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a b s t r a c t 

This work expands upon previous work on a moving bed cryogenic carbon capture (CCC). Cryogenic carbon 

capture using a fixed packed bed captures CO 2 frost deposited on the surface of the bed material; this build-up of 

frost fouls the heat transfer of the capture column and requires periodic shut down of the process to regenerate the 

bed material and collect CO 2 for further storage. Using a moving bed continuously removes frosted bed material 

from the capture column preventing the excessive build-up of frost and eliminating the need for a regeneration 

step within the capture column. This paper sets out two objectives in evaluating an experimental moving bed 

system with a fixed volume of bed material; i) compare two different types of bed material within the capture 

column, a high-density ceramic and a steel bed material of similar particle sizes, and ii) combine the precooling 

step and capture step within the cryogenic capture column to allow the cooling of bed material and CO 2 frost 

formation simultaneously. Frost front velocity results for the two different bed materials show 0.78 mm/s for 

steel bed material and 1.81 mm/s for ceramic bed material. Introducing a vertical gas injector into the capture 

column for additional cooling during the capture step allowed the capture step to be extended to approximately 

5 minutes of continuous CO 2 capture. 
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. Introduction 

The Covid-19 lockdown has interrupted most of human life as we

now it for the past year. The lockdown has allowed wildlife to make

 return to urban areas such as dolphins reappearing in Venice and has

otably reduced CO 2 emissions compared to the previous year. With

OP26 expected to be held in November 2021, returning to normal

ife after lockdown is expected to have made sustainability and cli-

ate change a high priority for most governments. The UK still aims to

eet its target of 100% reduction in CO 2 emissions from 1990 levels by

050 ( HM Government. 2019 ) and during lockdown has released a Ten

oint plan for sustainability, detailing a commitment to capturing 10

illion tonnes of CO 2 per annum by 2030 as part of that commitment

 HM Government. 2020 ). Carbon capture and storage (CCS) has been

aining increasing support from governments and is widely accepted

o be necessary in order to limit temperature rise to 2 0 C at the lowest

ost ( Global CCS Institute 2019 ). Chemical absorption is the most ma-

ure carbon capture technology available for retrofitting onto existing

ower plants to decarbonise flue gases. However, chemical absorption

s less economic for typical smaller scale industrial applications outside
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he energy sector. Cryogenic carbon capture (CCC) is a method of CCS

hat appears to be better suited to smaller scale industrial applications,

CC has been gaining interest for applications such as biogas upgrading

nd marine transport ( Spitoni et al., 2019 , Font-Palma et al., 2021 ). 

.1. Cryogenic carbon capture developments 

The most researched methods of CCC include static packed

eds ( Tuinier et al., 2011 ), anti-sublimation ( Clodic et al., 2005 )

nd cryogenic carbon capture with external cooling loop (CCC-ECL)

 Baxter et al., 2009 ). Each of these methods of CCC takes advantage

f the changes of saturated vapour pressure of CO 2 in the gas phase.

ooling gas mixtures containing CO 2 at atmospheric pressure desub-

imes CO 2 as a frost. When the gas is cooled sufficiently to begin CO 2 

esublimation, further cooling causes the saturated vapour pressure of

O 2 to fall rapidly with temperature. A modest additional cooling to the

as can cause a high proportion of CO 2 to be desublimed out. 

Static packed bed cryogenic carbon capture passes ( Tuinier et al.,

011 ) a gas containing CO 2 through a sufficiently cooled packed bed,

o that the CO 2 desublimes onto the surface of the bed material . This

ethod of CCC eventually leads to the build-up of CO frost on the bed
 7RX, UK 
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f  
urface, and the accumulation of frost leads to a reduced efficiency of the

eat transfer from the packed bed. The packed bed must be periodically

egenerated by heating to remove CO 2 frost from the packed bed. 

Anti-sublimation ( Clodic et al., 2005 ) is a similar method but uses

old evaporator fins rather than packed bed heat exchangers. Anti-

ublimation dries flue gas before feeding it through a low temperature

rost evaporator (LTFE) to capture CO 2 as a frost on the surface of the

vaporator. Multiple LTFEs operating successively allows for a pseudo-

ontinuous process, while one LTFE is being regenerated another LTFE

an continue to capture CO 2 frost. This requires the installation of mul-

iple LTFEs which increases capital cost. 

CCC-ECL separates CO 2 from a flue gas through heat exchange with

 contact liquid. The contact liquid is circulated in a refrigeration loop

hat desublimes CO 2 as a frost on the surface of cold liquid droplets,

orming a slurry with the liquid. Separation of the slurry produces a CO 2 

olid stream and a contact liquid stream which is recirculated through

he heat exchange loop. The solid CO 2 stream is pressurised and heated

o produce a liquid stream of CO 2 . 

Anti-sublimation and static packed beds both encounter issues with

xcessive frost build-up. The CO 2 frost must be recovered from the heat

xchanger surface, which makes these methods of capture a batch pro-

ess. Multiple capture units can be used in order to alternate between

apture and recovery cycles. Utilising multiple capture units operating

yclically increases capital costs and energy consumption. Furthermore,

s frost formation reduces heat transfer efficiency, excessive accumula-

ion of CO 2 frost makes the regeneration cycle more energy intensive

 Willson et al., 2019 , Tuinier et al., 2011 ). CCC-ECL provides a continu-

us capture process by allowing a contact liquid to carry CO 2 frost out of

he capture unit to be separated downstream. Similar to the circulation

f a contact fluid, the solid bed material can circulate creating a moving

ed in order to prevent the excessive accumulation of CO 2 frost in the

apture column with the added advantages of avoiding gas compression

osts by operating close to atmospheric pressure and providing a simple

eparation stage subliming CO 2 frost present on a moving bed material

omparatively to separation of a slurry of CO 2 frost and contact liquid. 

.2. Moving bed for cryogenic carbon capture 

Cryogenic carbon capture utilising a moving bed has been devel-

ped with both feasibility studies ( Willson et al., 2019 ) and experimen-

al work ( Cann et al., 2021 ). The use of a moving bed addresses the

imitation of fixed packed bed CCC by preventing the accumulation of

O 2 frost within the capture column without requiring multiple cap-

ure columns or evaporators to operate cyclically, instead the CO 2 frost

overed bed material is removed from the capture column to be regen-

rated and is then recirculated into the capture column. The process

lso provides an advantage of operating at near atmospheric pressure

hus avoiding compression costs. The full operation of this process re-

uires four major stages; the precooling of bed material, desublimation

f CO 2 frost on the cold bed material, sublimation of CO 2 frost present

n the bed material for recovery and finally recirculation of bed mate-

ial for pre-cooling. While the moving bed begins to address the limi-

ation of CO 2 frost build up, a continuous CO 2 capture process would

e required to perform these individual stages in a combined process

nd achieve steady-state operation. Feasibility studies have highlighted

he potential for the patented advanced cryogenic carbon capture (A3C)

ystem ( Willson, 2016 ), which uses a two-step separation process con-

isting of cooler-drier and CO 2 separation stages, to be more econom-

cally beneficial than amine based absorption in certain smaller scale

pplications ( Willson et al., 2019 ). The cooler-drier stage both removes

ater content and precools the gas before reaching the CO 2 separation

tage. The cooler-drier stage cools the flue gas to 174K by heat exchange

ith the cold CO 2 lean gas after the CO 2 separation stage. Overall the

ooler-drier stage consists of between 11 % to 26 % of the heat exchange

uties within the A3C process, where the proportion of heat exchange

uty is primarily determined by the total duty required for refrigera-
2 
ion cooling in the CO 2 separation cycle. Therefore, applications that

equire less overall duty show a higher proportion of heat exchange

uty for the cooler-drier stage. The A3C process was found to provide a

omparable levelized cost of carbon capture (LCCC) to amine-based cap-

ure for large-scale applications and was particularly advantageous for

iogas upgrading applications where the LCCC is 120.9 £/tonne CO 2 

ompared to 395.8 £/tonne CO 2 for an MEA based process of similar

cale ( Willson et al., 2019 ). 

The A3C technology is currently at a technological readiness level

TRL) of 3, where the operation of the desublimation column has been

emonstrated ( Cann et al., 2021 ). The next milestone needed is the com-

letion of the full cryogenic capture cycle for the bed material between

esublimation, sublimation and cooling, for a fully continuous process

hich is currently in progress. 

The results of previous experimental work has demonstrated the po-

ential of the A3C process with the moving bed able to control the exces-

ive accumulation of CO 2 on the frosted bed material ( Cann et al., 2021 ),

herefore showing the potential for the process to continuously capture

O 2 . It also highlighted the requirement of combining the cooling step

nd the capture step within the capture column, allowing both to occur

imultaneously. Allowing both the cooling and mixed gas streams to

ow through the capture column without interfering with one another

nder moving bed conditions would extend the length of the capture

tep and be a positive step towards the development of a fully continu-

us process. 

The previous work used steel bed material as the heat transfer sur-

ace within the capture column, with experimental results and theoreti-

al predictions for frost front velocity aligning well together ( Cann et al.,

021 ). Frost front velocity determines the rate at which the accumula-

ion of frost inside the capture column advances through the column.

esting a greater range of bed material types for CCC has not been ex-

lored previously. Glass beads have been typically used as the packing

aterial for cryogenic columns ( Ali, 2014 , Tuinier et al., 2010 ). Testing

 wider range of bed materials can both assess the optimal choice of bed

aterial for the capture column and can be compared with simulated

esults from theoretical models to determine accuracy of theoretical pre-

ictions on suitability of different bed materials. 

This paper addresses two aims; firstly, a comparison of two types of

ed materials as the heat transfer surface within the capture column,

teel and high-density ceramic. High-density ceramic was chosen as a

igh density and high specific heat capacity are expected to improve

he loading of CO 2 frost on the packed bed material compared to lower

ensity materials. Secondly, the novelty of this paper is presenting the

rst attempt at performing the precooling step and capture step simul-

aneously in a moving bed through the addition of a second vertical gas

njector into the capture column. Addressing the need to perform the

ultiple stages of the CCC cycle simultaneously, this work performs the

recooling step of the bed material and the capture step simultaneously

s a first step towards a continuous process. 

. Materials and Methods 

The cryogenic capture rig is a modified version of the design de-

cribed in detail in previous work ( Cann et al., 2021 ), this modification

ncludes the introduction of a vertical injector into the capture column,

he newly introduced injector has been highlighted in red in figure 1 .

he cryogenic capture column is a 1m tall column made from PTFE in

rder to withstand the near cryogenic temperatures, the capture column

s fitted with two copper pipe gas injectors, one placed horizontally in-

ide the injector and one placed vertically inside the injector. Both gas

njectors are perforated with 1 mm width slits across opposite sides of

he copper pipe to allow gas to flow into the capture column. The 100

m gap between the horizontal and vertical gas injectors is CO 2 frost is

ormed inside the capture column. 

The capture column was filled with two different sets of bed material

or comparison of frost front velocities. Table 1 shows the bed materials
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Figure 1. Sketch of moving bed experimental set 

up. (colour) 

Table 1 

Comparison between steel and ceramic bed material 

Steel Ceramic 

Density (kg/m 

3 ) 7850 5900 

Specific Heat Capacity during 

capture step (J/kg K) 

400 420 

Particle Diameter (mm) 1.4-1.7 1.4-1.7 

Supplier Pometon particles Chemco beads 

( Tojo et al., 1999 ) 
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hat were selected for their high density, low density bed materials risk

uidisation under high gas flow rates that can occur within the capture

olumn. 

As shown in figure 1 , the capture column was injected with two sep-

rate gas lines. The nitrogen cooling gas stream (blue) and the nitrogen

nd CO 2 mixed gas stream (orange) are both cooled using copper pipes

ubmerged in a liquid nitrogen (LN2) bath to -140 0 C and -75 0 C respec-

ively. The cooling gas stream (blue) is fed to provide cooling duty to

he capture column until the bed material in the column reached -120
 C, then the cooling gas flow is reduced to continue cooling bed material

hile the mixed gas line (orange) is fed into the capture column through

he horizontal gas injector. This experimental work focuses on assessing

he CO 2 separation stage of the A3C process, therefore water is not in-

luded in the gas mixture as the gas would be dried before reaching the

O 2 separation stage. The bed material cools to the mixed gas causing

O 2 to desublime and form a frost on the bed material. The flow rate

f the mixed gas is controlled using Bronkhorst El-Flow control valves

hich are used to set the volumetric concentration of CO 2 . An in line

SS gas sensor and rotameter measure the CO 2 concentration and flow

ate of the mixed gas. 

Fixed bed experiments measure the frost front velocity (FFV) from a

eed gas flowing through the horizontal injector at 0.23 m/s and 18 %

/v CO 2 . The packed bed FFVs for steel and ceramic bed material are

ompared with simulated results estimated as in ( Cann et al., 2021 ). 

Once the fixed bed experiments were completed for different bed

aterial types, moving bed experiments were conducted using a screw

onveyor to control the column outlet bed flow. The screw conveyor

as used to set the flow rate of bed material to match the FFV. The

apture column was designed for mass flow conditions where the bed

aterial at the centre of the column and near the column wall travelled

t a uniform speed. 

The superficial gas velocity and CO 2 concentration of the mixed gas

as set at 0.23 m/s and 4% v/v. The bed flow rate was set at 0.016
3 
g/s in order to closely match the bed material superficial velocity to

he FFV. 

Moving bed experiments precooled the ceramic beads to -140 0 C.

he cooling gas flow rate was reduced once the ceramic bed was suffi-

iently cooled. The screw conveyor was then activated shortly afterward

o set the bed material flow rate before introducing the mixed gas. Once

he bed flow rate was set, the mixed gas was fed into the column via the

orizontal mixed gas injector. Thermocouples placed 5 mm and 30 mm

bove the horizontal injector measured the bed material temperature

ver time to detect frost formation. Thermocouple temperatures would

lateau at approximately -110 0 C when the frost front had fully devel-

ped. Thermocouples placed further away from the horizontal injector

elped to check the temperature of the ceramic bed material being pre-

ooled by the vertical gas injector. 

. Results and discussion 

.1. Evaluation of steel and ceramic bed material in static bed mode 

The steel and high-density ceramic bed materials are both materials

ith a high density and comparable specific heat capacities. Evaluation

f these two separate bed materials will help to determine which bed

aterial is more suitable to be used in the capture column based on frost

ront velocity. A slightly higher frost front velocity is expected from the

eramic bed material due to the lower density of ceramic compared to

teel. Slower frost front velocities would mean that a greater mass of CO 2 

rost can be collected in a given depth of bed material in comparison.

esulting in higher levels of CO 2 loading. 

The results in figure 2 compare the difference in FFV between the ce-

amic and steel bed materials under fixed bed operation. The frost front

elocity is calculated by measuring the distance covered by the frost

ithin the capture column over time, meaning the frost front velocity is

epresented by the gradient of the graphs. 

The frost front travels at a slower velocity on the steel bed material

han on the ceramic, this is due to the higher density of the steel bed

aterial. The greater density of steel means there is a greater available

ooling duty within the bed material, therefore the steel bed material

an frost a greater volume of CO 2 before becoming saturated with frost.

oth sets of results have an associated uncertainty with them from re-

eated experiments, the ceramic bed material shows a lower level of

ncertainty of 9 % at 370 mm and more repeatable results with the

xception of a large percentage uncertainty of 42 % error for 30 mm

ecordings, whereas the steel bed material tends to initially show a high

ercentage error of 46 % for 5 mm recordings and eventually settling

o 13 % uncertainty at 250 mm. It appears to be the case that record-



D. Cann, C. Font-Palma and P. Willson Carbon Capture Science & Technology 1 (2021) 100017 

Figure 2. Frost front velocity measurements for steel bed material and ceramic bed material under similar gas flows (0.23 m/s, 18 % v/v CO 2 ) (colour) 
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ng frost front advance at the initial stages introduces a large amount of

rror which is reduced as the frost front continues to develop through

he capture column. The more uniform shape and size distribution of ce-

amic bed material in comparison to the steel bed material could factor

nto the reduced error in results. 

From figure 2 , it is clear that the theoretical model and experimen-

al results align well. The main discrepancy is from experimental results

isplaying a lag time, requiring up to 50 seconds before CO 2 frost is de-

ected by the thermocouples placed 5mm above the mixed gas injector.

his discrepancy likely indicates that the frost front takes longer to de-

elop at the initial stages. The 5 mm thermocouple is placed 5 mm above

he top of the horizontal gas injector, it is possible that the frost forma-

ion initially travels horizontally as well as vertically until the frost front

ully develops past the gas injector. The experimental results both inter-

ept the y axis close to -33 mm, which would indicate that the initial

rosting location is not affected by the change of bed material. 

The comparison of frost front velocities for two different bed mate-

ials with theoretical predictions has shown that the theoretical model

s able to accurately predict the rate of frost formation within the cap-

ure column for different bed materials. The theoretical modelling work

as the potential to reliably predict frost front velocities for a further

ange of different materials with confidence that the theoretical predic-

ions are accurate. CO 2 must be able to readily form a frost on the bed

aterial surface and not be disturbed by the transport of bed material

hrough the capture column. Reducing the lag time between feeding a

O 2 mixed gas into the capture column and CO 2 frost being formed on

he bed material surface will result in a more stable CO 2 frost. The effect

f supercooling from the bed materials is currently not able to be pre-

icted by the theoretical model, therefore testing of individual materials

or suitability of CO 2 frost formation is still necessary. 

.2. Combining the capture and cooling step in moving bed mode 

The vertical injector was added to the capture column to provide

ooling gas to the bed material while the horizontal mixed gas injector

eeds CO 2 mixed gas into the capture column. However, feeding two

eparate gas streams into the capture column increases the complexity

f the capture step. The ceramic bed material was chosen for these cryo-

enic experiments due to the shorter lag time experienced for CO 2 frost

ormation. 
4 
The operation of the vertical cooling gas injector was tested to evalu-

te how uniformly the bed material is cooled by the gas flowing through

he injector. These early tests revealed that the vertical gas injector

id not uniformly cool down the bed material in the vertical direction.

ithin the 100 mm bed depth between the vertical and horizontal gas

njectors, there is a small band of relatively warmer bed material; this

and is detected by thermocouples at 5 mm and 30 mm when the mov-

ng bed is in operation as a temperature peak. This peak representing the

armer band of bed material moving down the column can be observed

n figure 3 . 

The temperature profiles recorded when both gas streams are feeding

nto the capture column was dependent on which gas flow was domi-

ant. If the feed pressure of the cooling gas flow was too high then the

ixed gas stream appeared to be flushed out of the capture column,

owing in the incorrect direction through the column. Balancing the

wo gas streams is required to ensure that the CO 2 frost formation is not

isturbed. 

Figure 3 shows an example of a moving bed experiment with both gas

njectors feeding into the capture column with the frost front success-

ully developed and controlled. Introducing the vertical cooling gas in-

ector into the capture column resulted in an extended capture step com-

ared to a single gas injector set up used in previous work ( Cann et al.,

021 ). The 5 mm and 30 mm thermocouples recorded a steady temper-

ture for the bed material at the expected desublimation temperature

f the CO 2 frost after the initial temperature peak has passed and the

elatively warm band of bed material has passed through the capture

olumn. 

The stable period of CO 2 capture extended to approximately 5 min-

tes in length which is double the length of time of previous experimen-

al runs using a single horizontal gas injector, shown in figure 4 . This

xtended capture time represents the length of time that CO 2 frost is

eing formed on the bed material. When the temperature profiles begin

o increase in temperature, the bed material is no longer cold enough to

esublime CO 2 and this rising temperature results in undesirable subli-

ation of CO 2 frost off of the bed material surface. 

Figure 4 shows temperature profiles from the capture step utilising

 single horizontal gas injector setup with steel bed material. Compar-

ng temperature profiles between figures 3 and 4 shows that the double

njector setup leads to an improved cooling of bed material throughout

he column. In figure 3 , the 350 mm and 500 mm thermocouples main-
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Figure 3. Double gas injector moving bed experimen- 

tal results (0.23 m/s, 4 % v/v CO 2 , ceramic bed mate- 

rial). A - Temperature peak from undercooled section 

of bed material, B - Possible temperature peak from un- 

dercooled section of bed material, C - Stable temper- 

ature showing desublimation, D - Stable temperature 

achieved from bed precooling. 

Figure 4. Single horizontal gas injector moving bed experiment (0.23 

m/s, 18% v/v CO 2 , steel bed material) a) initial bed temperature -140 
0 C b) initial bed temperature -130 0 C 
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0C. 
ain temperatures between -100 to -140 0 C, and in figure 4 a for 150 mm

nd 250 mm thermocouples, temperatures rise from -120 0 C to -60 0 C,

hich leads to increased capture time from the double gas injector set

p. Maintaining temperature profiles through the use of the double gas

njector set up is critical for a continuous capture step. 

The second gas injector used to precool bed material maintains bed

emperature more stable within the capture column throughout the cap-

ure step, which makes balancing flow rates for a continuous capture cy-
5 
le more manageable. The precooling stage is still required to initially

ool the bed material to -140 0 C. However, the continuous cycle in-

luding a frost regeneration unit to regenerate the frosted bed material

ould only require to be sufficiently heated to sublime the CO 2 frost

ather than heating back to ambient temperature. The reduced cooling

as flow rate from the vertical gas injector would need to be sufficient

o cool regenerated bed material from these temperatures back to -140
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Follow-on work has focused on the design of the frost regeneration

nit and recirculation of regenerated bed material to the capture col-

mn, balancing the three-unit operations of cooling, desubliming and

ubliming to create a fully connected continuous process. 

. Conclusion 

To advance the low-TRL cryogenic capture process, assessment of

O 2 frosting characteristics is needed. This work compared two sepa-

ate bed materials as heat transfer surfaces for a cryogenic CO 2 capture

olumn. The frost front velocity was measured for both steel and high-

ensity ceramic bed materials under a gas flow of 0.23 m/s and 18 % v/v

O 2 , producing frost front velocities of 1.81 mm/s for the high-density

eramic and 0.78 mm/s for the steel bed material. The two bed materi-

ls show that theoretical estimates can accurately predict the frost front

elocity of the CO 2 frost within the capture. The experimental frost front

elocities were compared with theoretical predictions, which matched

ell with the experimental data. 

This work also advances the design of the capture column to feed

n cooling gas and CO 2 mixed gas to conduct the bed precooling and

O 2 capture stages simultaneously, using the ceramic bed material as

he heat transfer surface. Allowing the cooling gas to continue to precool

ed material in the capture column while CO 2 mixed gas is injected into

he capture column increased the capture time for experimental work

o approximately 5 minutes. 
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