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Broader context

Tuning sorbent properties to reduce the
cost of direct air capturef

Hannah E. Holmes, (2 & Sayan Banerjee,i Anthony Vallace, Ryan P. Lively,
Christopher W. Jones* and Matthew J. Realff (2 *

The question has shifted from whether solid sorbents can work in direct air capture (DAC) technologies
to which solid sorbents are more economically advantaged. Determining this is challenging due to the
influence of many different yet interconnected sorbent properties on the cost of CO, capture. Existing
DAC economic models oversimplify sorbent stability by treating it as a simple replacement rate,
neglecting crucial factors such as capacity loss rate and form. To address this challenge, we have
developed an economic model that accounts for sorbent degradation in DAC processes. By factoring in
capacity loss over time, our model provides a more accurate estimate of the cost associated with DAC
and highlights the optimum time for sorbent replacement. We then identified sorbent characteristics and
process features that minimize both the carbon footprint and the cost of captured CO,. To further
investigate the interplay of sorbent properties and DAC cost, we constructed a series of alkyl- and
epoxy-functionalized polyamine sorbents. The sorbents’ CO, uptake, heat of adsorption and capacity
fade were adjusted via a one-step modification, varying the proportions of primary, secondary, and
tertiary amines. We then integrated the experimentally-measured parameters, including the form of
degradation, into our economic model to probe which combination of sorbent properties results in the
lowest cost of DAC for a fixed operating condition. The results provide guidelines and priorities for
sorbent performance metrics that will yield the most cost-effective DAC technologies.

Direct air capture (DAC) technologies are expected to play a critical role in addressing climate change. By removing carbon dioxide from the atmosphere, DAC
offers a pathway to mitigate the long-term effects of existing atmospheric carbon dioxide and achieve net-zero emissions. A key component of DAC is the
sorbent used to separate carbon dioxide from the air. As efforts are made to scale up DAG, it is essential to understand the complex relationships between

sorbent properties and overall process cost. Current economic analyses simplify sorbent stability by assuming constant sorbent performance until replacement,
but this shortcoming potentially leads to important errors in both the cost and environmental impact. In particular, failure to account for the loss in sorbent
performance can result in turning the direct air capture plant into a net positive emitter if the sorbent is not replaced soon enough. We developed an economic
model that accounts for sorbent degradation, including the rate and form of capacity loss over time. By coupling the capacity-fade model with experimental
tuning of sorbents, we gain insight into how competing sorbent properties influence the overall cost. The findings offer priorities for sorbent properties that
will facilitate scale-up of cost-effective DAC technologies.

1 Introduction

long-term consequences of existing atmospheric carbon dioxide
and achieve net-zero emissions."” The key component in DAC

Direct air capture (DAC) technologies are projected to play a
crucial role in addressing climate change by removing carbon
dioxide (CO,) from the atmosphere, allowing us to mitigate the
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technologies is the material used to capture and separate CO,
from the air. Solid adsorbents, in contrast to liquid absorbents,
offer advantages such as lower energy requirements for regenera-
tion, modularity, and mitigation of corrosion and evaporation
challenges.** Many promising adsorbents have been proposed for
DAC to date, including metal-organic frameworks,”” zeolites,*°
and supported amine materials.>*"%'*

The primary challenge for widescale DAC implementation is
not whether sorbents can effectively remove CO, from the air,

This journal is © The Royal Society of Chemistry 2024
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as operational DAC plants currently exist.">"* Instead, the most
significant hurdle is the economic viability of DAC. In contrast
to post-combustion CO, capture processes, in which revenue
for the CO, emitter is still possible, DAC lacks an intrinsic
Post-combustion processes capture CO,
from flue gas that is emitted from electricity generation (i.e.,
combustion to produce steam for turbines also produces
CO,-rich flue gas). Thus, post-combustion processes will con-
tain a revenue stream from the produced electricity, which
is intrinsic to the process. In contrast, direct air capture
does not follow a production process and therefore does not
have an associated revenue stream. This has driven an intense
effort on advancing sorbent materials to reduce process costs,
including increasing CO, capacity,"*** reducing regeneration
energy requirements,'®'® and increasing sorbent stability."**°

However, many of these sorbent properties are intercon-
nected, often in inverse relationships. For example, increasing
the CO, affinity increases the CO, uptake, but it also increases
the CO, heat of adsorption, thus increasing regeneration
energy demands. Similarly, increasing the desorption tempera-
ture can improve the working capacity, but it may also accel-
erate the degradation rate and shorten the sorbent lifetime.
Without the guidance of an economic model tailored to DAC, it
is challenging to determine whether improving one property
actually reduces overall process costs when considering other
properties. While many promising adsorbents with varying
capacity, heat of adsorption, and stability have been proposed
for DAC, it is unclear which combination of properties provides
the most economically viable option due to the complex rela-
tionships between sorbent properties and process cost. This
complexity has left materials researchers without clear guide-
lines or priorities for performance metrics.

Furthermore, there is a shortcoming in current DAC eco-
nomic models when accounting for a sorbent’s stability. Exist-
ing models assume the sorbent (or in some cases solvent) has
constant performance until replacement and thus incorporate
stability as a simple replacement rate.>'>° However, this over-
simplification fails to consider sorbent capacity fade over time,
which is inevitable as a sorbent degrades (e.g., oxidation, amine
loss, fouling, poisoning, urea formation). Our prior analysis
of a bioenergy with carbon capture and storage (BECCS)
process revealed that incorporating a sorbent’s capacity
fade into the economic model significantly increases the pre-
dicted process cost and alters the recommended sorbent repla-
cement times.*® These findings indicate that the details of a
sorbent’s degradation, specifically the rate and form of capacity
fade over time, are crucial to include when evaluating compet-
ing properties and comparing process costs for different
sorbents.

These gaps lead to the first two questions addressed in this
work: (1) how does sorbent degradation affect the DAC carbon
footprint and cost of CO, capture? (2) do the capacity fade (loss)
rate and form (e.g., linear, exponential) affect the optimal
replacement time? To answer these, we developed a capacity-
fade economic model for DAC. The model can be used for any
sorbent and contactor combination, but we focused our

revenue source.
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analysis on amines supported in structured contactors in a
temperature vacuum swing adsorption process.

Amine-based sorbents are a common choice in DAC tech-
nologies due to their high affinity for CO,, even at low
concentrations.> Amines bind CO, through chemical bonds
to form carbamate, carbamic acid, hydronium carbamate,
carbonate, or bicarbonate. The end-product depends on the
amine surface coverage, presence of water, and amine-solid
support interactions."®**® This results in steep adsorption
isotherms (strong type I) that lead to significant CO, uptakes at
low CO, partial pressures - a critical feature for DAC
applications.?*® Implementing amines in structured contac-
tors can enable a lower pressure drop, indirect heating, and
thermal management (i.e., cooling) during adsorption.** Tem-
perature or temperature/vacuum swing adsorption are the
process modes typically coupled with amine sorbents, as the
high uptake at low partial pressures makes adsorption based
on pressure swing alone a challenging option.*’

Polymeric or oligomeric amines (polyamines) are a particu-
larly promising form of amine due to their high density of
amine sites and lower volatility compared to smaller amine
molecules. Modification of polyamines with epoxide groups has
been explored previously as a method for enhancing sorbent
properties.*' ™’ Choi et al. demonstrated that functionalizing
poly(ethyleneimine) with 1,2-epoxybutane reduces the heat of
adsorption and increases the stability by altering the primary,
secondary, and tertiary amine fractions.*>*® Increasing the
extent of functionalization increasingly benefits the heat of
adsorption and stability, but it also negatively impacts the
sorbent’s capacity.*?

It remains unclear which functional group and extent of
functionalization result in the most economically advantaged
DAC process, but we hypothesized based on previous work from
Min et al. that this functionalization could be used to system-
atically tune sorbent properties for optimal DAC
performance.*® All previous optimization has been performed
for post-combustion CO, capture processes, but the optimum
properties will depend on the concentration of CO, in the feed.
For example, Lively and Realff demonstrated that as the adsor-
bate mole fraction decreases, the adsorbate-adsorbent affinity
resulting in the highest separation efficiency increases.*” When
coupled with a capacity-fade economic model, the one-step
modification of polyamines could be used to target a combi-
nation of sorbent properties that results in the lowest cost of
CO, capture. This led us to the final two questions addressed in
this work: (3) can we modify polyamine sorbents with different
functional groups to systematically tune performance in DAC
(working capacity, heat of adsorption, degradation rate)? (4)
which combination of properties results in the most economic-
ally advantaged sorbent for DAC?

To address all four questions, we first developed a capacity-
fade economic model for DAC that includes sorbent degrada-
tion. We used the model to explore how various types and rates
of sorbent degradation affect the viability of DAC, specifically
through the carbon footprint and cost of captured CO,. The
most critical sorbent characteristics and process features for

Energy Environ. Sci., 2024, 17, 4544-4559 | 4545
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minimizing the carbon footprint and cost were identified. We
then experimentally synthesized a series of polyamines functio-
nalized with various side chains (methyl, propyl, and 2-
hydroxypropyl, with the latter made via 1,2-epoxypropane func-
tionalization) in mesoporous silica SBA-15 supports. The func-
tionalization is used to systematically alter the working
capacity, energy requirement, and degradation rate, and the
experimentally-measured parameters are integrated into the
model to compare the economic feasibility. Combining a
capacity-fade economic model with experimental tuning of
sorbents provides insight into how competing sorbent proper-
ties balance and influence the overall cost of direct air capture.
These findings provide guidelines and priorities for sorbent
performance properties as scale-up of DAC processes is
pursued.

2 Methodology
2.1 Analysis framework

A detailed description of the economic model is provided in
Section S3 of the ESI.f The model framework aligns with our
previous work focused on BECCS.*°® The economic analysis
methodology for chemical processes from Turton et al. was
used.>® We also followed guidelines on CCS economic analysis
methodology from Rubin et al., Danaci et al., van der Spek et al.,
Roussanaly et al., and the U.S. National Energy Technology
Laboratory.>™°

The cost of direct air capture is comprised of capital costs,
operation and maintenance costs (O&M), and sorbent costs,
and the total cost is expressed as the levelized cost of CO,
capture (LCOC), defined in eqn (1),

Ccapital + CO&M + Csorbcm

LCOC = 1
Neo, 1)

where Ceapital, Cosm; and Csorbent refer to the capital, operation
& maintenance, and sorbent costs, respectively ($$ per year or
$$ per lifetime), and Nco, is the cumulative amount of CO,
captured (t-CO, per year or t-CO, per lifetime).>**° The main
components within the capital cost are the blowers, vacuum
pumps, contactor infrastructure (e.g., silica support, polymer,
module housing), downstream compression and purification,
and auxiliary equipment (e.g., sorbent handling, instrumenta-
tion and control systems, buildings). Operation and mainte-
nance costs include utilities (electricity for blowers, vacuum
pumps, downstream processes, and thermal energy for sorbent
regeneration) and non-energy costs, such as labor, transporta-
tion, and storage. Sorbent costs encompass active material
expenses and replacement.

2.2 System design

The solid sorbent direct air capture plant is designed to capture
1 Mt-CO, per year. The sorbent, which is polyamine supported
on silica in this analysis, is assumed to be in polymeric
structured contactors, and the contactors are installed in the
process as modules (Fig. 1). The model is agnostic to the
geometry of the contactor (ie., fibers, monolith, laminate).

4546 | Energy Environ. Sci., 2024,17, 4544-4559
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Fig. 1 Schematic of sorbent system in this analysis. The polyamine is
located inside the pores of the mesoporous silica support, and the silica
support is embedded in the porous polymeric network of the contactor.
Contactors are bundled together in modules.

Rather, the inputs are the sorbent loading inside the contactor
(e.g., sorbent to polymer mass fraction), contactor density,
module void fraction, module cross-sectional area, module
length, and pressure drop. These parameters can be changed
to account for various contactor geometries (e.g., cylindrical
hollow fibers vs. square-channel monoliths). Representative
values for a polyamine-silica/polymer structured contactor
were chosen for this analysis, including a sorbent (amine +
support) loading of 50%, contactor density of 730 kg m™3,
module void fraction of 50%, module cross-sectional area
of 1 m?, and pressure drop of 500 Pa.

The module size is connected to the blower flow rate and
CO, recovery, and the model uses a solver system to couple
these system properties (Section S3.C of ESIT). Direct steaming
is used to regenerate the sorbent via condensation of saturated
steam on the sorbent. Sorbent replacement refers to only the
amine being replaced. This is done vie a washing
procedure.””*® The silica and contactor lifetime is longer (5
years).

A temperature swing adsorption (TSA) process is utilized
with the following steps: (1) adsorption, (2) vacuum to remove
interstitial air from module, (3) heat to desorption temperature
(95-100 °C),"* (4) desorption, and (5) cool to adsorption tem-
perature (25-30 °C). The vacuum is only used momentarily to
remove the interstitial air before heating. Removing interstitial
air prior to desorption reduces oxidation and increases CO,
product purity.

Blower and vacuum pump scheduling is utilized in the
model to reduce the capital cost while maintaining the system
within physically reasonable bounds. In short, to minimize the
capital cost of blowers and vacuum pumps, many modules can
be centralized around one blower and vacuum pump. A group
of modules that share blower(s) and vacuum pump(s) will be
referred to as a cluster. However, the centralized design can
lead to unintended downtime for modules without proper
vacuum pump placement and scheduling, illustrated in Fig.
S1 (ESIt). Module downtime reduces the plant utilization and
therefore increases the total cost. To mitigate these problems,
we designed a vacuum pump schedule for a cluster containing
20 modules, one blower, and two vacuum pumps (Fig. S2, ESIf).
The central blower rotates between the outer 20 modules
during the adsorption steps, and each vacuum pump can
service four parallel modules at one time. A schedule for a
2:1 adsorption to desorption time (1200 s:600 s) is illustrated
in Fig. S2b (ESIY).

This journal is © The Royal Society of Chemistry 2024
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2.3 Incorporating sorbent capacity fade

The primary difference in our capacity-fade model versus a
model that does not consider sorbent degradation is the
relationship between the cumulative amount of CO, captured
(Nco,) and time. If a sorbent maintains a constant capacity, it
will capture a consistent amount of CO, each cycle. However,
when a sorbent degrades, the amount of CO, captured varies
from cycle to cycle, leading to a nonlinear N¢o, with respect to
time. Tracking the captured CO, each cycle for tens of thou-
sands of cycles would be computationally expensive, so we
instead employ integration to determine the cumulative
amount of CO, captured at specific time points based on the
relationship between working capacity and time.

Mathematically, a DAC module or cluster can be likened to a
continuous stirred tank reactor (CSTR) with a reaction. The
order of the reaction term depends on the type of sorbent
degradation. As an example, if the sorbent has exponentially
decaying capacity, the system is describable by the differential
equation with a first order reaction in eqn (2),

d(msgs(1))

ds = niqs0 — mrqé([) - mskqé(t) (2)

where mg is the sorbent mass (kg), ¢; is the working capacity
(mol kg ') at time ¢, gs, is the initial working capacity
(mol kg™"), m, is the sorbent replacement rate (kg per cycle),
and k is the degradation rate (cycle ). To consider other forms
of degradation, such as linear or piecewise exponential, we
simply modify the reaction term in the differential equation
(eqn (S19) and (S24), ESIY).

Integration of eqn (2) over time provides the cumulative
amount of CO, captured, as expressed in eqn (S23) (ESIT).
When the sorbent is not replaced each cycle but is instead
replaced en-masse (i.e., all at once), eqn (2) can be simplified
accordingly (eqn (S22), ESIt). As the sorbent degrades, the
necessary energy consumption changes in addition to the
amount of CO, captured. To account for this, the electrical
and thermal energy are fitted separately to four-term polyno-
mial expressions for convenience (eqn (S60) and (S65), ESIT).
The polynomial expressions are then integrated over time to
find the cumulative energy consumption (eqn (S61) and (S66),
ESIY).

2.4 Carbon footprint of direct air capture

Multiple aspects of direct air capture processes have associated
carbon emissions, including the (1) energy source, (2) sorbent
materials (including their synthesis, manufacturing, and dis-
posal), (3) equipment materials and manufacturing, (4) sorbent
transport and storage, and (5) CO, compression, purification,
transport, utilization, and storage. In this analysis, we consid-
ered cradle-to-gate carbon emissions from energy, sorbent
materials, and equipment materials and manufacturing.
Cradle-to-gate analysis is sufficient for this comparative
study.>® The amount of CO, captured is a fixed parameter,
and thus the downstream environmental impacts are
identical across the scenarios. However, it is important to note
that CO, transportation and storage emissions can contribute

This journal is © The Royal Society of Chemistry 2024
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significantly (accounting for over half of the total DAC green-
house gas emissions in some cases).®” The downstream emis-
sions will vary substantially depending on the plant and storage
locations and end-use of the CO, product (storage vs.
utilization).®>®' Optimizing and assessing downstream emis-
sions is the subject of ongoing research.®”®* The carbon
footprint of the sorbent includes disposing both the polyamine
and silica. However, the polyamine can be replaced via a simple
washing procedure without replacing the silica in the polymeric
contactors.”” Thus, the sorbent carbon footprint used here (4 kg
CO,,eq. per MW h) is a conservative value.

To determine the electrical energy carbon footprint, the
cumulative electrical energy consumption is converted to a
cumulative amount of CO, emissions based on the energy
source (Section S3.L of ESIf). A carbon footprint is also calcu-
lated for thermal energy based on its electricity equivalent. The
electrical and thermal energy carbon footprints are combined
with the carbon footprint of the sorbent and equipment mate-
rials and construction to determine the total carbon footprint.

Calculation methods for carbon footprint vary in litera-
ture.®® Here, we utilize two metrics to facilitate comparison
with different literature sources, following the methods of
Deutz et al., Qiu et al., and de Jonge et al.®"*>°° The first metric
is carbon footprint (CF), which is the amount of CO, captured
subtracted from the amount of CO, emitted, normalized to the
amount of CO, captured (eqn (3)). If more CO, is emitted than
captured, the carbon footprint is positive, whereas a negative
carbon footprint indicates more CO, is captured than emitted.
An ideal CO, capture process with no associated emissions or
environmental impact will have a carbon footprint of —1 t-CO,e
per t-CO, captured.

CF — tCO,e emitted — tCO; captured
N tCO, captured

(3)

For calculating DAC carbon footprint, the amount of CO,
captured is subtracted from the sum of the carbon footprints of

the energy, adsorbents, and equipment materials and
manufacturing.
The second metric is carbon removal efficiency,®*® which is

typically multiplied by 100 and expressed as a percent (eqn (4)).
The carbon removal efficiency is the negative of carbon foot-
print, or the amount of CO, emitted subtracted from the
amount captured, normalized to the amount captured A posi-
tive carbon removal efficiency indicates that more CO, is
captured than emitted, and a negative efficiency indicates more
CO, emitted than captured. A CO, capture process with no
environmental impacts has a carbon removal efficiency
of 100%.

tCO; captured — tCO;e emitted
tCO; captured

WCOZ removal — x 100 (4)
Since the carbon removal efficiency is simply the negative of
carbon footprint multiplied by 100, the two metrics have an
linear relationship. For example, a carbon footprint of —0.7 t-
CO, emitted per t-CO, captured corresponds to a carbon
efficiency of 70%, and carbon footprint of —0.5 t-CO, emitted

Energy Environ. Sci., 2024,17, 4544-4559 | 4547
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per t-CO, captured corresponds to a 50% carbon removal
efficiency. Increasing the carbon footprint (less negative) will
decrease the carbon removal efficiency.

The fractional carbon removal efficiency is employed to
convert the total process cost from $ per tonne of captured
CO, to $ per tonne of net CO,, where the “net CO,” refers to the
captured CO, minus the emitted CO, (eqn (5)).

$ $ 1
LCOC| —=——) =LCOC
(tCOz,net) (tCOz,captured) Ncoyremoval
100

(5)

More details on calculating the carbon footprint are pro-
vided in Section S3.L of the ESIL.{

2.5 Adsorbent preparation

Functionalization of PEI with hydrophobic groups (such as
methyl, propyl) was carried out by a simple single-step addition
reaction with alkyl halides under refluxing conditions. In
comparison, the functionalization of PEI with 1,2 epoxypropane
was carried out in ambient conditions. This ambient tempera-
ture is attributed to the high reactivity of epoxides with nucleo-
philic amines.*® (Scheme S1, ESI{).

Controlled amounts of adducts were added dropwise to
methanolic solutions of PEI (MW 800, nitrogen content:
18 mmol g~') under stirring. The modified PEI sorbents are
denoted as n-x-PEI, where “x” denotes the functional group
such as methyl (M), propyl (P) and 2-hydroxypropyl (HP) and
“n” denotes the molar ratio of the functional reagent (e.g., 1,2-
epoxypropane) to total moles of nitrogen in PEI Total moles of
nitrogen includes the nitrogen in primary, secondary, and
tertiary amines.

SBA-15 was impregnated with modified PEIs by wet impreg-
nation. First, SBA-15 was dried overnight under vacuum
(<20 mTorr) at 110 °C. The desired amount of PEI was
dissolved in 15 mL methanol and added to the desired amount
of SBA-15. The mixture was allowed to stir at room temperature

View Article Online
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for at least 6 h. Methanol was removed by rotary evaporation at
room temperature. The resulting powder was dried overnight
under vacuum (<20 mTorr) at room temperature. The resulting
dried powder composites were stored in ambient lab condi-
tions. The composites were characterized using quantitative
BC NMR spectroscopy, N, physisorption, gravimetric CO,
adsorption, and differential scanning calorimetry. More details
on the synthesis procedures and characterization procedures
are provided in Section S6 in the ESL¥

3 Results and discussion
3.1 The role of sorbent degradation in carbon footprint

The first question is: how does sorbent degradation affect the
DAC carbon footprint and cost of CO, capture? Carbon capture
cost is often reported as dollars per tonne of CO, captured, but
this metric overlooks the underlying carbon footprint, or asso-
ciated carbon emissions, of the process. Including the carbon
footprint in cost predictions is vital to accurately access the
viability of various DAC technologies.®®®" In Fig. 2, we illustrate
how sorbent degradation affects the carbon footprints of the
sorbent, energy, and the combined total (sorbent + energy).
Here, the sorbent is considered to be replaced all at once (en-
masse), so the sorbent lifetime is equivalent to the replacement
time. Specifically, a sorbent lifetime of 1 year indicates that all
of the sorbent is replaced at 1-year intervals. Sorbent replace-
ment refers to replacement of the polyamine only. The sorbent
carbon footprint utilized in this analysis includes disposal of
both the polyamine and silica, so the sorbent carbon footprint
values are conservative estimates.

The input parameters used for the economic analysis are
provided in Table S1 (ESIt). The parameters were chosen as a
representative set of sorbent and process parameters for a
polyamine-silica contactor in a temperature-swing adsorption
process (see Section 2.2 and Fig. 1). For example, the para-
meters include a working capacity of 1.0 mmol g~ ', heat of
adsorption of —70 kJ mol™", 50 wt% loading of polyamine-
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£ @ e Sorbent Deg. g / -.m- Sorbent e L. £ ¥ re bl B 4 Natural Gas
=087 % - 0& 0.3 / --- Captured CO, r 1000 2 = g negative _e! ++%-+- 2020 U.S. Mix
= Y [=¥e) S w® %% RS
o » = 2 5 O 029 o ¢
8 ) ..g't,) = O « (14 ) y
@ 0.6 L] 8 = - =0 --- & Geothermal
o L £ g ) _§ Q 04
o 3 =) 2% AAZ > Wind
c LY Qv = = ALARARE
= o ‘Q % g % 8 8 064 #&*‘* --- &+ Hydrothermal
S N 3= o O = k ---%-- Nuclear
= . 5 S =& 1
g 024 . 0 o ©8 sl ,
o o0, . ('l) i X
2 %o 8 2 = KAAAAAAAAAAAAAAAAAAAAf
5 3
»m 00 T T T = -1.04 b

0 1 2 3 0 1 2 3

Time (years)

Fig. 2

Sorbent replacement time (years)

Sorbent replacement time (years)

Impact of sorbent degradation and energy source on carbon footprint. (a) Working capacity of a sorbent with and without degradation. (b) Energy

and sorbent carbon footprints (left y-axis) as a function of sorbent replacement time for a DAC process with no sorbent degradation (left panel) and with
sorbent degradation (right panel). Optimum replacement time (minimum carbon footprint) is marked with a yellow line. Cumulative amount of CO,
captured per kg sorbent is on right y-axis. (c) DAC carbon footprint with sorbent degradation and various energy sources. Degradation is modelled as

exponential capacity fade with a decay constant of 4.4 x 107> cycle™.
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silica in the contactor, pressure drop of 500 Pa, cycle time of
1800 seconds (1200 s adsorption, 600 s desorption), and CO,
recovery of 50%. The pressure drop is a fixed input that was
chosen as a mid-range estimate based on both theoretical
calculations and experimental measurements for structured
contactors in literature.'®***%%” The adsorption time includes
cooling, and the desorption time includes a brief vacuum step
and heating. The productivity (1.0 mmol g~* fiber per h) is
consistent with that measured by Kong et al. for PEI-silica/
cellulose acetate fibers."?

In Fig. 2(a) and (b), when sorbent degradation is not
considered (left panel of Fig. 2(b)), the sorbent capacity remains
constant, resulting in a constant rate of CO, captured (i.e., there
is a linear relationship between the amount of CO, captured
and sorbent lifetime). In contrast, when sorbent degradation is
included (Fig. 2(b), right panel), there is a non-linear relation-
ship between CO, captured and sorbent lifetime as the sor-
bent’s capacity decreases each cycle. Exponential capacity fade
(first-order deactivation) is used here as an example. The model
does not include a specific degradation mechanism but rather a
generic capacity loss profile over time. To keep the model as
general as possible, we only change the capacity and do not
consider changes to other sorbent properties as the sorbent
degrades, such as the heat of adsorption. We also do not
consider changes to operating parameters (e.g., cycle time) as
the sorbent degrades.

In both scenarios, the sorbent carbon footprint is highest at
short lifetimes due to the relatively small amount of CO,
captured. The carbon emissions associated with sorbent man-
ufacturing and disposal are not compensated by the limited
CO, captured when the sorbent lifetime is short. As the sorbent
lifetime is extended, the carbon footprint decreases, regardless
of whether or not the sorbent is degrading.

In contrast, the energy carbon footprint is influenced by
sorbent degradation. In Fig. 2(b) (left panel) when there is no
sorbent degradation, the energy carbon footprint remains con-
stant because the amount of energy to capture one tonne of CO,
does not change. However, when there is sorbent degradation
(Fig. 2(b), right panel), the energy carbon footprint increases as
the sorbent is used for longer. There is a slight reduction in the
total energy required as the sorbent degrades. The same
amount of air is blown across the contactor (and thus the same
blower energy), but the thermal energy will decrease slightly.
The regeneration energy decreases as there will be less product
to desorb as the contactor degrades. However, the reduction in
CO, captured is significantly more than the slight reduction in
total energy, and thus the energy per tonne of CO, (and energy
climate change impact) increases.

Combining the energy and sorbent carbon footprints
provides a total carbon footprint. When the sorbent degrades
over time, there is a minimum carbon footprint when the
decreasing sorbent carbon footprint and increasing energy
carbon footprint balance each other, marked with a yellow
line in the right panel of Fig. 2(b). The location of this mini-
mum carbon footprint will influence the optimum sorbent
replacement time.
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The choice of energy source has a substantial impact on the
climate change impact and carbon footprint of DAC.'*¢%¢1:6870
Non-renewable energy sources, such as petroleum and coal,
emit high amounts of carbon dioxide per MW h of energy
produced, while low-carbon sources like wind, hydropower,
and nuclear emit much less CO,. The choice of energy source
has a large influence on the total DAC carbon footprint,
illustrated in Fig. 2(c). Carbon-intensive energy sources such
as petroleum and coal have higher carbon footprints across all
lifetimes. Although others have previously recognized the lim-
ited supply of large scale low-carbon electricity as an obstacle
for DAC,”® we can see that this need becomes even more
significant once we consider sorbent capacity fade. As the
sorbent degrades, the carbon footprint of DAC processes using
carbon-intensive energy increases significantly over time. Using
a carbon-intensive energy source (such as petroleum or coal)
with a degrading sorbent can lead to positive carbon footprints,
at which point the DAC process is emitting more CO, than it
has captured. Without including sorbent degradation in our
analysis, we would not be able to predict the shift to positive
CO, emissions.

To minimize the impact of the energy source, direct air
capture processes are typically proposed to be located in
regions with low-carbon-footprint grid mixes or powered
directly by renewable electricity or waste heat. This makes the
U.S. grid mix carbon footprint (461 kg CO, per MW h in 2020)
an inaccurate representation of the expected carbon footprint
for DAC. Thus, we use an average of the five states with the
lowest carbon footprints (171 kg CO, per MW h) throughout the
analysis here (Tables S25 and S26, ESIt), including the results
in Sections 3.2-3.5. The average carbon footprint of the lowest
five states is in light blue in Fig. 2(c). In our analysis, the
thermal energy is assumed to come from power plant steam,
but using other thermal energy sources such as waste heat or
heat pumps could further reduce the energy consumption and
thermal car