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Abstract 

There is growing concern that climate change is transforming into a problematic calamity 

globally and one of the major causes is the anthropogenic emission of greenhouse gases (GHGs) into the 

atmosphere. One prospective method, that has been extensively researched, to reduce the effect of climate 

change upon the environment is Carbon Capture and Storage (CCS). However, reducing emissions 

through generic CCS technology can only slow down the rate of increase of atmospheric CO2 

concentration. Such actions are not known to be able to mitigate the CO2 that are already in the 

atmosphere by previous emissions. Hence, a complimentary method would be to extract CO2 directly 

from air – Direct Air Capture (DAC). This paper addresses a novel development concept of DAC, 

whereby a phase of axial compression is introduced to adapt atmospheric air to a CO2 concentration level 

best suited for existing CCS processes. A design process is initiated to develop an axial compression 

model where fluid simulation studies are performed. These information are then utilized to perform a 

feasibility study where several key issues are addressed: the additional energy penalty when applying 

axial compression and whether or not, increasing the capture input by compression would displace the 

elevated energy consumption.  
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1. Introduction 
Annual global emissions of CO2 have 

escalated by approximately 80% between 1970 

and 2004 [1-2]. One prospective method that has 

been extensively researched to reduce the effect 

of climate change is Carbon Capture and Storage 

(CCS). Reducing emissions through generic CCS 

technology could potentially minimize emissions 

from point sources, but this could only slow the 

increasing rate of atmospheric CO2 concentration. 

Such actions cannot mitigate the carbon already 

released the atmosphere by previous emissions. 

These are called distributed emissions, as these 

anthropogenic carbon sources have already been 

distributed across the atmosphere. 

 

One specific method to address distributed 

emissions is extracting carbon dioxide directly 

from air known as Direct Air Capture (DAC). 

Since CO2 is evenly mixed in the Earth’s 

atmosphere, air capture can, in effect, capture 

CO2 emitted from any location, using the 

atmosphere as a direct link between different 

emission sources and the air capture facility. The 

technology of DAC is not novel and is an 

extensively researched field of science. Although 

it was first suggested by researchers in 2001 [3], 

similar research studies have been conducted 

thereafter [4-9].  

 

Capturing CO2 from air has its own pros and 

cons. For example, DAC has a lower construction 

and energy cost as compared to conventional 

CCS technology and the location of DAC 

facilities are more flexible and can be built at 

more accessible locations [10]. Also, DAC 

systems need not be tightly integrated into 

existing energy-producing infrastructures.  

Furthermore, DAC can effectively remove CO2 

with equal ease or difficulty from all parts of 

economy because the technologies adopted for 

DAC application can be provided at fixed 

marginal costs [5]. However, the significantly 

lower concentration of CO2 in atmospheric air 

renders DAC an engineering challenge [11].  The 

most critical problem is that the nearest 

concentration similar to atmospheric level of CO2 

concentration is post-combustion capture from 

coal flue gas, at a concentration of  5 – 15% [12] 

whilst DAC can only work with dilute 

concentration of CO2 in atmospheric air at a mere 

0.04% [13] concentration.  

 

The recent trend in researching the 

technology of DAC involves creating new 

materials or processes [14-23] in order for DAC 

to improve as a more feasible and efficient 

process. An alternative approach, however, would 
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be to create new technologies whereby 

atmospheric air can be adapted to a CO2 

concentration level high enough that it would suit 

any existing CCS processes. The aim of this 

paper is to propose an alternative approach to 

improve the efficiency of a DAC system whereby 

an axial compression scheme is integrated into a 

DAC system that would enhance the low input 

CO2 concentration of 0.039%, thus further 

improving the efficiency of carbon capture 

operation.  

 

2. Methodology 

The methodology of the case study proposed 

is separated into three different processes; 

compressor design, simulation, and feasibility 

study. The compression process is initially 

designed through a mathematical process to 

produce a complete compressor model with the 

necessary geometrical values. Using the designed 

compressor model, computational fluid 

simulation is then performed to obtain the actual 

end CO2 concentration after going through a 

compression phase. These end concentration 

results could then be utilized in the feasibility 

study to demonstrate the total energetic transfer in 

between the different processes in the said DAC 

system. 

 

Axial compression is selected as a basis for 

the compression design since it is a mature 

technology and holds a large knowledge base. 

There are other more recent compression 

technologies in the industry [14-16], however, 

these newer developments are not technologically 

matured and still require further understanding.  

Axial compression achieves considerably higher 

pressure ratio at a higher level of efficiency. It 

can also handle a much larger mass flow 

compared to a radial flow compressor. Axial flow 

compressors can also achieve higher thrust per 

unit frontal area where modern axial flow 

compressors may give efficiencies of up to 86–

90% [18]. 

 

To perform energy and cost analysis for the 

proposed method, a reference system would be 

utilized where the information of the DAC 

technology applied as well as the 

chemical/thermodynamic processes available in 

literature. The feasibility of the system would be 

assessed by summing energetic penalty exerted 

by the system and the total carbon content 

captured. The study by Bachiocchi [24-25] 

features the absorbing technology; caustic 

recovery, found in literature [5] with absorbing 

columns utilizing electric fans to maintain 

constant draw-in velocity. The reference plant13 

for this study was chosen because it utilizes 

existing engineering technology in CCS and 

detailed information on material and energy 

balances are easily available.  

 

The proposed method aims to replace the 

electrical fan with an additional compressor that 

would pressurize the air intake before undergoing 

the chemical process with absorption liquid. It is 

envisaged that such a method would greatly 

increase the input CO2 concentration over 

existing method using electric fan. However, the 

additional process of compression would 

introduce an additional energetic penalty. The 

notion of the scheme is that by increasing the 

capture input by compression, it will reduce 

energy and cost related separation parameters, 

leveling or surpassing the energetic penalty of 

additional compression. 

 

2.1 Compressor Design 

Design process was initiated to form a 

compressor model utilizing a combination of 

thermodynamic and aerodynamic correlations, 

constituent formulae, compressor performance 

coefficients and compressor design specifications.  

 

Literature are also utilized in the process [29-31] 

as well as other fundamental thermodynamic 

theories such as the Steady Flow Energy Equation 

(SFEE) to investigate heat and work transfer [32] 

from which the temperature and pressure 

properties of the compressor are computed. 

Thermodynamic properties such as Cp (specific 

heat capacity at constant pressure) and γ (heat 

capacity ratio) are calculated using NASA’s 

chemical equilibrium model [33-34].  

 

2.2. Computational Modeling and Simulations 
The analytical method would yield a set of 

compressor performance parameters. By applying 

methods found in literature [29-31], a set of 

geometrical related properties such as thickness 

chord ratio, and normalized spacing for the 

compressor profile are obtained and utilized to 

build a simulation model. Based upon references 

[35-39]
 

of the NACA-65 blade series, the 

geometry of the blade can also be computed from 

the lift coefficient. 

 

A validation test is then conducted to verify the 

simulation settings using the NACA-65 series 

airfoil blade experimental data by Briggs
 
[40]. 



                      The 3rd TSME International Conference on Mechanical Engineering                October 2012, Chiang Rai 
 

  

Paper ID 

ETM 1003    

The comparison results are shown in Fig. 1. The 

data obtained correlate closely with the 

experimental data with a slight over-prediction at 

the trailing edge (from a distance 0.4 of the chord 

lengths onwards) of the airfoil. Compared to 

Briggs’, the simulated data do not deviate much, 

hence verified the simulation setting. As for the 

leading edge, the simulated results predicted the 

peak coefficient of pressure at around 0.05 chord 

length while the experimental data shows the 

peak at a distance 0.1 chord length from the nose 

of the airfoil. 

 

 
Fig. 1 Experimental and Simulated Coefficient of 

Pressure (Cp) for NACA 65-(12)10 
 

2.2.1 Initial and Boundary Conditions 
Once benchmarking is completed, a 2D 

single-stage axial compressor with NACA 65-

(12)10 airfoil blade is modeled and simulated. Fig. 

3 shows the model of the 2D compressor domain 

for the axial compressor. The inlet and outlet of 

the simulation domain are based upon the 

computed blade spacing and the compressor 

blade has a total of one chord length. 
 

 
Fig. 2 Final Compressor Model and Partial Mesh 

Configuration 

The numerical simulation runs were made with 

the assumption of unsteady, two-dimensional, 

turbulent and incompressible flow. Ideal gas 

theory is applied and other fluid properties are set 

constant. The simulations were made at Mach 

Number, Ma= 0.46, pressure ratio of 1.1 and 

Reynolds Number, Re= 11.4 x 10
6
. 

 

2.2.3. Numerical Solution Procedure 
The turbulence models utilized for this 

simulation is Reynolds Stress Model (RSM). The 

time step size selected is 4x10
-6 

second for 20000 

time steps. This is equivalent in simulation 

procedure as 20 repetitive cycles of compressor 

rotation, where the simulated compressor has 

reached steady state condition. The central 

differencing scheme is used for the diffusion 

terms. The discretized equations were solved 

based on pressure correction method and uses 

PRESTO! (Pressure Staggering Option) 

algorithm [41]. First Order Upwind discretization 

scheme [42-43] is selected for convection-

diffusion formulation. PISO algorithm is used for 

Pressure-Velocity Coupling Method. Under-

relaxation factors are used to increase stability in 

time-stepping. 

 

3. Results and Discussion 

3.1 Simulation Results 
From Fig. 3, it can be observed that the 

simulation results provide a visualization of the 

compression process described by the 

mathematical model. The pressure contour in Fig. 

3(a) shows a rise in pressure, displaying a 

pressure ratio of 1.1 – 1.3 as intended in the 

boundary conditions inserted. The normalized 

molar concentration of CO2 also displays a total 

increase in CO2 concentration of 10% at the near 

end region of the compressor. The CO2 

concentration incremental in simulation results 

can then be utilized in the feasibility study.  

 

 
Fig. 3. (a) Pressure and (b) CO2 Molar 

Concentration of Axial Compressor Simulation 
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3.1 Feasibility Study 
Feasibility study can then be conducted 

utilizing the reference capture system discussed 

in the Methodology section.  

 

Capturing process for the reference plant occurs 

in cylindrical absorbers sized 12 m in diameter, 

2.8 m in length, and 2 m/s velocity of the air 

through the absorber. 0.28 Mt/h of 2 mol NaOH 

solution is used as capturing solution at a density 

of 1,080 kg/m3.  With liquid-to-gas mole ratio of 

1.44 mol/mol and 8,000 operational hours per 

year, the system is assumed to work in 

atmospheric air of 0.049 % CO2 concentration 

with 50% efficiency. The number of absorbers 

required is approximately 347. The capturing 

operation amasses an electrical energetic penalty 

of 1.744 GJe/t-CO2 where the script Je represents 

electrical energy. The electrical energy 

consumption comprises of either the absorber 

fans or the axial compressor, other ancillary 

processes such as slaking, precipitation, as well as 

air separation. 

 

By replacing the electric fans with axial 

compressor, certain information in the analytical 

studies are replaced. For example, axial 

compressor provides a higher concentration in the 

atmospheric feed into the capturing system, as 

well as increasing the velocity of the gas flow 

into the absorber column. Both these qualities 

will reduce the capturing process time, but 

increase the kilowatt consumption. 

 

It should be noted that the calculation for the 

enhanced compression is applied quantitatively 

for all absorbers, meaning that each absorber is 

coupled with a compressor unit. Also, the 

thermodynamic effect of absorption between 

pressurized air and absorption liquid at elevated 

pressure is overlooked.  

 
Table. 1 Comparison of Process Data for the 

Enhanced Mode of DAC 

Specifications Units Default 
Enhanced 

Mode 

Plant Capacity Mt/yr 1 1 

CO2 concentration in  % vol 0.049 0.231 

CO2 concentration out  % vol 0.025 0.115 

Time on-stream h/yr 8,000 8,000 

No of absorbers - 347 1 

Total CO2 Captured t/h 125 125 

Gas velocity  m/s 2 270 

Axial Compressor GJe/tCO2 - 1.257 

Absorber fans GJe/tCO2 0.633 - 

Other Processes  GJe/tCO2 0.916 0.916 

CO2 compression  GJe/tCO2 0.195 124.280 

Electricity subtotal GJe/tCO2 1.744 126.453 

 

Table. 1 presents the comparison between the 

reference plant system (Default) and plant 

replaced with axial compression system 

(Enhanced Mode). It shows a reduction of 

absorber columns to 1 in the enhanced mode due 

to increased input CO2 concentration as the 

increasing gas velocity accelerates the capturing 

process.  

 

However, the electrical energy consumption for 

the Enhanced Mode was driven to a high level at 

126.453 GJe/tCO2. This is because the high 

velocity of air passing causes the CO2 compressor 

to operate at higher energy consumption even 

though the amount of absorbers is reduced. In 

order to create a sustainable enhanced mode, the 

capture yield must be made larger. A different set 

of results were produced whereby the electrical 

energy consumption was equalized in order to 

juxtapose the effect of the enhanced mode.  

 

As can be seen in Table. 2, the subtotal electrical 

energy consumption for both the default and 

enhanced mode has been equalized. By utilizing 

1.941 GJe/tCO2, the default case could only 

capture an annual CO2 capacity of 0.5 Mt/yr 

where as the enhanced mode manages a plant 

capacity of 366 Mt/yr which is 732 times more 

than the default case. After the compression 

enhancements, the CO2 captures per absorber for 

the enhanced mode is still higher (at 228.91 t/h) 

even though the amount of absorbers was 

increased for about 15% from the default case. 

 

Table. 2 Comparison of Process Data with 

Equalized Electrical Energy Consumption 

Specifications Units Default 
Enhanced 

Mode 

Plant Capacity Mt/yr 0.5 366 

CO2 concentration in  % vol 0.049 0.231 

CO2 concentration out  % vol 0.025 0.115 

Time on-stream h/yr 8,000 8,000 

No of absorbers - 174 200 

CO2 captured/absorber t/h 0.36 228.91 

Gas velocity  m/s 2 270 

Axial Compressor GJe/tCO2 - 0.686 

Absorber fans GJe/tCO2 0.635 - 

Other Processes GJe/tCO2 0.916 0.916 

CO2 compression  GJe/tCO2 0.391 0.339 

Electricity subtotal GJe/tCO2 1.941 1.941 

 

It is apparent here that larger CO2 yield must be 

utilized in order to fully capitalize the true 

effectiveness of the compression enhancement. 

As the initial CO2 concentration and air velocity 

is significantly elevated, the energy consumed 

would not be strategic only to capture a small 
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portion of CO2 where the enhanced mode would 

be underutilized. The perfect scenario between 

plant capacity and electrical energy consumption 

should be a linear relationship. 

 

However, it should be noted that the feasibility 

studies is still in its early stage. Even though the 

feasibility studies show that an axial compression 

phase provides a competitive edge for a DAC 

system over its default form, its performance is 

still sub-par compared to a conventional plant 

utilizing post-combustion capture (PCC) [44]. To 

accurately assess the true potential of the concept, 

further analytical research on a designated multi-

stage compressor is required, as well as more 

detailed analysis on the material and energy 

balances of an air capture reference system.  

 

4. Conclusion 
By utilizing axial compression, this paper 

analyzed the efficiency of a DAC system 

featuring standard absorption processes. A DAC 

system coupled with axial compression shows 

sign of improvement in capturing efficiency but 

not without rooms for improvement when 

compared with conventional post-combustion 

capturing process. Such a system requires 

optimization of the capturing processes, in-depth 

energetic analysis, as well as developing a more 

detailed axial compression model, which are 

considered key enablers to determine the 

feasibility of axial compression as a CO2 

enhancing method in DAC. 
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