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CCUS

Carbon capture, 
utilization, and storage 

(World Energy Outlook 2023)
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K1   : compressor
  E1   : chiller

E2,E3: heat exchanger
  V1   : cryogenic tower

<Condition>
Feed gas: 
30 ℃, 0.1 MPa, 
CO2/N2 = 20/80, 40/60, 60/40 

Compressor: 
3, 4, 5 MPa (α = 75 %)

Chiller:
－30, －40, －55 ℃ (COP = 1.3) 

Output gas: 25℃ (for pipeline)

Output liquid: －20 ℃ (for storage)

<Process model>
drawn by AVEVA  Process Simulation

<Equation of state>
Peng－Robinson equation1

Energy cost 
calculation

Pm: total pressure [Pa]
 R : gas constant (8.314 [J/K･mol])
 T : temperature [K]
vm: molar volume [m3/mol]
am, bm: attractive and repulsive parameter
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fk
P: fugacity of component k (phase P)

xk: molar fraction
ZG: the smallest Z (gas phase)
ZL : the largest Z (liquid phase)
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Legend
－30 ℃
－40 ℃
－55 ℃
〇…calculated by PR eq.
－…literature value [2]

✓ PR equation traces literature 
value well.

✓ The maximum recovery rate 
was 86.5 % (5 MPa,－55 ℃)

✓ The lowest energy cost was 
0.235 kWh/kg-CO2 (4 MPa, －
55 ℃)

✓ Recovery rate and energy cost 
of CO2 = 60 % was 8.7-fold 
higher and 21-fold lower than 
those of CO2 = 20%

✓ Cryogenic separation is applied for separation of high-content CO2 gas.
✓ The energy cost is 21～83 % of other techniques

✓ We are demonstrating CO2 
recovery system using 6 Nm3/h 
of feed gas.

✓ We aim to form an ecosystem 
that includes the separation and 
recovery of CO2 to its utilization. 

CO2 separation methods
･ Amine absorption ･ Solvent absorption
･ Adsorption ･Membrane
･ Cryogenic separation
  →no chemical waste, low energy consumption, 
      low CCS cost due to CO2 liquefication

★Purpose of this study
Detailed investigation of change in energy cost 
calculation under different feed gas condition 
(composition, pressure, temperature)
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✓ CO2/N2 phase diagram was 
evaluated using Peng－
Robinson equation.

✓ Cryogenic CO2/N2 separation 
model was simulated.

✓ The case of 5 MPa/－55 ℃ 
showed the highest recovery 
rate of 86.5 %.

✓  4 MPa/－55 ℃ was the lowest 
cost of 0.235 kWh/kg-CO2.

✓ In case of high content CO2 gas, 
cryogenic separation is 
promising for CCUS.

Phase diagram of CO2 and applied range of techniques

Supercritical

Liquid Gas

Membrane 
separation

Amine 
absorptionPhysical adsorption

Solvent 
absorption

Easy transfer and storage！

Cryogenic 
separation

CO2 separation system

Inorganic 
membrane

Polymeric 
membrane

Calculated using molar fraction, critical 
temperature/pressure, acentric factor, 
and interaction parameter (-0.017)

Z = Pmvm/RT : compressibility factor

CO2 gas
separated
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