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Introduction
• UKCCSRC flexible funding 2020 project to 
investigate use of electrical capacitance 
tomography (ECT) to measure the build-up of CO2
frost in cryogenic carbon capture (CCC).

• Discussion of theoretical base assumptions, 
experimental set up and lessons learned.

• CO2 frost and water frost experiments.
• Conclusions and recommendations for future work.
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Introduction: Cryogenic carbon capture (CCC)
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• Cryogenic carbon capture (CCC) is an 
emerging method of carbon capture 
based on physical phase change [1].

• The cryogenic process of carbon 
capture involves very low temperatures 
(around -100⁰C or below) that freezes 
CO2 on cold packed material surfaces.

 [1] Font-Palma C, Cann D, Udemu C. Review of Cryogenic Carbon Capture Innovations and Their 
Potential Applications. C 2021;7(3):58.
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Advantages:
• low energy requirements.
• high product purity.
• no chemical reaction involved.
• low carbon footprints.

Disadvantages/Challenges:
• cooling duty requirements.
• electricity consumption.
• solids handling.

Cryogenic packed bed Adsorption Absorption Membrane

• CO2 can be recovered at 
high purity

• Capable of operating at 
atmospheric pressure

• Low cost of sorbents
• Sorbents can be 

regenerated and reused

• Most solvents are cheap 
and suitable for high 
temperature applications

• High purity and recovery 
of CO2

• Short startup time and low 
energy requirement

• Low-cost separation of CO2

• Uneconomical for dilute 
CO2 streams

• Feed must be stripped of 
water in order to prevent 
ice plugging

• High energy requirement 
due to cooling

• High energy penalty 
imposed by high pressure 
requirement for CO2
adsorption  and 
temperature for sorbent

• Periodic sorbent 
regeneration leads to 
degradation of sorbents 
and subsequent 
replacement

• High energy penalty due to 
sorbent regeneration

• Large capital cost from 
plant equipment size and 
high-performance sorbent

• Low selectivity for CO2
capture 

• Capital intensive for large 
scale application

• Low activity observed for 
low CO2 concentrations 
(less than 20%)

• Not suitable for high 
temperature operating 
condition

2.4 – 5.2 GJ/t-CO2 4 – 6 GJ/t-CO2 2.3 – 9.2 GJ/t-CO2 0.5 – 6 GJ/t-CO2

 [1] Font-Palma C, Cann D, Udemu C. Review of Cryogenic Carbon Capture Innovations and Their Potential Applications. C 202
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Frost front

CO2 Lean gas

Flue gas

Process:
• Flue gas fed into a column filled 

with cold bed material
• CO2 freeze out of the flue gas and 

forms a frost on the bed material 
• Continuous CO2 desublimation 

causes a moving frost front
Challenges:
• Excessive CO2 frost build-up 

reduces heat transfer efficiency
• Lack of research regarding frost 

formation within a packed column
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 [2] Cann D, Font-Palma C, Willson, P. Moving packed beds for cryogenic CO2 capture: 
analysis of packing material and bed precooling. 2021

CO2 frost front velocity in steel and ceramic packed 
bed material.

Temperature profiles of cryogenic packed bed



ECT sensor for cryogenic imaging

7Measurement principle of ECT

Photo of the manufactured ECT sensors 



Relative permittivity

Material Relative Permittivity

Steel Very low

Ceramic 30

CO2 1

CO2 frost 1.6

Air 1

Water 80

Water ice 3.2

Glass 4



• The CO2 deposition 
leads to frost build up, 
the frost front move up 
through the bed 
material until saturated.

Data collected include:
• ECT real-time image.
• Temperature.
• Flow.
• Pressure.
• CO2 concentration.

Experiment setup

Photos of cryogenic test rig Schematic of cryogenic test rig
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Temperature profiles – indication of frost

Time (s) Packed Bed

80 CO2 capture start

150 Temperature plateau

400 Defrost start

Temperature profiles of thermocouples above 
ECT, below ECT and gas injector under 40 

LPM 18% v/v CO2 103. Chen, Y., et al., Preliminary study of CO2 frost formation during cryogenic carbon 
capture using tomography analysis. Fuel, 2022. 328: p. 125271.



ECT profiles – indication of frost?

ECT profiles for ceramic bed during CO2 frost 
formation
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• The relative change in 
permittivity is 
insufficient to reliably 
be detected by the 
ECT sensor.



Water frost ECT profiles
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Time 
(mins)

Packed Bed

0 Start cooling gas

7 Frosting begins

13 Frosting ends

Water Relative 
permittivity

Temperature 
(°C)

55.3 100

80 20

88 0

3.2 -2

ECT profiles with gas injector under 50 LPM 
cooling gas



Water frost experiment results

Image reconstruction results of 
the wetted ceramic packing with 
(a) two end calibration method 
(b) and (c) single end calibration 
method from 0 minutes to 10 
minutes.

Dynamic image reconstruction
• Single end calibration method with better reconstruction accuracy 

and better noise tolerance than the two end method.
Limitations
• Due to random nature of packing, the volume fraction of deposited 

frost is hard to calculate.
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Conclusions

• This is the first study, to best of our knowledge, to 
attempt to investigate CO2 frost formation during 
cryogenic carbon capture with ECT.

• Simulations were used to design ECT sensors that 
will enable spatially resolved frost imaging. 

• Early experimental results suggest it is possible to 
detect frost distribution. 
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Future work

Research on desublimation process
• Dynamics of deposition process.
• Change to a packing material with a lower relative 

permittivity.
• Modifications to the testing rig such as using a 

transparent column to help the observation of CO2
frost formation phenomena.
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