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ABSTRACT

Global emissions of carbon dioxide are reaching new heights every year since the
Industrial Revolution. A major contributor to this is fossil fuel consumption. The
consumption trend has indicated all this. It has also strengthened the argument for the
need to cut down emissions and sweep out historical emissions through the
implementation of Carbon Capture, Utilization, and Storage (CCUS) and Carbon Dioxide
Removal (CDR) technologies respectively. This is required to control global warming.
Direct Air Capture (DAC) is one of the CDR technologies. Extensive research and
projections have suggested that DAC has tremendous potential to achieve global climate
change mitigation goals. The feasibility of DAC is proven but work is required to bridge
gaps in DAC research to make it affordable and scalable. Process modelling is an
approach used to address these concerns. Current DAC research in system design and
modelling is discrete and existing models have limited use cases. This work is focused on
the development of a generalized process mass transfer model for the capture stage of
solid sorbent DAC contactors. It provides flexibility for defining contactor geometry,
selection of ambient conditions, and versatility to plug different sorbents in it for CO2
capture. The modelling procedure is explained, and a robustness check is performed to
ensure model integrity. The results of the robustness check and sensitivity analysis are
then explained. This research is part of a long-term effort to create a complete modelling
package for the DAC community to boost research and development to large-scale

deployments.
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CHAPTER 1
INTRODUCTION

The world has seen a significant rise in greenhouse gas (GHG) emissions since the
Industrial Revolution. As per [IPCC’s AR5 report, Carbon dioxide (CO2) is a major
contributor to this global warming with ~75% of total GHG emissions since 1970 '. Then
in 2023, IPCC’s AR6 synthesis report clearly indicated the requirement of negative
emissions technologies to clean up past anthropogenic emissions °. This means Carbon
Dioxide Removal (CDR) technologies are required to develop and deploy at a scale to

achieve our climate goal of restraining the global temperature rise to 1.5 °C or 2 °C.

Global trend for energy consumption
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m Coal (EJ) NG (EJ) mOil (EJ) mRenewable (EJ) BNuclear (EJ) ®Hydro (EJ)

Figure 1. Global energy trend (Data Source: EI Statistical Review of energy)

This can be understood better with some real data. Figure 1 shows the global energy
consumption since 1965. The data is taken from the Energy Institute’s Statistical Review
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of World Energy (formerly by BP) °. It clearly indicates that the global energy demand is
increasing steadily and the contribution of fossil fuel in meeting that demand is still
>80% as per the 100% stacked bar graph (yellow color) in Figure 2. Rising energy
consumption and the domination of carbon-intensive fuels are leading to emitting more
CO2 as shown by the red line in Figure 2. This indicates that the pace of the current
global energy transition to renewables is not sufficient, and the forward path will not be
easy. It will require Carbon Capture, Storage, and Utilization (CCUS) to reduce
emissions and Carbon Dioxide Removal (CDR) techniques to clean up historical

emissions. The forward discussion will be focused on CDR technologies.

Energy related CO, emissions
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Figure 2. Energy-related CO2 emissions (Data Source: EI Statistical Review of Energy)



Overview of CDR Technologies:

There are different CDR approaches evaluated by the IPCC *. Each of these has different
fundamentals to capture and sequester carbon for varying time periods. The most well-
known approach is forestation: reforestation and afforestation °. Soil carbon sequestration
or carbon farming is another approach where different soil management tactics are used
to capture and store more carbon in the land °. Biochar is a carbon-rich solid material
obtained by the partial combustion of biomass in an oxygen-lean environment whose
composition varies based on pyrolysis conditions. A good quality biochar usually has
>65% C in it "-®. Peatland covers 3% of the global land area which also has potential for
CDR via restoration °. The carbon captured by ocean and coastal ecosystems is known as

blue carbon '°.

Artificial ocean upwelling is another approach where deep sea water is moved to the
ocean surface ''. Ocean iron fertilization is an artificial CDR process in which iron is
added to the ocean '°. Both abovementioned CDR technologies can stimulate the growth
of phytoplankton that can absorb COz and store carbon after their death. In ocean
alkalinization, alkaline substances are added to the water which can increase the carbon
storage capacity of the ocean '°. Enhanced weathering is an on-shore CDR process that
utilizes finely grounded earth materials like silicate rocks that have an affinity to bind
CO> . Bioenergy with carbon capture and storage (BECCS) converts biomass into

energy and captures the CO2 generated during the process which is then sequestered



permanently '°. Direct Air Capture (DAC) is also one of the CDR approaches that capture

COz directly from the air which is where further attention will be directed.

Introduction to Direct Air Capture:

The concept of DAC was given by Dr. Klaus Lackner in 1999 and since then, it has
developed considerably. The comparison given in the IPCC’s AR6 report indicates that
DAC has great potential with the least trade-offs compared to other CDR techniques to
meet the set targets of emission reduction . The classification of current DAC
technologies can be done in two ways. One is by the type of mass transfer phenomena
used: adsorption-based (solid) and absorption-based (liquid). The second method of
classification is based on the flow of air: passive systems and forced systems. Table 1
gives a fair idea about this classification for prevailing DAC technologies. There are

16. 17 that are not considered here

several other technologies based on biotechnology
because of their nascency. From this, it can be said that the solid sorbent DAC is

currently dominating the field. The reason is the simplicity of the design, lower

regeneration cost, and ease of operation '*.

Once CO:z is captured from the air, the material needs to be regenerated to separate out

COz. This is where energy input is required in addition to the fan power if the system is
forced circulation. Different approaches are being tested and implemented for this. E.g.,
thermal swing, pressure swing, and a combination of these -2 2?2, Novel approaches

like autothermal, moisture swing, pH swing, etc. are also identified and under



investigation at different scales currently > ** %>, Another observation is that current DAC

technologies are batch processes that limit the throughput of the system. Research is

progressing for novel concepts like the continuous belt approach and CO2 membranes,

but they are still very nascent and need to be proven

26, 27,28

Table 1. Classification of prevailing DAC technologies

Classification 1 »

Classification 2V

Adsorption based
technology

Absorption based
technology

Passive DAC

Carbon Collect
Heirloom
Heimdal
Parallel Carbon

Carbon Blade

Forced DAC

Climeworks
TerraFixing
Carbon Reform
Susteon

Global Thermostat
Noya

Avnos
CarbonCapture
Aircapture
Removr
Soletair Power
Blancair
ReCarbn
Carbyon
Octavia Carbon

x/44

Capture6

Repair

Carbon Engineering (Now
Oxy)

Aircela

Pilot-scale deployments showed the world that DAC is feasible. Now the next step is to

make DAC more affordable and scalable so that it can be deployed at a scale. Major areas

where DAC currently struggles are sorbent development and high energy consumption.

Both things are interrelated. The feasibility of DAC was analyzed with materials that




were developed for some other applications. From the recent reviews, it is clear that a fair
amount of research is going on for DAC sorbent synthesis, and promising materials are
being formulated *****!- %2, Questions that still need answers are around scalability,
cheap and efficient synthesis techniques, Life Cycle Analysis (LCA) of the sorbent, and

the cost associated with the sorbent production *°. All these contribute to the capital cost.

In the feasibility studies, the cost is not a major concern. However, for developing a
successful and deployable technology, affordability is one of the criteria. This is where
DAC faces another barrier. The current energy demand for regeneration is high, for
liquids it is 6-10 GJ/t of CO2, and for solids it is up to 8 GJ/t of CO2 *. This determines
the operating costs. The set target for DAC COxz capture is <$100 while current estimates
are around $ 125-335 /t of CO2 as per IEA **. The performance of DAC is also variable
and highly dependent on ambient conditions ***°. This considerably affects the energy
requirements and in turn the carbon footprint. Researchers are positive that the cost will
go down with time as DAC becomes mature ***’. On the other hand, our climate goals

are becoming more stringent which requires early deployment of these technologies.

The modern world is observing a transition towards digitalization, and it has tremendous
potential to solve these climate problems by implementing these novel approaches. These
technologies can be used to support DAC research and deployment too. The article on the
application of Digital Twin in DAC has shown this direction **. The use of Al in sorbent

development is also gaining traction *°. But all this digitalization will require a solid



foundation, an understanding of DAC, and models that can replicate real-world

operations in digital ecosystems.

Process Modelling in DAC (Literature Review):

Process modelling is a proven approach for solving problems of process design and
understanding parameters affecting the system “’. These models are designed to mimic
actual operations with the use of mathematical equations *'. The groundwork for
developing a whole simulation package is set by these process models. As per the DAC
Digital Twin article, these models will become pillars of a fully functional DAC Digital
Twin and virtual carbon ecosystem *°.

Researchers are using different approaches for process modelling in DAC %2021 2241,
According to Marinic et. al. (2023), modelling in DAC can be segregated into three
categories: 1) Nanoscale, 2) Mesoscale, and 3) Macroscale . Quantum mechanics is
studied with nanoscale modelling. Mesoscale modelling is used to determine the
thermodynamic and physical properties of the sorbent material and understand the CO2
capture mechanism. Macroscale modelling is the most researched area in DAC where
transport rates are determined for system design, rating, and simulation. These models
and results are often used to formulate a complete unit operation scheme for the

determination of the total cost and efficiency of the DAC facility.



After the literature review, it was found that very little work is done on constructing a

19,20,21,36,41.43 "I other words, there is no model formed

model from a user perspective
yet that can provide engineers, researchers, and designers with functionalities in terms of
designing various geometries for sorbent material with known isotherm data and testing
them in different ambient conditions. Research is done to test these variabilities

36.44.95 There is inconsistency since various platforms are used to formulate

individually
these models. This obstructs integration and makes it difficult to interpret or anticipate

outcomes as all these models are not developed in the same modelling environment.

This work is an effort to bridge the abovementioned gaps in macroscale DAC modelling
by the development of a generalized process model. This will let the user define and test
various modular form factors for the air contactor that can be scaled easily for
deployment. The model will let users set process conditions for DAC, giving them
flexibility for testing the designed contactor in different geographical regions to
understand variability in performance. Another versatility will come with friendliness to
test the sorbent of their choice. In the end, the goal is to develop a comprehensive
package for the DAC contactors that can be used to design and test systems virtually

before physically building one to predict the performance.



CHAPTER 2

GENERALIZED PROCESS MODEL
The research is an initiation of a long-term effort where current activity is focused on the
development of a process model for solid sorbent DAC contactors that can operate in a
turbulent flow regime. The model can design and test geometries with sorbents in the
form of beads or particles. It can also test geometries with sorbent coating or laminates.
This will require minor adjustments in the mass transfer resistances. It is capable of
modelling air contactor channels of any circular or non-circular cross-sections. Figure 3
shows some of the popular modular geometries used in solid sorbent DAC contactors
where the first one uses particles or beads of sorbents while the other two normally use
laminates or coating of the sorbent material. There are several assumptions that need to

be made to elucidate the modelling activity. These are stated below.

Y . \4 . v . \/ \/ .‘
olelelele
olelelele

()=
0.0.0.00

9.0.0.0.0.

00,000
ole'elele
e
ole'elele

Figure 3. Some of the currently prevailing geometries for DAC contactors
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Assumptions:

* The temperature, pressure, and composition of air at the front of the channel will be
uniform.

* Ideal gas law is used for the calculation of fluid properties.

* The cross-section of the channel is constant throughout the length.

* No slip condition is followed.

* The sorbent particles or beads are uniformly distributed in the bed.

* The sorbent particles are assumed to be of sphere in shape.

* The series resistance model is used for mass transfer calculations.

* Co-adsorption of H20 is neglected.

* The turbulent flow of air in the channel makes the concentration of air along the
height of the channel uniform over each unit cell.

* Heat associated with adsorption is neglected.

10



CHAPTER 3
MODELLING APPROACH
Modularity and scalability can complement the deployment of DAC in an efficient way
and at a required scale. Most of the prevailing technologies: Climeworks, Heirloom,
CarbonCollect, etc. are using this approach by simple replication of the base system. With
this, modelling performed for a single unit can be replicated and applied to the whole

system or cluster.

Therefore, in this work efforts are made to construct a model that can design and test a
modular single channel of any cross section whose replication can lead to easy scale up,
to form an efficient air contactor of a defined capacity. The current model development
follows a proven approach of finite element discretization as shown in Figure 4. The
whole channel is segmented into small defined-size elements and each of these elements
are then modelled individually and sequentially as required as shown in Figure 5. In
sequential finite elements, outputs from the previous element will become inputs for the

next element.

The model is formed in such a way that it has user-defined geometry and process
parameters. This gives the model versatility to test combinations of geometry and
ambient conditions to help select the most optimum conditions or geometry. It has the
flexibility to test any potential sorbent materials with known adsorption isotherm

parameters.

11
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Figure 4. Sample diagram showcasing the creation of finite elements.
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Figure 5. Sequential finite elements from different directions
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CHAPTER 4

FLOW OF INFORMATION IN THE MODEL
Figure 6 shows the steps involved in this modelling. It is a seven-step procedure that
starts with giving inputs for geometry of the channel, process conditions in which the
design needs to be tested, and the sorbent being used. This is followed by the calculation
of fluid properties and mass transfer resistances. After this, mass balance is performed for
each finite element and iterations are continued until either the model approaches
equilibrium or the defined cycle time is reached. The results generated in these iterations
are then organized accordingly to generate arrays. These arrays are then used to generate
data visualizations i.e., graphs to understand trends. The last step will be the report
generation where the model provides the user with a design result sheet in PDF format

which consists of design and performance data.

's N N [ \ (- N A
8 me |.:': @ @ ];E[ N
) 0 A r“

o4 i1

oo A SR i 4
s 8 BB o, ||

A

| J N s\ J NG o 7\ 7\ S
1 2 3. 4 5 6. 7.
Enter process Secondary Mass transfer Mass Balance: Formulating Data Final report
parameters: parameters calculations: Iterative results: output visualization: creation:

Process calculation: calculation of calculations for in the form of Creating graphs Generating a result

conditions, Density, viscosity, individual mass €O, loading, numeric data and and tables using report and .csv
contactor isotherm transfer loading rate, and data frames for the result data for files to download
geometry, and parameters, and resistances outlet each unit cells and interpretation and the generated
sorbent Properties equilibrium concentration of the contactor analysis data

CO,in air
conditions 2

Figure 6. Steps involved in Generalized process modelling for solid sorbent DAC
contactors.
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Each of these steps will now be explained in detail in the following section.

Enter Process Parameters.:

In this step, the model takes input from the user for channel geometry, process conditions,
and about the sorbent being used or tested for the case. Table 2 shows all the required
inputs for the model. It also gives information about base case that will be used for later

comparison. Microsoft Excel is used for taking inputs from the user which are then fed to

the model in Python.

Table 2. Input parameters required for this generalized DAC model.

Parameter Value (Sample inputs)| Unit
Temperature (T) 298 K
Pressure (P) 98000.00 Pa
Velocity in the channel (v) 2.00 m/s
COz level (C-CO2) 420.00 ppm
Length of channel (L) 0.20 m
'Width of channel (W) 1.00 m
Thickness of channel wall(S) 0.015 m
Height of the channel (H) 0.03 m
Sorbent type MOF (MIL-101-Cr) None
Sorbent Density (p-sorbent) 1000.00 kg/m’
Bed void fraction (e-bed) 0.40 None
Particle porosity (e-particle) 0.40 None
Particle diameter (d-particle) 0.000500 m
[sotherm Toth None
Average pore diameter 0.000000001 m
Regeneration temperature 368 K
CO2 partial pressure during Regeneration 3000 Pa




Calculations of Secondary Process Parameters:

The required properties for the fluid (here air), contactor channel, and numbers of finite
elements will be calculated in this section using the following equations. Eq. 1 is used for
density calculation based-on the assumption of ideal gas law. Sutherland’s law is used for
the viscosity calculation as shown in eq. 2 “°. The bed density is calculated by

considering interparticle and intraparticle porosity (eq. 3).

_ PMWaiT‘
Pair = Too0rr (M
_crt )

where C1 =1.458 X 10 and C2 = 110.4

Pred = (1 - gbed)(l - eparticle) Psorbent (3)

A4WH

eq — W (4)

Q

L (inm)
Resolution factor

No. of unit cells = (5)
Consideration of equivalent diameter is also important for channels with non-circular
cross sections (eq. 4). The number of unit cells will be calculated from eq. 5 using the

length of the channel.

Mass Transfer Calculations:
The process model is focused on the mass transfer (MT) of COz2 from air to the sorbent

material. The transfer of CO: has three resistances: 1) Interphase MT resistance, 2)

15



Interparticle MT resistance, and 3) Intraparticle MT resistance. All three barriers need to

be crossed to get CO2 adsorbed.

The first resistance will be the interphase MT coefficient which is calculated using the
following equations and empirical correlation *’. Properties required for the calculation of

the Reynolds number and Schmidt number are either already defined or are calculated in

step 2.
Hair
N, = ————— (6
5 Pair Dcoz ©
vd ;
Ng, = M (7)
Hair

Sh = 0.023N2:83 Ny.°**  (8)

Dco2 deq

Sh= =252 (9)

The second resistance will be the interparticle MT coefficient. This is important in
contactor made with beads or particles. Eq. 10 and 11 are used for identifying this

resistance %,

edD
Dpeq = 2% (10)

Thed
1
Thea = — (11)

€ped
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As per Perry’s Chemical Engineers Handbook, for a more realistic design, experimental
results of tortuosity (tbed) should be utilized °°. Currently, due to the lack of information,

it is being estimated from interparticle porosity (€bed).

The last resistance will be intraparticle MT resistance. At this level, the consideration of
Knudsen diffusion is crucial. The reason is if the pore diameter (dpore) is smaller than the
mean free path (1), instead of conventional diffusion (Dco2) Knudsen diffusion (Dx) will
occur. Therefore, to determine the dominating mode of diffusion, the model has the
functionality where it calculates the Knudsen number (K») and based on that determines
the mode of diffusion. If K is less than 0.1, Knudsen diffusion will occur. If K is greater
than 10 then conventional diffusion will take place. In between those regions, simply an

average of both diffusions will be calculated and considered *°.

d
K, = —pj{re (12)
1/2

3.2u < RT ) (13)

A= 5 \onm

articleD
Dparticle = -partice o2 (Uf K, >10) (14)

Tparticle
1/2

Dy = 485,501 (M) (15)

edD
Dparticle = ShedZIC (If K, < 0.1) (16)

Tparticle

1
Dparticle = T 1 (If 01 <K, <£10)

Dc02+ Dk
17)
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The overall mass transfer coefficient (k) will be calculated with eq. 18 after identifying

individual mass transfer coefficients.

1 1 S/Z dparticle/z
—= + +
k kinterphase Dbed Dparticle

(18)

Mass Balance:

In this step, the overall balance for CO2 will take place to determine the loading rate of
CO:2 in the sorbent. It will also help us determine the outlet CO2 concentration from each
of the finite elements that will become the input for the next one. Since the model is
applicable in the turbulent region, the simplified mass balance can be written as given in

eq. 19.

Fair [CCOZ(in) - CCOZ(out)] = Appeak(Qie, — Qcoz) (19)

qsatlTregen blTregeanOZ(regen)

Qcoz2 = + bZTregeanOZ(regen) (20)

1+ blTregeanOZ(regen)

eq _ qsatlblpCOZ

= b 21
coz =71 b1Pc02+ 2Pcoz  (21)

The equilibrium CO2 loading (Qggz) will depend on the ambient process conditions as
given in eq. 21. The model currently uses modified Toth isotherm '° as the sorbent
selected for current modelling (MIL-101(Cr)) follows that. This isotherm can be
converted to Langmuir isotherm by setting up b2 =0 in Eq. 21. On the other hand, the

initial loading of COz in the sorbent (Q.p,) will be determined by set regeneration
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conditions given in the inputs and using eq. 20. This will make the future addition of
regeneration modelling into the current model easier. This step will create a package of
calculations that will be used repetitively for each finite element defined in the model for

the channel in step 5.

Formulating Results:

Iterative calculations will be performed in this step to generate results for CO2 loading
rate, Outlet CO2 concentration, and CO2 loading in the sorbent. The package of
calculations constructed in Step 4 will be utilized here. In equilibrium mode, the model
will run the code until the last element approaches equilibrium as per the set target.

Similarly, in the defined cycle time mode it will run for a set number of seconds.

In this step, the model generates a considerable amount of data from calculations. To
handle this effectively, it creates a master list for each time instance followed by a sub-list
for each finite element where it will store values for all the above-mentioned parameters
for each time instance. These lists then will be converted to arrays in Python to obtain

structured results.

Data Visualization:
For any study, the obtained results are more digestible if they are visualized in the form
of graphs. Data visualization helps with analyzing the performance of the asset by

understanding what is going on in the system. In this step, data from arrays generated in
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step 5 will be used to create graphs. Major graphs generated from the model are for unit
cell loading, cumulative/total channel loading, average driving force, and breakthrough
curve. All these graphs generated for the input given in Table 2 are shown and explained

below.

Unit cell loading
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Figure 7. Unit Cell loading curves
The unit cells loading curve for a 0.2 m long bed is given in Figure 7. This graph helps in
understanding the loading of each finite element in the contactor channel. It also gives
information about the effective operating range for the sorbent material. It can help

understand the profile of CO:2 loading for the contactor channel over time.

The channel loading curve is generated by adding instantaneous finite element loading in
the channel for each timeframe. This will give information about the effective capacity of
the contactor channel to capture COz2 from the air. The channel loading curves at different

ambient conditions can be used to understand the sensitivity of the channel’s capture
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capacity in various ambient conditions that can help determine capacity fluctuations. This

in turn can help optimize the geometry of the channel.
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Figure 9. Average loading rate curve
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The average driving force curve is generated by taking an average of finite element
driving force data. This is shown in Figure 9. This graph is very important in determining
the best operating range and corresponding cycle time for the capture step of the air
contactor. In the design stage, this can help the user adjust the length and thickness of the

channel to get the best performance in the prevailing ambient conditions.

Breakthrough curve
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Figure 10. Breakthrough curve at different loading levels (25%, 50%, 75% and 90% of
net loading)
Breakthrough curves are shown in Figure 10. Current visualization gives information
about channel CO2 concentration at 25%, 50%, 75%, and 90% of net loading capacity.
Breakthrough curves give valuable information about the effective mass transfer zone in
the channel at given instances. This also helps optimize the geometry of the channel

based on prevailing ambient conditions for maximum COz extraction.
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Final Report Creation:

This is the last step in the modelling process where all the important information from the
modelling is showcased in the form of a report. The model generates the report in .pdf
format. The sample design result report for input conditions given in Table 2 is shown in

Appendix B.

As shown, this will consist of inputs for ambient conditions, a channel diagram with
dimensions, calculated mass transfer results, a total channel loading curve, an average
driving force curve, and a breakthrough curve with a table of average process parameters.
This report will help users understand the performance of the contactor easily and make
design changes as required to optimize the design of the channel for efficient CO2

capture.
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CHAPTER 5

ROBUSTNESS CHECK AND SENSITIVITY ANALYSIS

The previous section explained the model development for the capture step of the DAC

contactor. It is important to validate that the model is working appropriately in the

applicable operating range. To ensure this, a robustness check is performed. During this

analysis, any discrepancies observed were analyzed and interpreted accordingly to

address the concern. Table 3 gives a highlight of this activity. It is good to report that the

model performance was satisfactory in the applicable range of operation, without any

breakdowns. Resolution adjustment is required in several instances to eliminate

fluctuations and to prevent reversal of driving forces.

Table 3. Robustness check highlights table

Sr No. | Parameter Comment on model performance
1 Ambient Temperature (7) | Resolution adjustment is required if the model
shows fluctuations
2 Ambient Pressure (P) Model performs satisfactorily
3 Air Velocity (v) Velocity should be such that the model remains
in the turbulent region.
4 Length of channel (L) The model response gets sluggish when the
number of finite elements goes above 1000.
5 Width of channel (W) The model performs satisfactorily.
6 Thickness of the bed () The model performs satisfactorily.
7 Height of channel (H) Height should be such that the model remains
in the turbulent region.
8 Particle pore diameter The model performs satisfactorily.
(dpore)
9 Regeneration Temperature | Tregen should be sufficiently high to maintain a
(Tregen) positive driving force.
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Effect of Temperature Variation
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Figure 11. Effect of ambient temperature on channel loading
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The robustness check is also performed for the width of the channel, pore particle
diameter, and CO2 ppm level. The model performed satisfactorily for those variations as

well.

The sensitivity analysis is carried out to understand the impact process parameters on the
contactor performance for DAC. For this, each input is varied independently to some
extent, and a change in performance is observed. The base case will remain the same as

explained in table 2.

Effect of Ambient Temperature Change:

The change in ambient temperature has a drastic effect on the performance of the DAC
contactor. From Figure 11 and 12, it is evident that the channel capacity increases with
decreasing temperature and the same is true for driving force. The reason is the effect of
temperature on the equilibrium loading. From Table 4, the final equilibrium loading
increases with decreasing temperature which leads to increased capacity and higher
average driving force. Another point to clarify from a modelling perspective is that as the
temperature goes down, the resolution needs to be adjusted to predict the correct
performance. This is where there are chances that the model may start taking more time
to run the model due to the increased number of finite elements. The model is tested at
330 K which is the highest recorded temperature on the earth. The model was also tested
at one of the regeneration conditions for capture at 373K to ensure its sturdiness and it is
good to report that it worked appropriately in all these conditions.

Table 4. Effect of temperature on equilibrium loading
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Temperature (K) Initial loading (mmol/g) Final loading (mmol/g)
273 0.2873 2.4743
290 0.2873 1.8161
298 (base case) 0.2873 1.2496
330 0.0731 0.0925
373 0 0.0031

Effect of Ambient Pressure Change:

The sensitivity of ambient pressure was tested by considering different values based on
geographical elevation. This is shown in Figures 13 and 14 for five different conditions.
The average pressure for Phoenix, Flagstaff, La Rinconada (highest human habitant), and
Mt. Everest are taken by considering corresponding elevations. Then, a low-pressure
condition of 100 Pa was also tested to ensure that the model works satisfactorily in
vacuum conditions as well. The model ran without any concerns. From the graphs, as
pressure decreases the channel loading and loading rate both decrease due to a reduction
in equilibrium loading. Table 5 gives more clarity on this. From the results, the elevation
has a considerable effect on the performance of DAC contactors. It is also known that
two of the locations: La Rinconada and Mt. Everest are not physically viable places to set
up the DAC facility, but the purpose here is to show that theoretically, if these conditions

are chosen then also the model runs satisfactorily.
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Table 5. Effect of pressure on equilibrium loading

Pressure (Pa) Initial loading (mmol/g) | Final loading (mmol/g)
98000 (Phoenix) (base case) | 0.2873 1.2496
79800 (Flagstaft) 0.2873 1.1172
56404 (La Rinconada) 0.2873 0.9033
34900 (Mt. Everest) 0.2873 0.6443
100 (Vacuum condition) 0 0.0026

Effect of Pressure Variation
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Figure 13. The effect of Pressure on Total Channel Loading at 298K
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Effect of Pressure Variation
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Figure 14. Effect of pressure on the loading rate at 298K
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Effect of Velocity Variation
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Figure 16 Effect of velocity on average driving force at 98000 Pa and 298K

Effect of Channel Velocity Change:

Figures 15 and 16 explain the effect of channel velocity on the loading level and CO2
loading rate. It is expected that as velocity increases capacity to remain intact because it
does not affect the equilibrium. Conversely, the time for loading decreases due to a rise in
mass flow rate in the channel. Table 6 highlights the effect on Nge and interphase MT
coefficient from this change. Therefore, the model performance meets expectations. A
point of caution is that the current model is applicable to the turbulent region, so the
model will require to alert the user if the condition becomes laminar in the channel. Even
though 1 m/s velocity creates laminar conditions here it is being considered. The reason is
to showcase the model’s robustness and future applicability in the laminar region if the

gas phase gradient is taken into consideration.
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Table 6. The effect of velocity on Reynold’s number and interphase MT coefficient

Velcocity Reynold’s Interphase MT
(m/s) number coefficient (m/s)
2 (base case) 7484 0.0201
1 3742 0.0113
1.5 5613 0.0159
2.5 9356 0.0243
3 11227 0.0282

Effect of Channel Thickness Change:

Channel thickness affects the total channel capacity and in turn the loading time and rate.
Graphs in Figures 17 and 18 illustrate these changes and their effects on the performance
of the contactor channel. As thickness decreases the channel capacity decreases (Figure
17) due to less amount of sorbent material present per unit area for mass transfer. Also, it
has a considerable effect on the average loading rate as per Figure 18. The curve becomes
more upright which indicates that near the breakthrough point, as thickness decreases
almost the whole channel becomes saturated which indicates higher bed utilization. A
clarification is required here for the model resolution. The resolution is adjusted for
decreased thickness to prevent unwanted oscillations which is a result of frequent reversal
of driving force that is practically not feasible in the real-world capture stage in DAC.
Due to higher resolution, it is observed that the model response becomes sluggish as the

model has a greater number of finite elements to deal with.

Table 7 gives more details about how the change in thickness can impact the overall
production rate of the DAC contactor. The comparison indicates that thinner channels can

lead to improved productivity for the same amount of sorbent material.
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Effect of Channel Thickness Variation
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Figure 17. Effect of channel thickness at 98000 Pa and 298 K
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Figure 18 Effect of Channel thickness on the average loading rate at 98000 Pa and 298 K

Table 7. Effect of channel thickness of the contactor on the daily capture capacity
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Sorbent Total Daily Daily
Thickness | mass per | No. of mass of | Cycle . .
(cm) channel | channels | sorbent time possible | capacity
(kg) (kg) cycles | (mol/kg)
10 7.200 1 7.2 | 11003 6 5.7738
5 3.600 2 7.2 8143 8 7.6984
2 1.440 5 7.2 6107 10 9.623
1.5 1.080 7 7.56 5724 11| 10.5853
1 0.720 10 7.2 5328 12| 11.5476
0.5 0.360 20 7.2 4925 12 | 11.5476
0.1 0.072 100 7.2 4707 13 ] 12.5099

This shows the way of design optimization for efficient DAC contactor design. The point
of consideration will be the structural strength of the contactor that needs to be addressed

separately.

Effect of Channel Height Variation
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Figure 19. Effect of Channel Height on Loading Rate at 98000 Pa and 298 K
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Effect of Channel Height Variation
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Figure 20. Effect of channel height on driving force at 98000 Pa and 298 K

Effect of channel height change:

The impact of channel height change is like the velocity change as shown in Figures 19
and 20. As the height increases, the volume of air passing through the channel increases,
and that increases the loading rate of COz2 in the channel. This is also one of the
optimization knobs for the contactor design where the contactor size will be a controlling

factor.
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Effect of Regeneration Temperature Variation
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Figure 21. Effect of regeneration temperature at 98000 Pa and 298 K
Effect of Regeneration Temperature:
Defining regeneration conditions makes the model performance more realistic as that will
provide the real-world operating range in which the system is going to operate.
Regeneration conditions affect the initial loading of the sorbent material. Table 7 gives a
better idea about the effect on the initial loading of the sorbent material. A sensitivity
analysis for this is also performed to analyze the impact. From the analysis, it can be said
that the model performed satisfactorily for any feasible Tregen Which maintains a positive
driving force in the model. Graphs in Figure 21 and 22 show more operating range for the

sorbent with higher Tiegen and improved performance of the DAC contactor.
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Effect of Regeneration Temperature Variation
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Table 8. Effect of regeneration temperature on initial loading of the sorbent material

Regeneration Temperature (7;egen) (K) Initial loading (mmol/g)
353 0.7249
363 0.3952
368 (base case) 0.2873
373 0.2082

Until now all the analysis has been conducted with changing one process input. But in
real world operations, more than one of these could change. These types of analyses can
give a more comprehensive idea of the DAC contactor performance in the real world. The
weather data for three locations: Phoenix, Tucson, and Flagstaff was tested with the
model to understand the effect of changing ambient conditions. Graphs in Figure 23 give

highlights of this comparison. Historical average weather data (temperature, pressure, and

36




wind speed) for the start of first four weeks of the October is taken from the internet °'.

The same geometry identified in the base case is used here. The regeneration temperature

is 373K. The purpose here is to showcase one of the applications for the model.

Table 9. Performance estimation from the model based on obtained cycle time and
loading capacity.

PHOENIX
Possible Daily Cycle Possible
Cycle No. of CO2 time No. of Daily CO2
time (s) | Cycles per | capture (s) T | Cycles per capture
T max day (mol/kg) min day (mol/kg)
Week 1 5100 16 6.47 6511 13 16.24
Week 2 5273 16 8.12 6618 13 18.07
Week 3 5614 15 10.29 6946 12 19.14
Week 4 5820 14 11.44 7154 12 20.64
TUSCON
Possible Daily Cycle Possible
Cycle No. of CO2 time No. of Daily CO2
time (s) | Cycles per | capture (s) T | Cycles per capture
T max day (mol/kg) min day (mol/kg)
Week 1 5176 16 7.77 6609 13 18.62
Week 2 5336 16 9.58 6699 12 18.82
Week 3 5473 15 10.84 6862 12 21.06
Week 4 5586 15 12.85 6822 12 21.73
FLAGSTAFF
Possible Daily Cycle Possible
Cycle No. of CO2 time No. of Daily CO2
time (s) | Cycles per | capture (s) T | Cycles per capture
T max day (mol/kg) min day (mol/kg)
Week 1 7096 12 15.05 8976 9 19.17
Week 2 7537 11 15.39 9078 9 19.67
Week 3 7674 11 16.92 9155 9 20.07
Week 4 7955 10 16.68 9185 9 20.24

This analysis helped in calculating the possible number of cycles that can be performed

each day. If the regeneration cycle time is fixed i.e., 30 minutes with an assumption of
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100% removal of captured CO2 then table 8 gives a highlight of performance prediction
of the designed channel. Here, the results will be more useful if an optimized cycle is
used based on operations decision. The purpose here is to showcase the usefulness and
user friendliness of the model. The advantages and more usefulness will be explained

later.

From the robustness check, it is concluded that the model runs satisfactorily and as per
expectation for all input parameters. Alerts and notifications are implemented in the
model to notify the user whenever conditions change. Another point of consideration is
the selection of appropriate model resolution. This is required to prevent unwanted
oscillations in the CO2 loading and reversal of driving in the capture step which is

practically not feasible.

From the sensitivity analysis, it was found that ambient conditions and geographical
location has considerable effect on the DAC contactor performance. To get the most of
changing ambient conditions, the geometry of channel, i.e., wall thickness, channel
height, length and channel properties are crucial parameters that can be optimized. All
these studies of sensitivity of DAC have been performed discretely in literature before.
The purpose here is to showcase the capability to perform all these analyses in a user-
friendly manner. The model gives maximum flexibility to the user and ease of changing
process parameters to analyze the performance of their designs. It will help in

understanding factors that need to be optimized to design an efficient contactor.
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CHAPTER 5

CONCLUSION
The data of current energy trends clearly showed that more than two-thirds of the world’s
energy demand is being fulfilled by fossil fuels which is causing a rise in CO2 emissions
reaching ~35 Gt/yr. This showed us the importance and the need for CCUS and CDR
technologies to reduce and clean up emissions caused by human activities. Direct Air
Capture is one of the CDR approaches that has tremendous potential but is currently
facing issues that any early-stage chemical technology normally faces. Current concerns
are around the need for cheap and efficient material, higher cost for CO2 capture, and
assurance of net negative emissions throughout the life cycle. Process Modelling is a
proven approach that will help resolve these by catalyzing the research pace and can help

save a considerable amount of time and money.

This work has tried to provide a unique direction in terms of developing a model from the
user standpoint to give researchers, designers, and engineers maximum flexibility to
design DAC contactors. The formulated model has versatility for defining process
conditions, independence of defining or selecting geometry for the DAC contactor, and

the option to take in any known sorbent material.

The model is created in Python and the flow of information in the model is explained by
elaborating each step. The equation and empirical correlation used to make it flexible

enough to model any known geometry are then explained. A robustness check is then
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performed to ensure that the model works without any breakdown. Results clearly
indicated that the modelling was successful without any breakdowns. Concerns on
oscillations and negative CO2 concentration in the air are addressed with resolution

increment.

Sensitivity analysis showed potential advantages the model can provide are as follows.

- Rapid sorbent screening for the selected geometry and for the opted geographic
locations to select the best sorbent or sorbent combinations. E.g., the Department
of Energy’s DAC Hub, CarbonCapture’s Project Bison or any other DAC project
planned to set up near sequestration sites could use this for making design
decisions.

- For sorbent vendors, it can help tailor their existing sorbent portfolio by
modifying or adding new materials, based on identified geographical sites. From
the geometry perspective, it can help them design or alter chemistry that can give
the best performance for the given form factor.

- At the research stage, the model can help with identifying new designs for the
contactor and virtually validating the design before actually making one which
can save a considerable amount of time and money by reducing redundancy and
revisions. This can also reduce failures and help design effective DAC contactors
with lower pressure drop, high capture efficiency, and net negative footprint.

- Developed modular designs with the model can be easily scaled up for large-scale

deployment of DAC.
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- For a properly defined system, it can help forecast the performance of the asset as
DAC is highly weather dependent (Figure 23). This will be useful in optimizing

the cycle times of clusters.

The final aim will be to provide a digital platform that can help create, test, and simulate

cost-effective, scalable, and deployable DAC contactor designs to clean up anthropogenic

emissions and mitigate global warming.
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CHAPTER 7

FUTURE DIRECTIONS
As per Frontier’s CDR gaps %, research is needed to design cheap and efficient DAC
contactors for large-scale deployment. This modelling approach is a long-term effort to
create a user-friendly generalized process modelling package for solid sorbent DAC
contactors. The current work was to develop a generalized mass transfer model for the
capture step in the DAC process. The current model needs to be improvised by inclusion
of bulk phase resistance to include laminar region modelling. The addition of pressure
drop calculation can be of real value. In continuation, various regeneration schemes will
be generated to integrate it with the current model to complete the package for DAC
contactor design, modelling, and simulation. Also, it is required to ensure that the model
performance imitates the actual system. Therefore, work will be done to validate the
performance of the model with the real-world system. There are so many avenues that
can be explored with the process model as per the DAC-DT concept which can help set
up a base foundation for the digital eco-system for DAC. Approaches that currently look
more promising are: The creation of a sorbent library to help test different sorbents or
sorbent combinations and select the best options that can be deployed in the given
conditions, develop a location-based weather historian that can facilitate past or current

weather data which can be fed to the model to predict the DAC contactor performance.
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APPENDIX A

PYTHON CODE: GENERALIZED PROCESS MODEL FOR SOLID SORBENT DIRECT AIR
CAPTURE CONTACTORS
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#Taking input from an Excel file

# import pandas library as pd
import pandas as pd

import math

# read excel file (here copy file path-text by right-clicking on the file path in explorer)
input_data = pd.read_excel("FILE-PATH")

print(input_data)

# Converting Excel data into required input for model calculation (STEP 1)

T = input_data.loc[0]['Value']

P = input_data.loc[1]['Value']

v =input_data.loc[2]['Value']

C _CO2 =input_data.loc[3]["Value']

L =input_data.loc[4]['Value']

W =input_data.loc[5]['Value']

S = input_data.loc[6]['Value']

H = input_data.loc[7]["Value']
sorbent_density = input data.loc[9]['Value']
bed porosity = input data.loc[10]["Value']
particle porosity = input_data.loc[11]['Value']
d_particle = input_data.loc[12]['Value']
Isotherm = input_data.loc[13]["Value']

d pore = input_data.loc[14]['Value']

T regen = input_data.loc[15]['Value']
pCO2 regen inP = input data.loc[16]['Value']
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# Important process parameter calculation (STEP-2)
Mw_air = 28.96 #g/mol (molar mass of air)
Mw_CO2 = 44 #g/mol (molar mass of CO2)

D CO2 =0.000016 #m2/s (Diffusivity of CO2 in air)
R =8.314 #J/mol K (Universal gas constant)

# Density of air calculation
rho_air = P*Mw_air/1000/(R*T) #kg/m3 (Density of air)
#print(rho_air)

# Sutherland's law constants for viscosity calculation
# These constants are specifically for air
C1=0.000001458

C2=1104#K

mu_air = C1*pow(T,1.5)/(T + C2) #Pa s (Viscosity of air)

#print(mu_air)

# Sorbent bed density calculation

bed density = sorbent density*(1-particle porosity)*(1-bed porosity) #kg/m3 (Sorbent bed
density considering particle and bed porosity)

#print(bed_density)
# equivalent diameter calculation for the channel

d eq=4*W*H/2*W #m (WH/2W is hydraulic radius)
#print(d_eq)

52



# Mass transfer coefficient calculations (STEP 3)

import numpy

# Reynolds number calculation
N Re =d eq*v*rho air/mu_air #Reynold's number with equivalent diameter consideration

#print(N_Re)

#Alert for Laminar flow condition
if N_Re <4000:
alert N Re ="Flow is laminar. The geometry needs adjustment”
print(alert N_Re)
else:
alert N Re="
print(alert N_Re)

# Schmidt number
N Sc=mu air/rho_air/D_CO2
#print(N_Sc)

# Interphase mass transfer calculation

# Sherwood number
Sh =0.023*pow(N_Re,0.83)*pow(N_Sc,0.44)
#print(Sh)

# Interphase mass transfer coefficient

k_interphase = 2*Sh*D_CO2/d_eq #m/s
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#print(k_interphase)

# Bed mass transfer calculation

# Interparticle mass transfer coefficient
D bed = pow(bed porosity,2)*D_CO2 #m2/s
#print(D_bed)

# Particle mass transfer coefficient

# Mean free path calculation
1=3.2*mu_air/P*pow((R*T*1000/(2*numpy.pi*Mw_C02)),0.5) #m
#print(1)

# Knudsen number
Kn=d pore/l
#print(Kn)

# Knudsen diffusion coefficient
Dk =48.5*d pore*pow((T/Mw_C02*1000),0.5) #m2/s
#print(Dk)

if Kn >= 10: #Coventional diffusion will be dominate
D particle = pow(particle porosity,2)*D CO2
print("Conventional diffusion in the particle")

#print(D_particle)

elif Kn <= 0.1: #Knudsen diffusion will dominate
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D particle = pow(particle porosity,2)*Dk
print("Knudsen diffusion in the particle")

#print(D_particle)

elif 0.1<Kn<10: #Both diffusion will be equally important
De = 1/((1/D_CO2) + (1/Dk))
D particle = pow(particle porosity,2)*De
print("Mixed diffusion in the particle")

#print(D_particle)

# Overall mass transfer coefficient calculation
k =1/((1/k_interphase) + (S/2/D_bed) + (d_particle/2/D_particle)) #(m/s)
#print(k)

# Mass balance and model run (STEP 4)
F air = v¥H*W #m3/s (Flow of air)

Number_of unit_cells = L/0.001 #(Defining numbers of the unit cell) Also this can be adjusted
for changing precision.

C CO2 _IN Master = C_CO2 #ppm

unit_cell sorbent mass = 0.001*0.01*S/2*bed density*1000 #g Calculation mass of sorbent in
each unit cell

#print(unit_cell sorbent mass)

#Toth Isotherm parameters
gsatl_start = 2.6 #mmol/g

bl start = 8.2045*10**-15*math.exp(82362.5/T regen/8.314) #mbar-1 This is solved using
Van't Hoff correlation externally
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#print(b1)

b2 start = 5.4441/(10**8)*math.exp(25542.8/T regen/8.314) #mmol/g mbar This is solved
using Van't Hoff correlation externally

#print(b2)

#Toth Isotherm parameters
gsatl = 2.6 #mmol/g

bl = 8.2045*10**-15*math.exp(82362.5/T/8.314) #mbar-1 This is solved using Van't Hoff
correlation externally

#print(bl)

b2 =5.4441/(10**8)*math.exp(25542.8/T/8.314) #mmol/g mbar This is solved using Van't Hoff
correlation externally

#print(b2)

#Nested lists for process OUTPUTS

#CO2 loading rate list
CO2 loading_rate list =]

#Output CO2 concentration list
C CO2 _OUT list=1]

#Equilibrium CO2 concentration list for each cell

Q CO2 eq list=T]

#Total CO2 loading list for each time instance for each cell

Q_CO2 list=[[]]
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#Master loop condition calculation

#Partial pressure conversion from ppm to mbar

pCO2 =C _CO2 IN Master*P/pow(10,8)

# Equilibrium CO2 loading calculation
Q CO2 eq master = gsatl *b1*pCO2/(1+(b1*pC0O2)) + b2*pCO2
print("Final Loading =" + str(Q_CO2_eq_master) + "mmol/g")

#This is to calculate the starting condition based on the regeneration temperature
pCO2 regen =pCO2 regen inP/100 #mbar
#print(pCO2_regen)

Q CO2_start = gsatl_start*bl_start*pCO2_regen/(1+(bl_start*pCO2 regen)) +
b2 start*pCO2 regen

print("Initial Loading =" + str(Q_CO2_start) + "mmol/g")

#Creating a list for External While LOOP condition
Q _CO2 _eq master list=[Q_CO2 eq master]*int(Number of unit cells)
#print(Q _CO2 eq master list)

#Creating the first list with ZERO loading based on obtained numbers of the unit cell
j=0
while j < Number of unit cells:

Q_CO2 list[0].append(Q CO2_start)

j=j+1
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#print(Q_CO2_list)

#List for while LOOP condition
condition list=[i * 0.999 foriin Q CO2 eq master list ]

#print(conditional list)

#Time list
time list =[]

t=1

#External while LOOP for the equilibrium calculation
while Q_CO2 _list[t-1][-1] < condition_list[-1]:

#Tester codes
#print(C_CO2_IN)

#print(Q_CO2 list[t-1])

#Use this LOOP for time-limiting calculation (may come in handy for cycle-time testing and
rating studies)

#while t < 5:

#Model run for a particular time instance

#Lists to collect OUTPUT for that particular time instant 't'

#CO2 loading rate at time 't'
CO2 _loading rate list t=[]

#Outlet CO2 concentration at a time 't'
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C CO2 OUT list t=1]

#Total CO2 loading for that particular time instant 't'
Q _CO2 list t=1]

#Inlet CO2 concentration for the first unit cell (as per defined CO2 concentration in the
inlet)

C _CO2 IN=C_CO2 #ppm (inlet CO2 concentration)

#Tester codes
#print(Q _CO2 list t)
#print(Q_CO2 list[t-1])

1=0

#Internal while LOOP for unit cell transition (STEP 5)

while 1 < Number of unit cells:

#Tester codes
#print(C_CO2 _IN)
#print(C_CO2 _IN)

#Toth isotherm equation
pCO2 =C _CO2_IN*P/pow(10,8) #Unit conversion ppm to Pa
#print(pCO2)

#Equilibrium concentration based on inlet CO2 concentration for the unit cell

Q CO2 eq = gsatl*b1*pCO2/(1+(b1*pCO2)) + b2*pCO2
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#print(Q_CO2 _eq)
Q CO2 eq list.append(Q _CO2 eq)

#Mass balance equation
# (CO2 flow IN) - (CO2 flow OUT) = Rate of accumulation
#print(Q_CO2_list[t-1][i])

#CO2 loading rate calculation equation

CO2 loading rate =bed density*k*(Q CO2 eq-Q CO2 list[t-1][1])/10
#mmol/cm2s where 1000 is unit conversion factor

#print(CO2 _loading_rate)
CO2 loading rate list t.append(CO2 loading rate)

#Outlet CO2 concentration

C_CO2 OUT=C_CO2 IN - pow(10,6)*0.1*CO2_loading rate*pow(10;-
3)/(v¥H*P*0.01/(2*R*T))

#ppm (The 0.01 is for unit cell dimension-width)

#print(C_CO2_OUT)
C CO2 OUT list t.append(C_CO2 OUT)
C_CO2_IN=C _CO2 OUT

1=1+1

#Tester codes

#print(C_CO2_OUT list t)

#print(Q_CO2 eq list)

#print(CO2 loading rate list t, len(CO2 loading rate list t))
#print(len(CO2_loading_rate list t))

#print(Q_CO2_list[t])
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#Calculating cumulative loading of the cell
z=0
for z in range(0, len(CO2_loading_rate list t)):
#print(z, len(Q_CO2_list[t-1]))
Q _CO2 list_t.append(Q _CO2 list[t-1][z] + CO2_loading_rate list t[z])

#print(Q _CO2 list t, len(Q CO2 list t))

#Nested list appending

CO2 loading rate list.append(CO2 loading rate list t)
C _CO2 _OUT list.append(C_CO2 OUT list t)

Q CO2 eq list.append(Q CO2 eq list)

Q CO2 list.append(Q CO2 list t)

#print(t)

time_list.append(t)

t=t+l

#Tester codes

#List printer

#print(CO2 _loading_rate list t)
#print(Q _CO2 list t)
#print(C_CO2_OUT list t)
#print(Q_CO2 eq list t)
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#print(time_list)
#print(Q _CO2 list t2)

#Nested list printer
#print(CO2 _loading_rate list)
#print(Q_CO2_list)
#print(C_CO2 OUT list)
#print(Q _CO2 eq list)

#Converting the OUPUT nested list to the data frame

# import pandas as pd

import pandas as pd

# Calling DataFrame constructor on the list

CO2 loading_data = pd.DataFrame(Q_CO2_list)

CO2 loading_rate data = pd.DataFrame(CO2 loading rate list)
CO2 outlet concentration _data = pd.DataFrame(C _CO2 OUT list)

#Dropping first one to make a consistent size data frame

CO2 loading_data = CO2 loading_data.drop(0)

#print(CO2 _loading rate data)
#print(CO2_outlet concentration data)
#print(CO2_loading_data)

#Here axis = 0 will do the sum vertically while 1 will do this horizontally
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cumulative loading_data = CO2 loading_data.sum (axis = 1) #This is for one strip
#print(cumulative loading data)

#print(cumulative loading data bed)

#Output results

print("\nReynolds number:" + str(N_Re))

print("Schmidt number:" + str(N_Sc))

print("Sherwood number:" + str(Sh))

print("Interphase mass transfer coefficient:" + str(k_interphase) + "m/s")
print("Diffusion coefficient of CO2 in the bed:" + str(D_bed) + "m2/s")
print("Kundsen number:" + str(Kn))

print("Overall mass transfer coefficient:" + str(k) + "m/s")

print("Total loading time for the bed:" + str(time_list[-1]) +"s")

print("Volumetric flowrate:" + str(F_air) + "m3/s")
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#Unit Cell Loading Curve
import matplotlib.pyplot as plt

import numpy as np

#Function for generating sub-plots
fig, (ax1, ax3) = plt.subplots(2, figsize=(6,8))

#In this bracket type (x,y) where x gives no. of graphs vertically and y gives no. graph
horizontally

#figsize (x,y): X - width, y - height

fig.suptitle('CO2 loading curves', fontweight = 'bold', size = 16)

y = {} #Created dictionary to individual curves for each unit cell

X = time_list

axl.set_title('Unit cell loading')

ax3.set_title('Unit cell loading in mmol of CO2")

ax1.set(xlabel="Time (s)', ylabel="CO2 loading (mmol/g)")
ax3.set(xlabel="Time (s)', ylabel="CO2 loading (mmol)")

#Unit Cell loading curve generation

0=0

while o < Number of unit_cells:
y[o] = CO2_loading_data[o]
ax1.plot(x, y[o])

o+=1

#Cell loading in mmol of CO2
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CO2 loading data2 = CO2 loading data.multiply(unit cell sorbent mass)
#print(CO2_loading data2)

total strip loading = CO2 loading data2.sum(axis=1)

total bed loading = total strip loading. mul(W*100%*2)
#print(total bed loading)

#Channel capacity determination

#print(total bed loading.iloc[1])

#print(total bed loading.iloc[-1])

channel capacity = (total bed loading.iloc[-1] - total bed loading.iloc[1])/1000

print("Channel Capacity(mol): " + str(channel capacity))

yl = {} #Created dictionary to individual curves for each unit cell
#Total CO2 cell loading curve
0=0
while o < Number of unit_cells:
yl[o] = CO2 loading data2[o]
ax3.plot(x, y1[o])

o+=1
# Set the spacing between subplots

fig.tight layout()

# tight layout() method automatically maintains the proper space between subplots
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#Cumulative loading curve (STEP 6)
import matplotlib.pyplot as plt

import numpy as np

fig, (ax2) = plt.subplots(1, figsize=(6,4))

#In this bracket type (x,y) where x gives no. of graphs vertically and y gives no. graph
horizontally

#tigsize (x,y): X - width, y - height

#Setting up chart title and axis labels

ax2.set_title('Total channel loading data’, fontsize = 16)
#ax2.set(xlabel="Time (s)', ylabel='Average CO2 loading rate(mmol/cm2s)")
plt.xlabel('Time (s)', fontsize = 14)

plt.ylabel("CO2 loading (mmol)', fontsize = 14)

X = time_list

ax2.plot(x,total bed loading)
fig.tight layout()

#saving graph in PNG
plt.savefig(r'FILEPATH")
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#Average Loading Rate Curve
import matplotlib.pyplot as plt

import numpy as np

fig, (ax4) = plt.subplots(1, figsize=(6,4))

#In this bracket type (x,y) where x gives no. of graphs vertically and y gives no. graph
horizontally

#tigsize (x,y): X - width, y - height

ax4.set _title('Average loading rate curve', fontsize = 16)
#ax4.set(xlabel="Time (s)', ylabel='CO2 loading (mmol/g)")
plt.xlabel('Time (s)', fontsize = 14)

plt.ylabel("CO2 loading rate (mmol/mm?2s)', fontsize = 14)

x = time_list

Avg CO2 loading rate = CO2 loading rate data.mean(axis = 1) # for row avg. axis = 1 while
axis = 0 for column average

ax4.plot(x, Avg CO2 loading_rate)

fig.tight layout()

plt.savefig(r'FILEPATH")
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#CSV file generation
#loading data array = CO2 loading data[0].tolist()
#print(loading data_array)
#print(time_list)
i=0
unit_cell no =]
while 1 <time _list[-1]:

unit_cell no.append(1)

it=1
#print(unit_cell no)
#print(CO2_loading_data)
#print(CO2_loading_data[1][1])

# Dataframe with defined column headers

i=0

column =[]

while 1 < Number of unit_cells:
column.append("Unit Cell No " + str(i+1))

i+=1

#print(column)

column2 = column

column3 = column

CO2 loading_data.columns = column

CO2 outlet_concentration _data.columns = column2
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CO2 loading_rate data.columns = column3

#print(CO2_loading data) #This will require reduction of 1st row due to initial zero row.
#print(CO2_loading rate data)

#print(CO2_outlet concentration_data)

#Dataframe to CSV file creation on the local server

#This file can be downloaded as required

CO2 loading data.to_csv(r"FILEPATH")

CO2 outlet concentration_data.to_csv(r" FILEPATH ")
CO2 loading_rate data.to csv(r" FILEPATH ")

total bed loading.to csv(r" FILEPATH ")

Avg CO2 loading rate.to csv(r" FILEPATH ")
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#Output Report table creation

import pandas as pd

from datetime import date

case_date = date.today()

#print(case_date)

#table 1

Result_table = {1:['Case No.','Date','Contactor type','Type of Adsorbent','CHANNEL
PROPERTIES','Channel Velocity (m/s)','Bed void fraction',

'Particle porosity','Material density (kg/m3)','Bulk Density (kg/m3)','Average pore
diameter (m)',

'AMBIENT CONDITIONS','Temperature (K)','Pressure (Pa)','CO2 concentration
(ppm)’,
'SORBENT PROPERTIES', Tsotherm','Equilibrium loading time (s)'],
2:['001', case_date, "Parallel plate', 'MIL 101 (Cr)',", v, bed_porosity, particle porosity,

sorbent_density, bed density, d pore, ", T, P, C_CO2, ",'Toth', time_list[-1] ]}

Result tablel = pd.DataFrame(Result table)

Result_list = Result tablel.values.tolist()

#print(Result_list)
#table 2

MT table = {1:['Parameter','/Reynolds No.','Schmidt No.','Sherwood No.','Interphase MT
coefficient (m/s)',

'Interparticle MT coefficient (m/s)','Intraparticle MT coefficient (m/s)','Overall MT
coefficient (m/s)',

'Initial sorbent loading (mmol/g)',"Equilibrium sorbent loading (mmol/g)',
"Regeneration temperature (K)",

"CO2 partial pressure (Pa)", "Channel Capacity (net)(mol)"],
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2:['Unit',round(N_Re, 4), round(N_Sc, 4), round(Sh, 4), round(k_interphase,8),
round(D_bed, 9), round(D_particle, 9),

round(k, 8), round(Q CO2_start,4), round(Q _CO2 eq master,4), str(T_regen),
str(pCO2_regen*100), round(channel capacity,4)]}

MT tablel = pd.DataFrame(MT table)
MT list=MT tablel.values.tolist()

print(MT _list)

alert table = {1:['ALERTS', alert N Re]}
alert_tablel = pd.DataFrame(alert table)
alert list = alert_tablel.values.tolist()

print(alert_list)

import pandas as pd

#Dataframe to list conversion for ease of coding

dfl = total bed loading.values.tolist()

df2 = Avg CO2 loading rate.values.tolist()

df3 = CO2 outlet concentration data|CO2 outlet concentration data.columns[-1]]
df3 = df3.values.tolist()

#print(df3)

#List created for master table

tablel = {'time(s)": time_list, 'Total bed loading (mmol/cm?2)": df1, 'Average loading rate
(mmol/cm2s)": df2, 'Outlet CO2 concentration (ppm)": df3}

#Converted list data to data frame master table
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df4 = pd.DataFrame(tablel)

#Closest value result which will be compared and retrieved

valuel = 0.25*df1[-1]

value2 = 0.5*df1[-1]

value3 = 0.75*df1[-1]

value4 = 0.9*df1[-1]

#Looks for a specific value in the column and returns the whole row

#df3.loc[df3['Total bed loading (mmol/cm2)'] == valuel ]

#Looks for values close to the given conditional values

rl = df4.iloc[(df4['Total bed loading (mmol/cm2)']-valuel).abs().argsort()[:1]]
r2 = df4.iloc[(df4['Total bed loading (mmol/cm2)']-value2).abs().argsort()[:1]]
r3 = df4.iloc[(df4['Total bed loading (mmol/cm2)']-value3).abs().argsort()[:1]]
r4 = df4.iloc[(df4['Total bed loading (mmol/cm2)']-value4).abs().argsort()[:1]]

#print(rl)
#print(r2)
#print(r3)
#print(r4)

rl1 = rl.values.tolist()
121 = r2.values.tolist()
r31 = r3.values.tolist()
r41 = r4.values.tolist()
#rint(rl1)
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Loading_table = {1:['% Net loading','Time (s)', "Total CO2 loading (mmol)', 'Average loading
rate (mmol/cm2s)',

'Outlet CO2 concentration (ppm)'],

25%',r11[0][0], round(r11[0][ 1], 6), round(r11[0][2],6), round(r11[0][3], 3)],
50%',r21[0][0], round(r21[0][1], 6), round(r21[0][2], 6), round(r21[0][3], 3)],
75%',x31[0][0], round(r31[0][1], 6), round(r31[0][2], 6), round(r31[0][3], 3)],
90%',r41[0][0], round(r41[0][1], 6), round(r41[0][2], 6), round(r31[0][3], 3)]}

whn AW N

ak
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K

#print(Loading_table)
Loading_tablel = pd.DataFrame(Loading_table)
Loading_list = Loading_tablel.values.tolist()

#print(Loading_list)
#Breakthrough curve data

#print(CO2_outlet concentration data)

value5 =r11[0][0]

value6 = r21[0][0]

value7 = r31[0][0]

value8 =r41[0][0]

r5 =CO2 outlet concentration_data.loc[value5]
16 = CO2 outlet concentration_data.loc[value6]
r7 = CO2 outlet concentration data.loc[value7]

r8 = CO2_outlet concentration data.loc[valueS§]

r51 =r5.values.tolist()
r61 = r6.values.tolist()

r71 = r7.values.tolist()
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r81 = r8.values.tolist()

#print(rS1)
#print(r61)

import matplotlib.pyplot as plt

import numpy as np

fig, (ax5) = plt.subplots(1, figsize=(6,4))

#In this bracket type (X,y) where x gives no. of graphs vertically and y gives no. graph
horizontally

#figsize (X,y): x - width, y - height

#Labelling Chart
ax5.set_title('Breakthrough curve', fontsize = 16)

#ax5.set(xlabel="Length (cm)', ylabel="CO2 Outlet concentration (ppm)")

plt.xlabel('Length (mm)', fontsize = 14)
plt.ylabel("CO2 Outlet concentration (ppm)', fontsize = 14)

il=1

x=]

while i1 <= Number_ of unit_ cells:
x.append(il)

il1=11+1

#Graph generation
ax5.plot(x, 151)

ax5.plot(x, 161)
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ax5.plot(x, r71)
ax5.plot(x, 181)

#plt.annotate('25%', xy=(x[-5], r51[-5]))
#plt.annotate('50%', xy=(x[5], r61[5]))
#plt.annotate('75%', xy=(x[7], t71[7]))
#plt.annotate('90%', xy=(x[-2], r81[-2]))

ax5.legend(['25%','50%",'75%', '90%'])
fig.tight layout()

#saving graph in PNG

plt.savefig(r' FILEPATH ")
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#Report Creation on Canvas in the form of PDF (STEP 7)

from reportlab.lib.pagesizes import letter,A4
from reportlab.lib import colors

from reportlab.lib.units import inch

from reportlab.pdfgen import canvas

from reportlab.platypus import Table, Paragraph, Image

# Create a canvas with a specified page size

¢ = canvas.Canvas(r" FILEPATH", pagesize=A4)

# Define table styles

table style =
('BACKGROUND, (0, 0), (-1, 0), colors.white),
('TEXTCOLOR!, (0, 0), (-1, 0), colors.black),
('ALIGN!, (0, 0), (-1, -1), 'LEFT"),
(FONTNAME/, (0, 0), (-1, 0), 'Helvetica-Bold"),
('FONTSIZE, (0, 0), (-1, 0), 12),
('BOTTOMPADDING', (0, 0), (-1, 0), 12),
('BACKGROUND, (0, 1), (-1, -1), colors.white),
('GRID/, (0, 0), (-1, -1), 1, colors.black),

# Define sample text

text = "Process Modelling Results Sheet for Direct Air Capture Contactor"
length = "Length =" + str(L) + "m"

width ="Width =" + str(W) + "m"

thickness = "Height =" + str(S) + "m"
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gap ="Gap ="+ str(H) + "m"
FigureTitle = "Geometry of the bed"

# Draw the table on the canvas
table = Table(Result_list)
table.setStyle(table style)
table.wrapOn(c, 0.5*inch, 10*inch)
table.drawOn(c, 0.5*inch, 6.4*inch)

# Draw the table on the canvas
table = Table(MT _list)
table.setStyle(table style)
table.wrapOn(c, 3.5*inch, 4.5*inch)
table.drawOn(c, 0.5*inch, 2.9*inch)

# Draw the table on the canvas
table = Table(alert_list)
table.setStyle(table style)
table.wrapOn(c, 400, 20)
table.drawOn(c, 0.5*inch, 1.7*inch)

# Draw the table on the canvas

table = Table(Loading_list)
table.setStyle(table style)
table.wrapOn(c, 400, 20)
table.drawOn(c, 0.5*inch, 0.15*inch)

77



# Set the font and font size for the canvas
c.setFont("Helvetica-Bold", 13.5)
# Draw the text on the canvas

c.drawString(0.15*inch, 11.3*inch, text)

# Draw the image on the canvas

c.drawlmage('LOGO FILEPATH', 6.1*inch, 10.95*inch, width=2.2* inch, height=0.75 *
inch)

# Draw the image on the canvas

c.drawlmage('IMAGE FILEPATH', 4.2*inch, 8.2*inch, width=3* inch, height=2.5 *
inch)

# Set the font and font size for the canvas
c.setFont("Helvetica", 10)

# Draw the text on the canvas
c.drawString(7*inch, 9.5*inch, length)
c.drawString(5.8*inch, 10.5*inch, width)
c.drawString(3.6*inch, 9.67*inch, thickness)
c.drawString(3.7*inch, 9.47*inch, gap)

# Set the font and font size for the canvas
c.setFont("Helvetica-Bold", 12)
# Draw the text on the canvas

c.drawString(5.5*inch, 10.7*inch, FigureTitle)

# Draw the average loading rate curve on the canvas
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c.drawlmage(r'Average loading rate curve FILEPATH', 4*inch, 5.8*inch, width=3.7*
inch, height=2.1 * inch)

# Draw the cumulative loading curve on the canvas

c.drawlmage(r' Cumulative loading curve FILEPATH ', 4.2*inch, 3.7*inch, width=3.5*
inch, height=2.1 * inch)

# Draw the breakthrough curve on the canvas

c.drawlmage(r' Breakthrough curve FILEPATH', 4.2*inch, 1.55*inch, width=3.5* inch,
height=2.1 * inch)

# Save the canvas as a PDF file

c.save()
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APPENDIX B
SAMPLE DESIGN RESULT REPORT
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