 purity, recovery, and productivity. Meanwhile, power 

consumption related to steam generation linearly increases with the steam flow rate, which is 

at a faster pace than the increase in O2 production. Compression work initially dominates the 

overall power consumption. Therefore, the power consumption decreases with increasing 

steam flow at low steam flow rates (<0.12 mol/s). A further increase in steam flow rate would 

lead to an increase in power consumption since the steam-related energy consumption more 

than offsets the increase in oxygen productivity. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 8  (a-b) effects of absorption pressure on O2 purity and recovery, and (b) O2 

productivity and power consumption (tAB=150 s, tDE=60 s, Qair=2 SLM). (c-d) effects of 

steam flow rate on (a) O2 purity and recovery, and (b) O2 productivity, and power 

consumption (tAB=150 s, tDE=90 s, Qair=2 SLM) 

The gas impurity (i.e., N2) in the bed void and the dead volume will reduce the O2 purity 

and hence the product quality. To improve oxygen purity, the effect of an oxygen recycle step 

was investigated. Since the purity of the O2 product was >90% under most experimental 

conditions, most impurities in the column would have already been removed under typical 

operating conditions. As shown in Fig. 9, with an increase in the recycle time, the gas 
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impurity was gradually purged from the system, so the O2 purity increased accordingly. As 

part of the O2-enriched stream was consumed in the recycle step, the O2 recovery decreased 

with the recycle time. The nominal O2 productivity was calculated by using the data log of 

the O2 analyzer at the outlet of the packed bed. The recycle step provided additional O2 to the 

sorbents, so the nominal O2 productivity increased with the recycle time. However, the real 

O2 productivity decreased because of the consumption of O2 in the recycle step and a longer 

total cycle time. The comparisons of O2 productivity and O2 purity between experimental 

measurement and modeling prediction for the 5-step cycle configuration are shown in Fig. S8. 

The average deviation of the O2 purity was 1.6%, and the average deviation of the O2 

productivity was 9.1%. The prediction matched well with the variation in the experimental 

results. Therefore, the current model is deemed to be applicable for predicting the 5-step 

cycle structure. 

 

(a) 

 

(b) 

Fig. 9  (a-b) Effects of recycle time on (a) O2 purity and recovery, and (b) O2 productivity 

and power consumption (tAB=90 s, tDE=30 s, Qair=1 SLM) 
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Table 4 summarizes the impacts of operating parameters on the performance indicators. As 

can be seen, O2 purity and recovery monotonically change with the absorption time, 

desorption time, air flow rate, steam flow rate, and absorption pressure. In comparison, O2 

productivity and power consumption can be maximized and minimized, respectively, by 

specific combinations of different operational parameters. These optimal conditions are 

further presented as the Pareto fronts in the next section. 

Table 4. The impacts of operating parameters on the performance indicators (“+”: positive 

impact; “-”: negative impact; “+/-”: maximum value existing; “+/-”: minimum value existing) 

 tAB tDE tRE PAB Fsteam Qair 

O2 purity + + + + + + 

O2 recovery - + - + + - 

O2 productivity +/- +/- - + + + 

Power consumption  -/+ -/+ - + -/+ -/+ 

3.3. Process optimization  

The calculated Pareto fronts for maximizing the O2 productivity and minimizing the power 

consumption are shown in Fig. 10a. All the points at the Pareto fronts meet the specific 

requirements of O2 purity, and each point represents the minimum power consumption for 

obtaining a specific O2 productivity. The power consumption increased with the O2 

productivity. For the 4-step cycle configuration, the maximum productivity for producing ≥ 

90% purity O2 was 0.10 gO2/(gsorbent·h) with 381 kW·h/(ton O2). Fig. 10b shows the energy 

distribution between steam generation and compression work of three specific conditions, the 
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corresponding operational parameters are listed in Table S2. Steam generation accounts for a 

majority of the power consumption at low O2 productivity levels. The proportion of 

compression work in the total power consumption increases with the O2 productivity, so is 

the total power consumption. This is because a higher absorption pressure was preferable for 

the higher O2 productivity, but the total power consumption would also increase with the 

absorption pressure. The power consumption was significantly increased when the 

requirement of O2 purity rose from 90% to 95%. A higher O2 purity required larger air and 

steam flow rates and longer absorption time, leading to higher energy consumption. 

  

(a)  

 

(b)  

Fig. 10  (a) Power consumption-productivity Pareto fronts for the 4-step and 5-step cycle 

configurations that meet the specific requirements of O2 purity, the red dash lines show the O2 

productivity and power consumption to produce ≥95% purity O2 using the conventional 

PSA [12, 14], the blue dash line shows the power consumption to produce ≥95% purity O2 

using cryogenic distillation [6]; (b) Breakdown of the energy consumptions for specific 

conditions at the Pareto front. 
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To further investigate the effects of O2 purity on power consumption, the Power 

consumption-purity Pareto fronts were calculated. They are illustrated in the vertical plane in 

Fig. 11. Each point at the Pareto front represents the minimum power consumption for 

achieving a specific O2 purity. The corresponding O2 productivities for these points are 

shown in the horizontal plane. More power is consumed to produce higher purity of O2. For 

the 4-step cycle configuration with Vdead=0.058 L, the minimum power consumption for 

producing 1 ton O2 with ≥90% purity is 115 kW·h, and this increases to 161 kW·h for 

producing 1 ton O2 with ≥95% purity. The O2 purity is limited to 98.2% due to the existence 

of the dead volume. When the requirement of the O2 purity is close to the constraint boundary, 

increasing absorption pressure would be necessary to further improve the O2 purity. However, 

this pressurization process is highly energy-consuming.  

Another approach to improve the O2 purity is to purge the packed bed with the O2 product. 

Thus, the power consumption-productivity Pareto front for the 5-step cycle configuration was 

also calculated. Even though the recycle step would consume a small amount of O2, it is an 

effective approach to increase the O2 purity. As shown in Fig. 10a, the power consumption for 

producing O2 with 95% purity shifted down by more than 30 kW·h/(ton O2), and the 

maximum O2 productivity reached 0.0932 gO2/(gsorbent·h) with 390 kW·h/(ton O2). It is 

therefore more efficient to adopt the 5-step configuration to produce higher purity O2. 

As can be seen, CLAS is highly competitive in terms of all the major performance 

indicators when compared with conventional PSA. The minimum power consumption for 

producing 1 ton O2 with the 95% purity is above 500 kW·h for the conventional PSA 
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technology [14, 74], while the minimum power consumption is reduced to 161 kW·h for the 

simple 4-step CLAS cycle configuration and further reduced to 118 kW·h/(ton O2) for the 

5-step CLAS cycle configuration. The reported O2 productivity in the literature for the 

conventional PSA to produce ~95% purity O2 was typically below 0.048 gO2/(gsorbent·h) with a 

substantially higher power consumption of >500 kW·h/(ton O2). In contrast, O2 productivity 

can be doubled using the 5-step CLAS to produce ≥95% purity O2 with a much lower 

power consumption. It should be noted that the aforementioned power consumption and O2 

productivity are based on the commercial tonnage scale O2 production. The O2 productivity 

of a conventional PSA system can be enhanced by a short cycle time and a small 

length-to-diameter in some small-scale conditions, such as the medical oxygen concentrator 

[76]. However, for commercial tonnage scale O2 plants, the fast gas switching (<10s cycle 

time) is difficult to guarantee the gas uniformity and eliminate the negative impact of 

stagnant zone on the O2 purity.  

Compared to cryogenic ASU which has a typical power consumption of 200 kW·h/ton O2 

(at 95% purity) [6], CLAS with the SCFC sorbent is also highly attractive. We note that the 

current CLAS configuration is not very efficient in producing ultra-high-purity (≥99%) O2, 

mainly due to the dead volume downstream of the bed in the current reactor setup. If the dead 

volume is minimized, the CLAS performance would be significantly better. The power 

consumption-purity Pareto fronts were calculated for a PSA system with 20% of the current 

dead volume. For the 4-step cycle configuration, the minimum power consumption for 

realizing the 95% O2 purity dropped from 161 kW·h/(ton O2) to 137 kW·h/(ton O2). The 

maximum O2 purity also increased from 98.3% to 99.0%. For the 5-step cycle configuration, 
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the maximum theoretical O2 purity could be raised up to almost 99.9%. The minimum power 

consumption for producing 1 ton O2 with 99% purity was reduced from 280 kW·h to 130 

kW·h, much lower than ~300 kW·h//(ton O2) for the conventional cryogenic distilling 

method and ~870 kW·h//(ton O2) for the conventional PSA method with at a comparable 99% 

purity [7,8,76]. The above calculation indicates that with the minimized dead volume and the 

suitable cycle configuration, CLAS can be significantly more efficient than cryogenic 

distillation even when the O2 purity is required up to 99%. We also note that the above 

calculation converts the heat consumed for steam generation into an electricity-equivalent 

form, using a conservative energy conversion coefficient. As such, CLAS can be even more 

advantageous when integrated with a thermochemical process, e.g., IGCC or oxyfuel 

combustion, from an energy efficiency standpoint. Although CLAS is quite promising from 

an energy efficiency standpoint, a comprehensive economic assessment is desirable for future 

studies to confirm its economic benefits. 

 

Fig. 11 Power consumption-purity Pareto fronts for the different cycle configurations and 
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different dead volumes with corresponding O2 productivities illustrated in the horizontal 

plane. 

4. Conclusion 

In this work, a 1D packed bed model for chemical looping air separation (CLAS) was 

developed and experimentally validated under a wide range of operating parameters using a 

SCFC8291 perovskite sorbent. The experimentally validated model was then used to evaluate 

and optimize the performance of the CLAS process. Our studies indicated that linear driving 

force (LDF) models can accurately predict absorption and desorption kinetics after 

incorporating the O2 non-stoichiometry data of the sorbent. Simulation of the packed bed 

absorber and desorber indicates that O2 purity and recovery monotonically change with the 

absorption time, desorption time, air flow rate, steam flow rate, and absorption pressure. 

Meanwhile, extremums for O2 productivity and power consumption were achieved by a 

tradeoff between the O2 absorption amount and the O2 desorption amount. For a 4-step cycle 

configuration, the minimum power consumption for producing 1 ton O2 with ≥90% purity is 

115 kW·h and the value increases to 161 kW·h/(ton O2) if 95% purity is required. The 

required O2 purity has a major impact on power consumption. Adding an oxygen product 

recycle step in the pressure swing absorption (PSA) operation can substantially improve the 

O2 purity without decreasing the O2 productivity by a significant extent. As a result, the 

5-step cycle configuration notably reduced the minimum power consumption from 161 to 118 

kW·h/(ton O2)at 95% purity. The maximum O2 productivity reached 0.0932 gO2/(gsorbent·h) at 

390 kW·h/ton O2 (95% pure). The optimization results indicate that CLAS can be highly 

competitive compared to the conventional PSA or cryogenic distillation. Minimizing the 
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downstream dead volume of the CLAS based PSA system can further increase the process 

efficiency, allowing the production of 99% pure oxygen with <50% energy consumption 

when compared to cryogentic distillation. Although the current study focused exclusively on 

optimizing the process performance with a single, high-performance sorbent, the model 

developed can be used to guide sorbent optimization efforts in the future by quantifying 

desirable sorbent properties and their impacts on CLAS performance. 
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Appendix A. Supplementary data 

  Supplementary material related to this article can be found online. 

Appendix B. Nomenclature 

Ci Concentration of gas i, mol/m3 

Cv Valve coefficient, m ∙ s√�
� ∙ � 

cpg Specific heat capacity of gas, J/(kg·K) 

cps Specific heat capacity of solids, J/(kg·K) 

Dm,i Molecular diffusion coefficient of gas i, m2/s 

Dt Tube inner diameter, m 
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Dz,i Axial mass dispersion coefficients of gas i, m2/s  

dp Equivalent particle size, m 

EAB Power consumed at the absorption step, kW·h 

EDE Power consumed at the desorption step, kW·h 

EPR Power consumed at the pressurization step, kW·h 

Fsteam Inlet steam flow rate, mol/min 

∆���,��
 Absorption reaction enthalpy of O2, kJ/mol O2 

hbed Heat transfer coefficient of the packed bed, W/(m2·K) 

hw Wall heat transfer coefficient, W/(m2·K) 

kLDF Lumped coefficient of LDF model, dimensionless 

kAB Lumped coefficient of LDF model in absorption step, dimensionless 

kDE Lumped coefficient of LDF model in desorption step, dimensionless 

Lbed Bed length, m 

MWg Molar mass of gas mixture, g/mol 

MWO Molar mass of oxygen atom, 16.00 g/mol 

MWreduced Molar mass of the fully reduced sample, 150.26 g/mol 

MWs Molar mass of the fresh sample, 179.93 g/mol 

mreduced Mass of fully reduced sample, g 

ms Sample mass at a specific state, g 

msorbent Fresh sample mass, g 

nfeed Molar flow rate of feeding air, mol/s 

PAB Absorption pressure, kPa 

PDE Desorption pressure, kPa 

Phigh High pressure, Pa 

Pin Total pressure at the inlet of the packed bed, atm 

Plow Low pressure, Pa 

M��
 O2 partial pressure, Pa or atm 

P0 Standard pressure, 1 atm 

Pr Prandtl number, dimensionless 

Pt Total pressure, Pa or atm 

Qair Inlet air flow rate, SLPM 

qi Absorption amount of gas i based on per unit of sorbent, mol/kg 
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N��
∗  The amount of O2 absorbed at the equilibrium state, mol/kg 

R Ideal gas constant, 8.314 J/(mol·K) 

Rep Reynolds number of particle, dimensionless  

∆P��,��
 Absorption reaction entropy, J/(mol·K) 

T Temperature, oC or K 

Tin Inlet gas temperature, oC or K 

Tw Tubular wall temperature, oC or K 

t Time, s 

tAB Absorption time, s 

tDE Desorption time, s 

tDP Depressurization time, s 

tPR Pressurization time, s 

tRE Recycle time, s 

U Overall heat transfer coefficient, W/(m2·K) 

u Superficial gas velocity based on the empty bed, m/s 

uAB Inlet gas velocity at absorption step, m/s 

uDE Inlet gas velocity at desorption step, m/s 

uRE Inlet gas velocity at recycle step, m/s 

uvalve Inlet or outlet gas velocity calculated by the valve equation, m/s 

Vdead Volume of dead zone, L 

z Axial position, m 

Greek letters 

γ Ratio of the molar heat capacities, 1.4, dimensionless 

δ Non-stoichiometry, dimensionless 

δ* Non-stoichiometry at the equilibrium state, dimensionless 

εb Bed voidage, dimensionless 

ηc Compression coefficient, dimensionless 

λg Average thermal conductivity of gas mixture, W/(m⋅K) 

λr Radial heat dispersion coefficient, W/(m⋅K) 
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λeff Axial effective heat dispersion coefficient, W/(m⋅K) 

λz
0 Static contribution to λeff, W/(m⋅K) 

μg Average viscosity of gas mixture, kg/(m·s) 

ρb Bulk density of sorbents, kg/m3 

ρg Average density of gas mixture, kg/m3 

ρp Apparent density of pellets, kg/m3 
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