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1. Context

2

Why ?
 For residual emissions : 1-20 Gt-CO2/year
 Hard-to-abate, expensive-to-abate
 Agriculture, maritime and air transport

Need of a massive 
deployment if 
acceptable in terms of 
emission factor, impact, 
sustainability and cost

Net Zero Scenario of the International Energy Agency (IEA). 

Boundaries of the study

2025 : 
104 tCO2/an

2050 : 
109 tCO2/an

Energy

DACAmbiant air

Air, CO2-depleted

CO2 Transport

Compression

CO2 use

CO2 storage
Geological storage

E-fuel, etc.

Fan
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>99 %CO2
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2. Objectives of the work

Observations :
 Adsorption-based DAC processes are the most 

widely deployed

 Most of works are based on dry ambiant condition 
(without air humidity)

 Most of works are based on sorbent in pellet 
shape (packed bed), where the pressure drop for 
the air to pass trough the bed can be a bottleneck

 Simulation softwares allow studies to guide future 
process development

Objectives :
 Simulate an adsorption-based DAC process with 

a commercially available sorbent which isotherms 
for DAC conditions (low CO2 pressure, humidity, 
temperature) that are available in literature

 Compared packed bed configuration to a 
structured sorbent shaping

CO2
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Monolith Packed 
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150 bars
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3. S-VTSA (Steam-assisted Vacuum Thermal Swing Adsorption) 
process overview
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Phase I : Adsorption
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4. S-VTSA (Steam-assisted Vacuum Thermal Swing Adsorption) 
cycle

CO2

Air in, 
400 ppm-CO2 

Fan Vacuum 
pump

Water

Heat exchanger

Steam

Air out, 
CO2-depleted

Sorbent
150 bars

Phase I : Adsorption

CO2

Air in, 
400 ppm-CO2 

Fan Vacuum 
pump

Water

Heat exchanger

Steam

Air out, 
CO2-depleted

Sorbent
150 bars

Phase II : Regeneration

Step Duration Temperature
(°C)

Pressure
(bar)

1 Adsorption Until �𝐶𝐶𝐶𝐶𝐶𝐶2
𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶2

𝑖𝑖𝑖𝑖 = 50% 15 1.013

2 Evacuation Until 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 = 0.35 bar 15 0.3

3 Pre-heating 500 s 70 0.3

4 Pre-purge 50 s 70 0.3

5 Desorption Until 𝒒𝒒𝑪𝑪𝑪𝑪𝟐𝟐 = 𝟎𝟎.𝟏𝟏 molCO2/kg 100 0.3

6 Cooling Until 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 70 °C 70 0.3

7 Repressurization Until 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 = 1.013 bar 15 1.013

Oxydation
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5. Sorbent material choice : Lewatit VP OC 1065
Lewatit VP OC 1065 (amine sorbent)

 Commercially available
 High CO2 uptake in ambiant conditions (> 1 mol/kg)
 Available isotherms data in DAC conditions (low CO2 pressure, humidity, temperature)
 Physico-chemical properties available (density, diameter, heat of adsorption, …)

𝑞𝑞𝐶𝐶𝐶𝐶2𝑤𝑤𝑤𝑤𝑤𝑤 𝑞𝑞𝐶𝐶𝐶𝐶2
𝑑𝑑𝑑𝑑𝑑𝑑 ,𝑅𝑅𝑅𝑅 = 𝑏𝑏. 𝑒𝑒𝑐𝑐.𝑞𝑞𝐶𝐶𝐶𝐶2

𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇,𝑝𝑝𝐶𝐶𝐶𝐶2 .𝑅𝑅𝑅𝑅 + 1 . 𝑞𝑞𝐶𝐶𝐶𝐶2
𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇, 𝑝𝑝𝐶𝐶𝐶𝐶2 𝑞𝑞𝐶𝐶𝐶𝐶2

𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇, 𝑝𝑝𝐶𝐶𝐶𝐶2  calculated from Toth 
isotherm in dry conditions

𝑅𝑅𝑅𝑅 relative humidity

with

𝑏𝑏 and 𝑐𝑐 fitted from data
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Isotherms model: 
 H2O significantly enhances CO2 adsorption. 

Co-adsorption CO2 isotherm model:   
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5. Sorbent material choice : Lewatit VP OC 1065

Isotherms model (continued): 

 H2O isotherm model: Guggenheim-Anderson-de-Boer (GAB) isotherm.

  Isotherm model parameters are fitted from experimental data.

 N2, O2 and Ar adsorption neglected. 0
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𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑘𝑘

𝑑𝑑 1
𝑇𝑇

= −
Δ𝐻𝐻𝑘𝑘
𝑅𝑅

Heat of adsorption:

 Δ𝐻𝐻𝐶𝐶𝐶𝐶𝐶 = 73 kJ/mol 

 Δ𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 44 kJ/mol

  Clausius-Clapeyron fit from isotherms
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7. Comparison between packed bed and monolith designs

Main model assumptions :
 Comparison of packed to a hypothetical monolith 

 Packed bed: filled with spherical particle
 Monolith: sorbent coated on stainless steel support

 Small module dimension: H = 0.5 m ; D = 2 m

 1-D model with axial dispersion and adiabatic bed, 
using linear driving force model for mass transfer

 Pressure drop:
 Packed bed: Ergun equation
 Monolith: Hagen-Poiseuille equation

CO2

Air in, 
400 ppm-CO2 

Fan Vacuum 
pump

Water

Heat exchanger

Steam

Air out, 
CO2-depleted

Monolith Packed 
bed

vs

150 bars

CPU

Compression & 
Purification Unit

Energy & Mass balance

Heat requirement (GJth/tCO2) 
Elect. requirement (Mwhe/tCO2)
Productivity (kgCO2/(h.m3))
Pressure drop (Pa)
Water production (kgH2O/kgCO2)

Aspen Adsorption

Economic evaluation Aspen Process 
Economic Analyzer

Cost of capture €2022/tCO2

𝜈𝜈𝑔𝑔 = 1 𝑚𝑚/𝑠𝑠
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8. Results : Cycle behaviour

Packed bed

Monolith

1 : Adsorption
2-4 : Intermediate steps

5 : Desorption
6-7 : Cooling-repressurization

1     2-4    5    6-7

1     2-4    5    6-7

1     2-4    5   6-7 1     2-4    5    6-7

1     2-4    5   6-7 1     2-4    5   6-7

𝜈𝜈𝑔𝑔 = 1 𝑚𝑚/𝑠𝑠

𝜈𝜈𝑔𝑔 = 1 𝑚𝑚/𝑠𝑠
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8. Results : Main results (reference case)

Key message:
- High pressure drop of packed bed  high 

elect. requirement
- High cost of capture (high adsorber cost) 
- Packed bed: OPEX intensive 
- Monolith: CAPEX intensive

Design Packed bed Monolith
CO2 productivity kgCO2/(h.m3) 2.39 1.17
H2O production tH2O/tCO2 2.10 1.50
Pressure drop Pa 26.5 x 103 0.66 x 103

Total heat. energy GJ/tCO2 10.7 15.9
Total elec. energy MWh/tCO2 13.8 0.98
Total primary energy GJ/tCO2 124.9 24.0
Cost of capture €/tCO2 2102 2090

Cost distribution CAPEX distribution

Primary energy distribution
(Primary energy = heat. energy + elec. energy * 2.3)
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9. Results : Economic sensibility
• Cost of capture influenced by the economic 

and technical assumptions.

• Process data from simulations = inputs for
Aspen Process Economic Analyzer (APEA).

• Estimation for feasibility studies: -30% to
+50% accuracy.

 Economic sensitivity

Key message:
- High influence of adsorber cost and 

learning rate (high CAPEX & modularity)
- Packed bed cost influenced by electricity 

cost (due to high requirement)
- Monolith cost more influenced by CAPEX 

parameter and by monolith cost and 
lifetime 

10 yr
2 €/kg

20 %
4 %
25 yr
95 %

-30 %
5  €/GJ

40 €/MWh
ref/10

0.5 yr
20 €/kg

5 %
8 %

15 yr
60 %

+50 %
20 €/GJ

150 €/MWh
ref*2

500 1500 2500 3500 4500 5500

Lewatit lifespan; 10←2→0.5 years
Lewatit cost; 2←15.6→20 €/kg

Learning rate; 20←15→5 %
Discount rate; 4←8→12 %

Economic lifetime; 25←20→15 years
Load factor; 95←90→60 %

Risks and contingencies; -30←+30→+50 %
Heat cost; 5←10→20 €/GJ

Electricity cost; 40←70→150 €/MWh
Adsorber CAPEX; ref/10←ref→ref*2 €

Cost of capture (€/tCO2)

Packed bed

10 yr
ref/5

20 %
4 %

25 yr
95 %

-30 %
5  €/GJ

40 €/MWh
ref/10

0.5 yr
ref*5

5 %
8 %

15 yr
60 %

+50 %
20 €/GJ
150 €/MWh

ref*2

500 1500 2500 3500 4500 5500

Monolith lifespan; 10←2→0.5 years
Monolith cost; ref/5←ref→ref*5 €/kg

Learning rate; 20←15→5 %
Discount rate; 4←8→12 %

Economic lifetime; 25←20→15 years
Load factor; 95←90→60 %

Risks and contingencies; -30←+30→+50 %
Heat cost; 5←10→20 €/GJ

Electricity cost; 40←70→150 €/MWh
Adsorber CAPEX; ref/10←ref→ref*2 €

Cost of capture (€/tCO2)

Monolith
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10. Results : Sensitivity on bed height 

Key message:
Smaller height are favorable in term of :
- Productivity
- Energy requirement (pressure drop)
- Cost

0.5 m

1 m

 Small height can be limited by technical feasibility 
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11. Results : Sensitivity on air velocity during adsorption phase

Key message:
Higher air velocity:
- Productivity improved  until residence time 

becomes to short vs mass transfer from gas 
bulk to sorbent.

- Too high pressure drop for packed bed

0.1 m/s
- 

2 m/s

Pressure drop:
 Packed bed: Ergun equation

 Monolith: Hagen-Poiseuille equation

𝜕𝜕𝑃𝑃
𝜕𝜕𝑧𝑧 = −

150 1 − 𝜀𝜀𝑖𝑖 2

2𝑟𝑟𝑝𝑝
2𝜀𝜀𝑖𝑖3

 𝜇𝜇 𝜈𝜈𝑔𝑔 +  1.75 𝜌𝜌𝑔𝑔
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2𝑟𝑟𝑝𝑝𝜀𝜀𝑖𝑖3
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12. Results : Sensitivity on pellet radius for packed bed

Key message:
Larger pellet radius:
- Productivity & cost reduces
- Pressure drop reduces  fan work reduces (remains high)

0.3 – 1  mm

Sensitivity on pellet radius 
for packed bed

Reference case: 𝑟𝑟 = 0.3 mm
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13. Conclusion and perspectives

Conclusion :
 Very high pressure of packed bed  High elec. 

energy (> 5 MWh/tCO2) compared to monolith 
(ca. 1 MWh/tCO2)

 Packed bed more OPEX intensive vs. Monolith 
more CAPEX intensive

 High cost of capture (~2000 €/tCO2) with high 
adsorber cost  expected to decrease with 
further development and economies of scale

Perspectives :
 Sensitivity analysis on process parameter for 

monolith 

 Monolithic design development 

 Cheaper adsorber module

 Experimental to reinfor simulation results & 
economic estimation 

P. de Joannis, C. Castel, M. Kanniche, E. Favre, and O. 
Authier, “Techno-Economic Analysis of Packed Bed 
and Structured Adsorbent for Direct Air Capture,” 
Carbon Capture Science & Technology, p. 100518, 
Sep. 2025, doi: 10.1016/j.ccst.2025.100518.

https://doi.org/10.1016/j.ccst.2025.100518


Thank you 

Any questions ? 

Contact : paul.de-joannis-de-verclos@edf.fr
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Assumptions
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Equations 
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Equations
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Bed density
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Parameters
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Clausius-Clapeyron
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KPI
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Economic estimation
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Clausius-Clapeyron
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Sensitivity 
on monolith
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Monolith assumptions
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Results : Sensitivity on coating thickness for monolith

Key message:
Larger coating thickness:
- Smaller productivity 
- Higher air velocity  higher pressure drop  higher elec. requirement
- Optimum to find on heat. Energy
 Higher cost of capture

100 – 500 μm 
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Isotherme d’adsorption de la Lewatit

𝑞𝑞𝐶𝐶𝐶𝐶2
𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇, 𝑝𝑝𝐶𝐶𝐶𝐶2 = 𝑞𝑞𝑆𝑆.

𝑏𝑏 𝑇𝑇 . 𝑝𝑝𝐶𝐶𝐶𝐶2

1 + 𝑏𝑏 𝑇𝑇 . 𝑝𝑝𝐶𝐶𝐶𝐶2 𝑡𝑡 𝑇𝑇
1

𝑡𝑡 𝑇𝑇

Isotherme de Toth, en condition sèche 

𝑏𝑏 𝑇𝑇 = 𝑏𝑏0. 𝑒𝑒
∆𝐻𝐻0
𝑅𝑅.𝑇𝑇0

. 𝑇𝑇0𝑇𝑇 −1

𝑡𝑡 𝑇𝑇 = 𝑡𝑡0 + 𝛼𝛼. 1 −
𝑇𝑇0
𝑇𝑇

 
avec

Pressure range
(Pa)

Temperature
range (°C)

Nb data Ref

10-100 5-35 26 (H. M. Schellevis, Van Schagen, et Brilman 2021)
40-1000 5-35 21 (M. Schellevis 2023)

30-100000 25-100 59 (Young et al. 2021)
10-100000 15-120 324 (M.-Y. A. Low et al. 2023)
1500-50000 40-95 24 (Sonnleitner, Schöny, et Hofbauer 2018)

1000-80000 30-100 42 (R. Veneman et al. 2015)
5-100000 25-90 51 (Wu et al. 2022)

Estimation des paramètres 𝑞𝑞𝑠𝑠, 𝑏𝑏0, ∆𝐻𝐻0, 𝑡𝑡0 et 𝛼𝛼 
par régression d’isothermes de la littérature

Parameter Value

Toth 
isotherm 

(Pure CO2)

𝑞𝑞𝑆𝑆 (molCO2/kg) 3.7604

𝑏𝑏0 (1/Pa) 0.001382

∆𝐻𝐻0 (kJ/molCO2) 103.05

𝑇𝑇0 (K) 353.15

𝑡𝑡0 (-) 0.30894

𝛼𝛼 (-) 0.34148

R2 0.9803
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Isotherme d’adsorption de la Lewatit

L’humidité de l’air favorise l’adsorption du CO2, isotherme prenant en compte l’humidité de l’air (M. Schellevis 2023) : 

Pressure range
(Pa)

Temperature
range (°C)

RH range 
(-)

Nb data Ref

40-1000 5-35 0-0.9 76 (M. Schellevis 2023)
10-100000 25-70 0.3-

0.55
42 (Young et al. 2021)

40 15-35 0-0.6 12 (R. Veneman et al. 2015)
15-130 15-30 0.35-

0.37
17 (Chimani et al. 2024)

Estimation des paramètres 𝑏𝑏 et 𝑐𝑐 par 
régression d’isothermes de la littérature

Parameter Value

Co-adsorption 
isotherm CO2

𝑏𝑏 (-) 3.58

𝑐𝑐 (kg/molCO2) -1.215

R2 0.873

𝑞𝑞𝐶𝐶𝐶𝐶2𝑤𝑤𝑤𝑤𝑤𝑤 𝑞𝑞𝐶𝐶𝐶𝐶2
𝑑𝑑𝑑𝑑𝑑𝑑 ,𝑅𝑅𝑅𝑅 = 𝑏𝑏. 𝑒𝑒𝑐𝑐.𝑞𝑞𝐶𝐶𝐶𝐶2

𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇,𝑝𝑝𝐶𝐶𝐶𝐶2 .𝑅𝑅𝑅𝑅 + 1 . 𝑞𝑞𝐶𝐶𝐶𝐶2
𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇, 𝑝𝑝𝐶𝐶𝐶𝐶2

𝑅𝑅𝑅𝑅 l’humidité relative

𝑞𝑞𝐶𝐶𝐶𝐶2
𝑑𝑑𝑑𝑑𝑑𝑑 𝑇𝑇, 𝑝𝑝𝐶𝐶𝐶𝐶2  calculé par 

l’isotherme de Toth
avec
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Isotherme d’adsorption de la Lewatit

L’adsorption de l’eau n’est pas influencé par le CO2, l’isotherme Guggenheim-Anderson-de-Boer (GAB) est employé : 

Pressure
range (Pa)

Temperature
range (°C)

RH range 
(-)

Nb
data

Ref

230-2000 20 0.1-0.9 6 (Chimani et al. 2024)
20-2200 15-35 0.01-0.9 138 (M.-Y. A. Low et al. 

2023)
30-2500 8-33 0.01-0.9 33 (M. Schellevis 2023)
150-30000 25-100 0.03-0.9 55 (Young et al. 2021)

Estimation des paramètres par régression 
d’isothermes de la littérature

avec𝑞𝑞𝐻𝐻2𝑂𝑂 𝑇𝑇 𝑅𝑅𝑅𝑅 = 𝑞𝑞𝐺𝐺 .
𝐶𝐶𝐺𝐺 𝑇𝑇 .𝐾𝐾𝐺𝐺 𝑇𝑇 .𝑅𝑅𝑅𝑅

1 − 𝐾𝐾𝐺𝐺 𝑇𝑇 .𝑅𝑅𝑅𝑅 . 1 + 𝐶𝐶𝐺𝐺 𝑇𝑇 − 1 .𝐾𝐾𝐺𝐺 𝑇𝑇 .𝑅𝑅𝑅𝑅
𝐾𝐾𝐺𝐺 𝑇𝑇 = 𝑒𝑒

(𝐸𝐸2−9−𝐸𝐸10+)
𝑅𝑅.𝑇𝑇

𝐶𝐶𝐺𝐺 𝑇𝑇 = 𝑒𝑒
𝐸𝐸1−𝐸𝐸10+

𝑅𝑅.𝑇𝑇

𝐸𝐸1 = 𝐶𝐶 − 𝑒𝑒𝐷𝐷.𝑇𝑇

𝐸𝐸2−9 = 𝐹𝐹 + 𝐺𝐺.𝑇𝑇

𝐸𝐸10+ = −44.38.𝑇𝑇 + 57220

Parameter Value

GAB 
isotherm 

(H2O)

𝑞𝑞𝐺𝐺  (molH2O/kg) 2.15

𝐶𝐶 (J/molH2O) 48459

𝐷𝐷 (1/K) 0.0234

𝐹𝐹 (J/molH2O) 57197

𝐺𝐺 (J/molH2O/K) -44.93

R2 0.988
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