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Abstract 

The rapid integration of intermittent renewable sources into the electricity grid is driving the 

need for more flexible, low-carbon fossil-fuel plants with lower capital costs. This then drives 

the need to improve the cryogenic air separation unit (ASU). To address this changing landscape, 

we explore a Praxair single-column ASU (PSC-ASU) design with the goal of reducing costs and 

improving flexibility, compared to a conventional double-column ASU. The PSC-ASU 

incorporates partial air condensation and air pre-separation in the bottom reboiler with a phase 

separator as well as N2-enriched vapor condensation in the upper reboiler to decrease energy 

consumption, as compared to Linde’s single-column ASU. All three of the above-mentioned 

ASU designs are simulated in Aspen Plus and analyzed. An economic analysis is applied to 

evaluate the relative cost savings of the PSC-ASU compared to the double-column ASU. Results 

suggest that the specific energy consumption of the PSC-ASU is significantly lower than that of 

Linde’s single-column ASU due to a drastically improved oxygen recovery rate. Although this 

improved oxygen recovery rate is still lower than that of the double-column ASU, the required 

pressure ratio of the main air compressor is 21% lower than that of the double-column ASU. As 

a result, the specific energy consumption of the PSC-ASU is only 1.9% greater than that of the 

double-column ASU for producing 95.1 mol% O2. However, the PSC-ASU reduces the hourly 

capital cost by 19% due to the elimination of a high-pressure column. This would effectively 

decrease the total hourly cost of the ASU, and thus the total hourly cost of low-carbon, fossil-fuel 

power plants that require oxygen. 
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1. Introduction 

The push to incorporate greater amounts of intermittent sources, namely wind and solar, into the 

power grid has led to a drastic change in the desirable characteristics of modern power plants [1, 

2]. These plants are no longer operating as base load plants, but rather at variable load, 

supplementing wind and solar when they are not available.  Thus, there has been a significant 

emphasis on plants with lower capital costs and higher flexibility, along with low CO2 emission 

[2-4]. Many low-carbon electricity generation technologies, such as the Allam cycle [5, 6], 

oxyfuel combustion [7, 8], and integrated gasification combined cycle (IGCC), require O2-

enriched gases that are typically supplied by cryogenic air separation units (ASUs) [9, 10]. 

However, the commonly used double-column ASU has a very high capital cost. For example, for 

a conventional oxyfuel power plant, the ASU accounts for about 14% of the total plant capital 

costs [9]. Moreover, typical ASU configurations are highly integrated, leading to low flexibility. 

The ramp rates and minimal load of the above-mentioned low-carbon power generation systems 

are often constrained by the flexibility of the ASU [4, 11]. Given the future market needs, it is of 

great interest to explore alternative ASU designs with lower capital cost and higher flexibility. 

Cryogenic air separation is also an energy-intensive process. In a low-carbon power plant, the 

ASU sometimes represents the single largest energy penalty for the power plant (10–15% of 

gross power output) [9, 10, 12].  

Historically, research on O2 production from an ASU has focused extensively on the efficiency 

of the process [13]. In 1902, Linde designed the first cryogenic distillation column to separate O2 

from air. The single-column design recovered only 67% of the O2 from the compressed air flow 

and therefore was inefficient [14]. Since the liquid reflux of the single column is liquid air, the 

distillate vapor from the column top contains about 7% O2, which results in a low O2 recovery 



rate for the single column [14, 15]. In 1910, Linde modified the process, incorporating air pre-

separation in another high-pressure column. The new double-column ASU simultaneously 

produced N2 and O2 products and achieved very high O2 recovery rate, which revolutionized the 

industry and is still the workhorse of modern air cryogenic oxygen plants [14-16]. Figure 1 

shows the history of energy consumption for O2 production in cryogenic ASUs. With continuous 

improvement in ASU equipment and processes, the power consumption steadily decreased to 

nearly 250 kW·h/t (0.36 kW·h/Nm3), a typical value for the double-column ASUs being used 

today [13, 17]. The improved designs with dual reboiler double-column, triple column, or multi-

column have been proposed to decrease the necessary pressure or flow rate of compressed air for 

a more efficient low-carbon fossil-fuel plant [18, 19]. By making better use of the heat of 

compression and by improving the heat integration of the distillation columns, the efficiency of a 

double-column ASU that is part of an IGCC can be increased significantly [20]. Although these 

developments have increased the efficiency of the ASU, they have resulted in more complicated 

processes with higher capital costs and lower flexibility [10].  

 

Figure 1. Historical power consumption for O2 production in cryogenic ASUs [13, 17]. 



Although the single-column ASU design is less efficient, it holds several advantages over the 

double-column design. As the column is the most expensive component in an ASU [21, 22], a 

single-column ASU with just one low-pressure column can have a much lower capital cost than a 

double-column ASU [23]. Additionally, a single-column ASU enables a faster startup, which is 

critical to the flexibility of ASU in low-carbon, fossil-fuel power plants [2, 3]. ASU startup 

requires air liquefaction to obtain enough liquid holdup, and thermodynamic equilibrium in the 

column, which is a time-consuming procedure [11, 24]. A fundamental characteristic of a single-

column ASU is that it has a significantly smaller column metal mass and liquid hold up than that 

of a double-column ASU. Therefore, a single-column ASU has an inherent advantage in startup 

speed. According to a dynamic process analysis for ASU startup, the necessary startup time can 

be reduced by about 20% without a high-pressure column [24]. Moreover, since air, instead of 

N2-enriched vapor, is employed to boil the O2-enriched liquid in the reboiler of Linde’s single 

column, the required air pressure from the main air compressor (MAC) is lower than that of a 

double-column ASU [14], which reduces energy demand. For a gas supplier, a major advantage 

of the double-column ASU is the improved energy efficiency of the process, and the 

simultaneous production of high purity N2, which can be used in different industries, such as the 

fertilizer industry. However, for many low-carbon fossil-fuel power generation systems, the 

desired product is just a modest purity O2 (95-97%) [10]. This represents a significant 

opportunity for the application of a single-column ASU. 

Taniguchi et al. [17] analyzed a single-column ASU with a N2 cryogenic compressor, which does 

not compress the air feed but compresses a recycle N2 vapor to produce liquid for reflux. Based 

on the exergy analysis, this nitrogen-refluxed single-column ASU can reduce power demand by 

as much as 30% compared to the conventional double-column ASU. However, the use of the 



cryogenic compressor for the ASU was not technically or economically feasible for many 

decades [25]. Nonetheless, many inventions followed from this concept, and in 2011 Kansha et 

al. proposed the recuperative vapor recompression (RVRC) distillation [26]. RVRC distillation 

avoids a cryogenic N2 compressor by replacing it with a standard compressor operated at above 

ambient temperature. Several promising cryogenic separation processes based on RVRC have 

been discussed by Fu and Gundersen [27]. The reported simulation results showed a single-

column ASU with RVRC can decrease energy consumption by about 7.9% with an enhanced O2 

recovery rate (98.4%) for producing 95 mol% O2. As Fu and Gundersen have explained, low 

pressure improves the relative volatility between nitrogen and oxygen, and the air feed does not 

need to be compressed to high pressure. Since the flowrate of nitrogen used in vapor 

recompression is smaller than that of air, less compression work is needed [28]. Therefore, the 

nitrogen-refluxed single-column ASUs are considered to be more efficient than the conventional 

double-column ASU [25-27, 29, 30]. 

In 1998, Praxair proposed an alternative to the nitrogen-refluxed single-column ASUs - a pre-

separated air refluxed single-column ASU that applies multiple reboilers with phase separators to 

produce N2-enriched liquid reflux, which increases O2 recovery rate [23]. This technology has 

not been evaluated in the open literature, and the goal of this study is to do so in the context of 

the present needs of ASUs for low-carbon power applications. The configuration of the dual 

reboiler in a double-column ASU effectively decreases the energy consumption by reducing the 

air compression pressure [27, 31]. Compared with the nitrogen-refluxed single-column ASUs, 

the Praxair single-column ASU (PSC-ASU) is more like the conventional double-column ASU 

in that both are driven by air compression and have very similar heat integrations without 

recycling N2 enthalpy flow. Most commercial ASUs are of this type and, thus, the risks 



associated with development of the PSC-ASU might be considered lower compared with that of 

the nitrogen-refluxed single column ASU. 

This work studies the performance of the PSC-ASU with the specific goal of producing O2 at 15 

bar for a flexible carbon capture and storage (CCS) plant [32]. The CCS plant considered is the 

staged, pressurized oxyfuel combustion (SPOC) process, which shows promise for carbon 

capture with high operational flexibility and low energy penalty. The PSC-ASU design is then 

compared with Linde’s conventional single-column design and a state-of-the-art double-column 

design. All three of the above-mentioned ASU designs are simulated in Aspen Plus. The ASU 

critical parameters are identified theoretically and calculated by the process models. The specific 

energy consumptions and O2 recovery rates in producing O2 at various purities are determined 

for the three processes. An approximate cost estimation is carried to understand the economic 

improvements of the PSC-ASU compared with the conventional double-column ASU. The PSC-

ASU is introduced and analyzed in Section 2. In Section 3, the simulation models for the three 

ASUs mentioned above are established, evaluated and validated. In Section 4, the simulation 

results and cost analysis are presented and discussed.  

2. The PSC-ASU with partial air condensation and pre-separation for producing O2 

An ASU primarily involves air compression, air cooling and purification, cold production and 

internal compression, and cryogenic rectification of air [14, 16]. The single-column ASU has 

only one low-pressure column and produces O2, in contradistinction to Linde’s state-of-the-art 

commercial ASU, which has four columns and simultaneously produces several pure products 

(N2, O2, Ar) [16]. Figure 2 shows the basic cryogenic air separation process of the PSC-ASU. 

The single column is based on Praxair’s patented design [23]. The basic process, excluding the 

column, is based on the state-of-the-art double-column ASU [14].   



 

Figure 2. The PSC-ASU process for producing pressurized O2. 

 

In this ASU, the vapor-liquid counter-current flows in the columns are the critical flow structures 

for cryogenic air separation, determining the O2 product purity and O2 recovery rate. Heat 

integration in the ASU, which occurs primarily in the main heat exchanger, reboiler and sub-

cooler, establishes the counter-current flow structure in the column. The gas turbo-expander, 

which provides the ASU process with the necessary cooling, is critical to maintain the low 

temperature and cryogenic liquid streams in the ASU. The air compression with air cooling 

drives the refrigeration cycle in the ASU. As Figure 2 shows, the reboiler/condenser (simply 

noted as a reboiler) of the low-pressure column is divided into two parts, an upper and bottom 

reboiler, or dual reboiler. The bottom reboiler is designed for heat transfer and partial air 

condensation. As air flows into the hot-side of the bottom reboiler, a fraction condenses on the 

cold wall and transfers heat to the O2-enriched liquid flowing on the cold-side because of a small 

temperature difference. The heat transfer also leads to the partial evaporation of the liquid on the 

cold side. Around 65 – 85% of the O2-enriched liquid from the bottom stage of the column (30th 



stage) evaporates on the cold-side of the bottom reboiler, which provides the single column with 

vapor reflux. The remaining O2-enriched liquid is pumped into the main heat exchanger for O2 

internal compression [16]. The air liquid and vapor mixtures are separated in a phase separator, 

resulting in a crude liquid O2 at the bottom and N2-enriched vapor at the top of the phase 

separator. 

As Figure 2 shows, crude liquid O2 flows into the column's middle stage (15th stage) and is 

distilled in the single column. N2-enriched vapor flows into the upper reboiler and completely 

condenses to N2-enriched liquid by transferring heat to the column liquid from a stage (note as an 

upper stage, 18th-21th stage) above the bottom stage. The heat vaporizes a fraction of this column 

liquid to the vapor reflux of the column. Since the liquid temperature of the upper stage is 

significantly lower than that of the bottom stage, the upper reboiler can operate with lower air 

pressure compared with a single bottom reboiler configuration. Moreover, as shown in Figure 3, 

partial air condensation (i.e., the vapor mole fraction on the hot-side outlet of the bottom reboiler 

is 0.47) requires lower gas pressure than other approaches. Compared with full condensation of 

high-purity N2 in the reboiler of the double column, the necessary pressure for partial air 

condensation can be reduced about 0.8 bar. Through partial air condensation and pre-separation 

in the bottom reboiler with a phase separator, and N2-enriched vapor condensation in the upper 

reboiler, the single column is able to 1) provide N2-enriched liquid reflux for increasing O2 

recovery rate and 2) decrease the air pressure from the MAC, which can effectively reduce the 

energy consumption of ASU. 



 

 

Figure 3. Theoretical pressures to fully condense gases of different compositions and 

partially condense air at a temperature of -180.5 oC.   

 

In addition to energy consumption, capital cost is also a critical consideration in ASU design for 

low-carbon fossil-fuel plants. Since the cost of a heat exchanger is much lower than that of a 

high-pressure column [21], the cost of the additional upper reboiler in the PSC should be 

marginal. The lower air pressure from the MAC in the PSC design would increase the size of 

several downstream units (main heat exchanger, reboiler, etc.), which adds a modest capital cost. 

However, the total capital cost of a single-column ASU is expected to be much smaller than that 

of a double-column ASU. For comparison, Linde’s single column and conventional double 

column are presented in Figure 4, with the other parts of the process remaining effectively the 

same as those presented in Figure 2. As these two columns are thoroughly discussed in the 

literature [14, 15], they will not be described here, other than to note that in Linde’s single 

column (Figure 4a) there is nearly zero pre-separation; in the double column (Figure 4b) the air 

has a high pre-separation; and in the PSC (Figure 2) there is moderate pre-separation. The level 

of pre-separation significantly influences the O2 recovery rate (see Section 4).  



 

  

(a)                                                                          (b) 

Figure 4. (a) Linde’s single column and (b) the conventional double column ASU [14, 15]. 

 

 

3. Process simulation and evaluation 

3.1 Process model 

Aspen Plus V10 is employed to simulate the three ASU designs. The Peng-Robinson property 

method is used for thermodynamics calculations. A two-stage centrifugal compressor with an 

intercooler is used as the MAC to compress air to 3.5~5.5 bar for driving the process of 

cryogenic air separation. After the first stage compression, the air is assumed to be cooled to 

30oC in the intercooler using boiler feedwater from a fossil-fuel plant. After the second stage 



compression, the hot air is assumed to be cooled to 16oC in a cooling tower by the cold water 

that is initially cooled by the cold N2-enriched gas in another cooling tower. The impurities of air 

(CO2, H2O, hydrocarbons, etc.) are not considered in this work. The total pressure drop of the 

cooling tower and molecular sieve is assumed to be about 20 kPa.  

About 20-35% of the low-pressure air (3.5-5.5 bar) from the cooling tower is further compressed 

to about 35 bar by the air booster compressor (ABC), which is a three-stage centrifugal 

compressor with intercoolers. For O2 internal compression, the pressure of the ABC is chosen to 

easily condense air through the heat exchanger while vaporizing the liquid O2 stream. Generally 

the pressure of the condensing air stream is much greater than the liquid O2 stream [14, 16]. 

During internal O2 compression, the main fraction (70-80%) of this high-pressure (35 bar) air is 

condensed to vaporize pumped O2-enriched liquid in the main heat exchanger to produce O2-

enriched gas at 15 bar. Additionally, a fraction of this high-pressure air (20-30%) is cooled down 

in the main heat exchanger by the cold flows from the column and then expanded in a centrifugal 

turbo-expander, which reduces the temperature of this air stream to near the dew point. 

Isentropic efficiencies of the centrifugal compressors and expanders are assumed to be 80% and 

85%, respectively. 

The balance of the low-pressure air from the cooling tower flows into the main heat exchanger in 

order to recover the cold from the gas product streams. A high-efficiency brazed plate-fin main 

heat exchanger is simulated by using the multi-stream heat-exchanger model (MHeatX) in Aspen 

Plus, which is capable of calculating heat transfer between the three hot streams and two cold 

streams shown in Figure 2. The heat transfer in the sub-coolers is calculated by using the 

countercurrent two-stream heat-exchanger model (HeatX) in Aspen Plus. The design parameters 

used in the models are provided in Tables A1 and A2 in the supplementary file.  



All the columns in the three ASU designs are modeled as packed bed columns, which have much 

higher flexibility than tray columns [16]. The details of the model are provided in Table A3 in 

the supplementary file. The packed columns are simulated by using the Aspen RadFrac model, 

which is a rigorous model for simulating all types of multistage vapor-liquid fractionation 

operations. The low-pressure column in each of the ASU designs contains 30 theoretical stages. 

The number of theoretical stages was chosen to obtain the best O2 recovery rate, as Figure A1 

presents. The high-pressure column in the double-column design contains 20 theoretical stages. 

Identical design parameters are used for the low-pressure columns in each of the processes.  

The reboilers in the ASUs are simulated with the HeatX, which is capable of calculating heat 

transfer between two streams with phase change. Figure 5 shows the basic connections between 

the models of the reboilers, columns and phase separators in the three ASU designs. A separator 

model (Aspen Flash2) that can simulate vapor-liquid phase equilibrium is used to represent the 

air (vapor and liquid mixture) pre-separation in the phase separator for the PSC, as shown in 

Figure 5c. The minimum temperature differences at the cold end of the reboilers are assumed to 

be 1oC [33], which is critical to determine the air pressure from the MAC. The vapor mole 

fraction of the hot exit stream leaving the bottom reboiler is specified to be 0.47, which is 

optimized for highest O2 recovery rate, as shown in Figure A2. Pressure drop in each heat 

exchanger in the ASUs is specified to be about 5-10 kPa, mainly determined by material flow 

rate and heat duty. The air pressure from the MAC in each process is chosen to obtain the lowest 

energy consumption and stable vapor liquefaction in the reboiler. The detailed stream parameters 

and process specifications in the steady-state PSC-ASU are shown in Figure A3. Table A4 

presents the balance of material and energy in this process. The validation of the process models 

can be found in Appendix B. 



 

Figure 5. Aspen models of the reboilers with their connected unit models in (a) the 

conventional double column, (b) Linde’s single column, and (c) Praxair single column. 

 

3.2 Process evaluation  

The specific energy consumption for producing a unit amount of O2 (EO) is a critical criterion in 

evaluating ASU performance.  It is calculated by dividing the total energy consumed by the ASU 

(E) with the normal volumetric flow rate of the pure O2 (VO): 
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��                   (1) 

The O2 recovery rate (�) of the ASU is obtained by Eq. (2): 

� = ��
�	∙��           (2) 

where VF is the air feed rate (normal volumetric flow rate), and cO is obtained by dividing the 

total O2 flows in the products with VF. Similarly, we define the internal compression ratio (φ) as 

the ratio of the normal volumetric flow rate of the high-pressure air from the ABC (�
) to V�: 

� = ��
��  (3) 

The necessary flow rates of high-pressure air (35 bar) and low-pressure air (3.5-5.5 bar) for 

producing a unit amount of pressurized O2 gas (15 bar) are evaluated by � and the reciprocal of 

�, respectively. Most of the energy in ASU is consumed by the air compression in the MAC (EC) 

and ABC (EB): 

� = �� + �
            (4) 

Assuming the process in each stage of the MAC and ABC is compression with a constant 

isentropic efficiency (��), EC and EB are calculated by Eqs. (5) and (6) that are from Aspen help 

file:  
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�� ) !"#

$%∙! − 1( ∙ )
*+               (5) 

�
 = �
 ∙ �
���� ∙ �(��
��) !"#

$�∙! − 1( ∙ )
*+               (6) 



where NC and NB are, respectively, the number of compression stages in the MAC and ABC, �� 

and �
 are, respectively, the mole flow rates of the air feed and high-pressure air, �� is the air 

temperature at the inlets of the MAC and ABC, ,�, ,� and ,
 are, respectively, the atmospheric 

air pressure, the outlet pressures of the MAC and ABC, and k is heat capacity ratio (CP/CV). 

Using Eqs. (1)-(6) with the ideal gas equation, EO can be obtained from: 

�� = -�� ∙ )
��∙. ∙ /(01

�� ) !"#
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 ∙ 3 ∙ 4(��
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Here ��, �
, ��, p�, p
,  c�, k are constant parameters, which are not changed with the different 

column designs and O2 product purities, while � , �  and ,�  are varied parameters that are 

determined by the column designs and O2 product purities (see Section 4). The simulation 

models in Aspen Plus determine all the three varied parameters and calculate E� based on Eq. (7).  

To simplify the cost analysis of the single-column ASUs (Linde’s and Praxair), the conventional 

double-column ASU is used as a reference. EO represents the hourly operational cost (energy 

cost) of the ASU [22, 30]. Therefore, the increase or decrease in the hourly operation cost of the 

ASU (∆AB�C%) compared to that of the double-column ASU, is almost equal to the relative 

change in energy consumption, or: 

∆AB�C% ≈  ��,GHI�,J
I�,J                                                                                                                    (8) 

where EO,S and EO,D are the specific energy consumptions of the single-column ASUs and the 

conventional double-column ASU, respectively. 

The capital costs of the low-pressure and high-pressure columns account for about 60% of the 

total capital cost of ASU [22]. Elimination of the high-pressure column reduces about 40% of the 

capital cost of columns [34]. Therefore, the hourly capital cost of a single-column ASU reduces 



to 1 − 60% × 40%. However, a decrease in O2 recovery rate of a single-column ASU would 

result in a larger ASU scale, which can be represented by: 

OPG
Q� = RJ

*G                                                                                                                                           (9) 

where ηT  and �Q  are the O2 recovery rates of the double-column and single-column ASUs, 

respectively. U�Q and SC are the scales of the single-column ASU at O2 recovery rates of �Q and 

�T, respectively. The hourly capital cost of the ASU increases by the scale of the ASU with a 

scaling exponent of 0.5 [21]. Therefore, the relative difference in the hourly capital cost of the 

single-column ASU (∆�B�C%) compared with the double-column ASU can be estimated by: 

∆�B�C% ≈ (1 − 60% × 40%) ∙ ^OPG
Q� _`.b − 1                                                                           (10) 

The relatively difference in the total hourly cost of the single-column ASUs (∆��C%) compared 

to that of the double-column ASU can be roughly estimated with ∆�B�C% and ∆AB�C% by: 

∆��C% ≈ c ∙ ∆�B�C% + (1 − c) ∙ ∆AB�C%                                                                          (11) 

where c is the fraction of the hourly capital cost in the total hourly cost of the conventional 

double-column ASU, while 1 − c is the fraction of the hourly operation cost in the total hourly 

cost of the conventional double-column ASU. c is usually about 20% for a typical conventional 

double-column ASU [22]. However, for the ASU of a low-carbon power plant,  c could be 

higher than 20%, because of the lower operation hours and average load. Using Eq. (8)-(11),  

∆��C% can be obtained from: 

∆��C% ≈ c ∙ [0.76 ^RJ
*G _`.b − 1] + (1 − c) ∙ ��,GHI�,J

I�,J                                                                (12) 



4. Results and discussion 

4.1 Specific energy consumption 

From Eq. (7), the O2 recovery rate, the air pressure from the MAC and the internal compression 

ratio are three critical parameters determining the specific energy consumption for O2 production 

in the different ASU designs. Figure 6 shows the impact of the O2 product purity on O2 recovery 

rates for all three ASU designs. The PSC-ASU has a significantly higher O2 recovery rate than 

Linde’s single-column ASU, but lower than the double column. By partially condensing and pre-

separating air in the bottom reboiler and phase separator, and condensing N2-enriched vapor in 

the upper boiler, the PSC-ASU receives N2-enriched liquid reflux, which effectively increases O2 

recovery rate. Table 1 lists the purities in some critical components for all three ASU designs. 

With about 95 mol% O2 product purity, the N2-enriched liquid reflux (86.7 mol% N2) decreases 

the O2 concentration in the N2-enriched vapor to 4.6 mol%, as opposed to 7.4 mol% in Linde’s 

single-column design. A lower O2 concentration in the N2-enriched vapor means a higher O2 

recovery rate. Table 1 also presents the O2 purities of the crude liquid O2 in the ASUs. These 

purities, along with the O2 recovery rates, demonstrate the value of the moderate air pre-

separation in PSC. 

As shown in Figure 6, for all ASU designs, the change in O2 recovery rate is marginal when the 

O2 product purity is varied from 90 to 96 mol%. However, as O2 product purity increases above 

96 mol%, the O2 recovery rate drops drastically for all designs. This sharp change is caused by 

the increase in vapor reflux from the reboiler, which originates from the need to separate argon 

from O2.  Argon and O2 have similar boiling points, therefore, separating argon from O2 will 

increase the specific energy consumption and/or capital costs. 



 

Figure 6.  Impact of O2 product purity on the O2 recovery rates for the three different ASU 

designs (conventional double column, Linde’s single column, and Praxair single column) 

 

Table 1. Purities of critical components in three different ASU designs with 95 mol% O2 

product purity. 

 The double  

column 

Linde’s single 

column 

Praxair single 

column 

N2 purity in N2-enriched vapor 0.986 0.921 0.951 

O2 purity in N2-enriched vapor 0.012 0.074 0.046 

Ar purity in N2-enriched vapor 0.002 0.005 0.004 

N2 purity in O2-enriched vapor 0.011 0.012 0.014 

O2 purity in O2-enriched vapor  0.952 0.953 0.951 

Ar purity in O2-enriched vapor 0.038 0.035 0.035 

N2 purity of N2-enriched liquid reflux 0.999 0.781 0.868 

O2 purity of crude liquid O2  0.340 0.210 0.284 

 



The O2 recovery rate of the PSC-ASU is lower than that of the double-column ASU because of 

the reduced air pre-separation in the PSC-ASU. However, because of the partial air condensation 

in the bottom reboiler, the PSC-ASU operates with a significantly lower air pressure from the 

MAC (,�) compared with the double-column ASU, as evident in Figure 7. The ,� can be lower 

than 4 bar in PSC-ASU if the O2 product purity is lower than 95 mol%. All three ASU designs 

show a similar impact of O2 product purity on ,� , as shown in Figure 7. Higher ,�  with 

increased O2 product purity is due to a higher liquid bubble point at the cold-side inlet of the 

bottom reboiler (Tbu). The impact of O2 product purity on the Tbu of the PSC-ASU is also shown 

in Figure 7. Tbu increases from -184 to -180.5 oC when the O2 product purity increases from 90 to 

98 mol%. This temperature increase results in a necessary increase of 0.8 bar in ,�.  

 

Figure 7.  Impact of O2 product purity on the air pressure from the MAC of three different 

ASU designs (the double column, Linde’s single column, and Praxair single column) and 

the liquid temperature at the cold-side inlet of the bottom reboiler of the Praxair single 

column. 

 



As Figure 6 and 7 reveal, the O2 recovery rate and ,� depend not only on the O2 product purity 

but also the column design. However, the differences of the internal compression ratios (φ) for 

the three ASU designs are much smaller, as shown in Figure 8, since the basic processes of O2 

internal compression and cold production that determine φ are the same, as presented in Section 

2. All three ASUs necessarily need about 1.6-1.7 moles of high-pressure air for producing one 

mole of O2 at a pressure of 15 bar when O2 product purity is higher than 95 mol%. In Figure 8, φ 

increases with decreasing O2 product purity (<97 mol%) because for each mole of O2 

compressed, a higher amount of N2 and inert gases are compressed.   

 

Figure 8. Impact of O2 product purity on the internal compression ratio of three different 

ASU designs (the double column, Linde’s single-column, and Praxair single column) when 

producing oxygen at a pressure of 15 bar. 

 

The above results show that, when the O2 product purity is lower than 97 mol%, the PSC-ASU 

has improved O2 recovery rate by about 16% compared with Linde’s single-column ASU; and 

,� is about 21% less than that for the double-column ASU. Both changes are critical to the 

performance of this single-column ASU. Figure 9 shows a comparison of the specific energy 



consumptions for all three ASU designs. The PSC-ASU has significantly lower specific energy 

consumption (about 14.5%), compared with Linde’s single-column ASU, when producing 

relatively low-purity O2 (< 97 mol%). Compared with the double-column ASU, the PSC-ASU 

has comparable specific energy consumption when producing 90 mol% O2 and only 1.9% higher 

specific energy consumption when producing 95 mol% O2. For the PSC-ASU, around 70-80% of 

the energy is consumed in the MAC. 

As shown in Figure 9, when the O2 product purity is lower than 97%, the specific energy 

consumption of the PSC-ASU increases slowly with O2 product purity because ,P  increases. 

However, when the O2 product purity is higher than 97%, the specific energy consumption for 

the PSC-ASU increases significantly due to the drastic decrease in O2 recovery rate. Since 95 

mol% O2 can be used for most low-carbon, fossil-fuel power plants [10], the PSC-ASU would 

avoid this significant power loss. It should be noted that, the Allam cycle requires a minimum O2 

purity of 98 mol% [6], which would lead to over 7% more power requirement of the PSC-ASU, 

compared with the double-column ASU.  

 



Figure 9. Impact of O2 product purity on the specific energy consumptions of three 

different ASU designs (the double column, Linde’s single column, and Praxair single 

column) when producing oxygen at a pressure of 15 bar. 

4.2 Cost analysis 

With known energy consumption and O2 recovery rate, we can analyze the cost of the PSC-ASU 

from Eqs. (8-12), with the double-column ASU (95 mol% O2) as reference. The PSC-ASU has a 

1.9% increase in the hourly operation cost based on Eq. (8). However, based on Eq. (10), the 

PSC-ASU reduces about 19% of the hourly capital cost by eliminating a high-pressure column. 

As a result, with a θ of 20% the PSC-ASU decreases the total hourly cost about 2.2% compared 

with the double-column ASU. In contradistinction,  the total hourly cost of Linde’s single-

column ASU has an increase of 13% because of the low O2 recovery rate. Figure 10 presents the 

∆��C% and indicates the decrease in total hourly cost of the PSC-ASU when producing 95 mol% 

O2. When producing 98 mol% O2 for the Allam cycle, ∆��C% is about 2.7% for the PSC-ASU 

with the typical θ (20%), which means a higher cost compared to the double-column ASU. 

Therefore, the PSC-ASU is more suitable for applications which require only a lower O2 purity 

(90-95 mol%). It should be noted that a nitrogen-refluxed single-column ASU can potentially 

save up to 10% on the total hourly cost because of its lower energy consumption [27, 30] 

compared with the double-column ASU, making it more cost-effective than the PSC-ASU. 

As shown in Figure 10, there is a more significant reduction in hourly total cost for the PSC-

ASU when θ increases. A higher θ is possible when the ASU is part of a low-carbon, fossil-fuel 

power plant because the plant would not necessarily be operating at base load due to the 

penetration of intermitent power sources like wind and solar [2, 3, 35]. This would decrease the 

capacity factor of the plant [2], leading to a situation where capital-costs begin to dominant 

decision making. For example, in the north of China, where integration of solar and wind energy 



is high, many coal-fired power plants operate at partial load (<50%) for most of the operation 

time (<4000 hours per year), and operate at high load only occasionally, during peak demand. 

For the ASU in such a power plant, θ might be above 50%. Based on Figure 10, the PSC-ASU 

can save up to 8% and 4% of the total hourly cost for producing 95 mol% and 98 mol% O2, 

respectively, compared with a double-column ASU.  

 

Figure 10. The relative difference in the hourly total cost of the single-column ASU 

(Praxair and Linde’s), compared to that of the conventional double-column ASU, vary with 

the fraction of the hourly capital cost in the total hourly cost of ASU, when producing 95 

mol% and 98 mol% O2. 

4.3 Limitations and future work 

Based on the present configuration, the PSC-ASU is not competitive with the nitrogen-refluxed 

single-column ASUs in terms of total hourly cost. This is because the PSC has a lower O2 

recovery rate compared with the nitrogen-refluxed column. However, in the present work the 

PSC-ASU was not systematically optimized, while the nitrogen-refluxed single-column ASUs 

has been improved over past decade. Therefore, future work should focus on optimization of the 

PSC-ASU to systematically lower total hourly cost. This optimization should also consider 

producing O2 at higher purity (>98 mol%) for the Allam cycel. Based on Luyben’s study, a 



control problem or a dynamic issue may occur on a column with a series of reboilers [36], which 

would decrease the ASU flexibility. To understand this issue, a dynamics study of the PSC-ASU 

should be conducted, with a focus on the operation of the multi-reboiler. Moreover, to explore 

the optimum application of the single-column ASU for low-carbon, fossil fuel power plants, a 

detailed economic analysis on the hourly capital cost and hourly operation cost of the ASU 

should be conducted. 

5. Conclusion 

In this work, we studied the Praxair single column ASU for producing O2. The PSC-ASU is 

characterized with partial air condensation and air pre-separation in the bottom reboiler. Three 

ASU designs were modeled in Aspen Plus and compared in this study: 1) the state-of-the-art 

double-column ASU, 2) Linde’s conventional single-column ASU, and 3) the PSC-ASU. 

Simulation results suggest that, compared with Linde’s conventional single-column ASU, the 

PSC-ASU enhances the O2 recovery rate to 82% (for an O2 product purity of 95 mol%) by 

providing enriched-N2 liquid reflux (87 mol% N2). Moreover, the air pressure from the MAC in 

the PSC-ASU can be reduced to below 4 bar when producing relatively low purity O2 (≤95.1 

mol%), leading to less energy consumption. The PCS-ASU with the internal O2 compression can 

produce 95.1 mol% O2 product at a pressure of 15 bar with an energy consumption of 0.53 

kW·h/Nm3, which is 14.5% lower than that of Linde’s single-column ASU, and only 1.9% 

higher than that of the conventional double-column ASU (0.52 kW·h/Nm3). However, the PSC-

ASU reduces the hourly capital cost by about 19% by eliminating a high-pressure column, and 

enables a faster startup, compared with the conventional double-column ASU. Considering that 

the future market needs for low-carbon fossil-fuel plants will be driven towards lower capital 

cost and high flexibility, the PSC-ASU could be very attractive.  
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Appendix B. Model validation 

Nomenclature 

Abbreviations 

ABC                Air Booster Compressor                     

ASU                Air Separation Unit 

CCS                 Carbon Capture and Storage 

IGCC               Integrated Gasification Combined Cycle 

MAC               Main Air Compressor 

PSC                  Praxair Single Column 

PSC-ASU         Praxair Single-Column ASU 

RVRC              Recuperative Vapor Recompression 

Symbols 

cO                      O2 purity of air feed (obtained by material balance) (mole fraction) 

E                       Total energy consumed by ASU (kW·h) 

EB                      Energy consumed by ABC (kW·h) 

EC                      Energy consumed by MAC (kW·h) 



EO                      Specific energy consumption for producing a unit amount of O2 (kW·h/Nm3) 

EO,D                    Specific energy consumption of double-column ASU (kW·h/Nm3) 

EO,S                    Specific energy consumption of single-column ASU (kW·h/Nm3) 

k                         Heat capacity ratio (CP/CV) 

NB                      Number of compression stages in ABC 

NC                      Number of compression stages in MAC 

n
                      Mole flow rate of the boosted air (kmol/h) 

n�                      Mole flow rate of the air feed (kmol/h) 

p
                      Air pressure at ABC outlet (bar) 

p�                      Air pressure at MAC outlet (bar) 

p�                       Air pressure at process inlet (atmosphere pressure) (bar) 

SC                      Scale of single-column ASU at O2 recovery rate of ηT 

SCQ                    Scale of single-column ASU at O2 recovery rate of ηQ 

Tbu                     Liquid bubble point at cold-side inlet of bottom reboiler (oC) 

T�                       Air temperature at the inlet of MAC and ABC (oC) 

VF                      Air feed rate (Nm3/h)  

VO                      Normal volumetric flow rate of the pure O2 (Nm3/h) 

∆CPEX%           Relative difference in hourly capital cost of single-column ASU,  

                          compared with that of the double-column ASU 

∆OPEX%           Relative difference in hourly operation cost of single-column ASU,  

                          compared with that of the double-column ASU  

∆TEX%             Relative difference in total hourly cost of single-column ASU,  

                          compared with that of the double-column ASU 



Greeks 

η                       O2 recovery rate of ASU 

ηT                     O2 recovery rate of double-column ASU 

ηQ                     O2 recovery rate of single-column ASU 

η�                     Isentropic efficiency of each stage in MAC and ABC 

φ                       Internal compression ratio 

θ                       Fraction of hourly capital cost in total hourly cost  

                         of the conventional double-column ASU 

Subscript 

B                      ABC or boosted air 

bu                     Bubble 

C                      MAC 

D                      Double column 

e                       Efficiency 

F                      Air feed 

I                       Process inlet or compressor inlet 

O                     Oxygen or a unit amount of oxygen 

S                      Single column  
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