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Context & scale

Artificial removal of CO2 from the

atmosphere will be pivotal for the

realization of CO2-net-zero plans

and policies. Among the few

available solutions, the direct

extraction from air—or direct air

capture (DAC)—features the

highest removal potential.

Although energy and economic

expenditure are high, DAC is still

in its infancy, and a large potential

exists for its optimization. To scale

up the production, the different

processes should be consistently

evaluated, their design and

operation optimized, and the
SUMMARY

This work provides a comparative technical assessment of three
technologies for CO2 removal from air: two aqueous-scrubbing pro-
cesses and one solid sorbent process. We compute productivity and
exergy and energy consumption using process simulations and
mathematical optimization. Moreover, we evaluate the cost range
and discuss the challenges for large-scale deployment. We show
that all technologies can provide high-purity CO2 and that the
solid-based process has the potential to offer the best performance,
owing to an exergy demand of 1.4–3.7 MJ:kg�1

CO2
and a productivity

of 3.8–10.6 kgCO2
:m�3:h�1. Translating productivity and energy into

cost of CO2 capture via a simplemodel, we show that the capital cost
is the main cost driver. All technologies have the potential to oper-
ate below 200 $:ton�1

CO2
under favorable, yet realistic, energy and

reactor costs. The solid-sorbent process achieves this under a
broader range of conditions and is less dependent on the installa-
tion cost when a high mass transfer is achieved.
needs for further development

identified. Surprisingly, this is

missing in the literature. In this

study, we discuss the optimal

process design and performance

for the main DAC technologies,

starting from publicly available

unit designs and data and by

using advanced simulation tools.

Moreover, we identify the open

challenges that need addressing

and compute the CO2 capture

cost as a function of energy and

equipment costs, showing the

combinations that would allow for

cheaper DAC units.
INTRODUCTION

Limiting global warming at 2�C, and possibly at 1.5�C, is of paramount importance to

keep the results of climate change manageable. The Paris agreement that was signed

in 2016 was designed for this purpose; however, its non-binding and unenforceable na-

ture has yet to trigger the required set of actions for successful 1.5�C policies. Hence, it

should not come as a surprise that the Intergovernmental Panel on Climate Change

(IPCC) expects the global warming tobehigher than the 1.5�C target.1 Avoiding anover-

shoot of 1.5�C would likely require a 45% reduction of the net anthropogenic carbon di-

oxide (CO2) emissions from 2010 levels by 2030 and reaching net zero around 2050.2

Reductionmeasureswill be key toachieve this abatement and, among them, carbon cap-

ture and storage (CCS) will play an important role in reducing the emissions associated

with the continuous use of fossil fuels. This is particularly relevant for industrial processes,

suchascementandsteelproductionandcarbon-basedchemicalproduction.Not surpris-

ingly, all the pathways consistent with a 1.5�C temperature increase are dependent, to

someextent, on the deployment of negative emissions technologies (NETs)2 that actively

removeCO2 from the atmosphere. Among thepotentialNET solutions, direct air capture

(DAC),which refers to theextractionofCO2 fromair throughanartificial contactor, canbe

engineered,and thereforepossessesa veryhighmitigationpotential.3However,DAC isa

relatively novelprocess that is in theearly stagesofdevelopment andcommercialization4;

many questions remain to be answered and the improvement potential is high.

Gas separation is a pillar of chemical engineering, and many processes exist that can

be used for such scope. Several mature gas-separation technologies make use of
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physical processes; however, because of the ultra-diluted concentration of CO2 in

air, they are not good candidates for DAC.5 Also, strong affinity for CO2 is required

for its effective separation from air.6

Currently, there are a few processes that can be used for DAC. Zeman and Lackner

were the first to describe a process in which CO2 is extracted from air through wet

scrubbing with an aqueous alkali hydroxide.7 This DAC system consists of two cycles.

In the first one, sodium or potassium hydroxide reacts with CO2 to produce carbon-

ates, which are soluble in water. In the second cycle, the carbonates are causticized

with lime (Ca(OH)2) resulting in the precipitation of CaCO3, which is then heated

above 900�C to release CO2. This concept was further developed by Baciocchi

et al.,8 who provided the first conceptual design based on mass and energy bal-

ances. Several issues were pointed out; the most important being the high and

essentially unavoidable energy demand of the solvent regeneration. Later, in a

report by the American Physical Society (APS) alkali scrubbing was selected as the

benchmark process for DAC and a cost of about $600 per ton of captured CO2

was estimated.9 However, other estimates based on different absorption unit design

are lower. Due to the concentration of CO2 in the atmosphere, large volumes of air

have to be processed to capture a relevant amount of CO2. Hence, efficient air con-

tact with the solvent is extremely important. This is where the DAC company Carbon

Engineering has focused its early development efforts. By using a different design of

an absorption unit, tailor-made for air capture applications, Holmes and coworkers

estimated that the total costs of the air contactor alone (that is, neglecting the costs

for the regeneration of the solvent) could be drastically reduced from the 240

$/tonCO2
assessed by the APS9 to 60 $/tonCO2

.10 The air contactor11 and some of

the units involved in the solvent regeneration12 have also been tested at pilot scale

with promising results, prompting Carbon Engineering to plan the construction of a

1 MtonCO2
/year DAC plant. However, the major drawbacks related to the caustic re-

covery of the alkali hydroxide have not been overcome, and alternative regeneration

techniques show limited potential.13

An alternative absorption-based DAC process has been described by Custelcean

et al.14 In this process CO2 is extracted from air by an aqueous solution of amino

acids, such as glycine or sarcosine, yielding the corresponding bicarbonate salts.

The amino acid is subsequently recovered by crystallization of the carbonate anions

with a bis-iminoguanidine solid. Finally, the carbonate crystals are decomposed at

temperatures between 60�C and 120�C, thus releasing high-purity CO2. While the

temperature required for the regeneration of the solvent is lower compared with

the alkali scrubbing process, the energy demand of the process proposed by Custel-

cean et al. is higher.15 Indeed, amino acid solvents provide fast absorption kinetics

but low cyclic capacity.

Surprisingly, liquid scrubbing via alkanolamines (e.g., monoethanolamine [MEA])

has been hardly considered for applications in DAC. In fact, amine scrubbing is

the benchmark technology for post-combustion CO2 capture and has been applied

in hundreds of gas-separation processes.16 In its basic form, the process consists of

the extraction of CO2 from (flue) gases near ambient temperature with an aqueous

solution of amines, followed by regeneration of the solvent through stripping at

about 120�C. Alkanolamines have a high affinity for CO2, which is enough for CO2

capture from air.17 Despite this, liquid scrubbing with MEA has only very recently

been assessed as an option for DAC. Barzagli et al. have conducted an experimental

screening of amine-based solutions as solvents for DAC.18 Aqueous primary amines

appeared to be the best candidates, with MEA capturing 87.3% of CO2 from air in a
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24-hour period. Kiani et al. have carried out a simulation study and economic eval-

uation in Aspen Plus, adapting the conventional MEA-based absorption process for

the capture of CO2 from air.19 The total estimated cost for this process was 1,690

$/tonCO2
in the base case. The high cost is substantially due to the high capital

expenditure required for the absorption column, but Kiani et al. have adopted a con-

ventional packed column as absorber, which is not an optimal design for DAC. In

fact, they report that using a cooling tower inspired system, as the one designed

by Carbon Engineering, could reduce the cost of the absorber by 83%. However,

it remains that amine scrubbing requires great amounts of low-grade heat for regen-

eration, and that amines are generally corrosive and toxic and degrade over time

due to oxidation.20

These disadvantages can partly be overcome through immobilization of amines on solid

supports. By exchanging H2O with a solid support with lower heat capacity, the amount

of energy required to regenerate the amines can be reduced significantly.21 Moreover,

degradation and corrosion in supported amine are less of a problem.22 In fact, amine-

functionalized sorbents are currently receiving significant attention in the DAC scientific

community6,23; early DAC companies adopted them for their commercial processes.

Among them, Climeworks proposed porous granulates modified with amines applied

in vacuum-pressure temperature swing adsorption (VTSA) cycles.24 In this process, un-

loaded sorbent material is contacted with air to capture carbon dioxide at ambient con-

dition; subsequently, the unit is evacuated to a pressure in the range of 20–400 mbar

and heated to a temperature of 80�C–130�C to desorb CO2.
25 The combination of vac-

uum and temperature allows for a higher cyclic capacity and therefore limits the amount

of sorbent needed. Finally, the unit is repressurized and cooled down to ambient con-

ditions. Climeworks and Global Thermostat are two established startups developing

and commercializing such DAC processes, with multiple pilot plants already running

or being built.26 In addition to the specific sorbents, which differ in composition and

structure, the two companies have opted for different contactors. Whereas Climeworks

employs air-filter-like structures,27 Global Thermostat uses honeycomb monoliths.28 In

both cases, a VTSA cycle is used as process.

Another class of solid materials that has shown promising performances both as sor-

bents29,30 and supports31,32 are metal-organic frameworks (MOFs). MOFs are hybrid

structures with metal nodes linked by organic bridges in bi- or three-dimensional

crystalline structures. Their large design space and versatility have made MOFs

good candidates for various gas-separation applications; surface area and pore

characteristics can be tailor-tuned, and open metal sites allow for additional func-

tional groups. On the other side, production and commercialization of MOFs at

large scale is still an unsolved challenge.33

An important point that need attention when considering solid sorbents is the

behavior with respect to water adsorption. Depending on the ambient conditions

and the solid characteristics, H2O can affect the adsorption of CO2 and therefore

the process productivity and energy requirements. More specifically, it is important

to obtain high quality experimental data and implement a suitable model for water

competitive or cooperative adsorption.22,34 So far, this point has largely been over-

looked in open scientific literature.

We can conclude that two DAC technologies stand out in light of the scale at which

they have been deployed and the technological readiness they have achieved.

These two technologies are wet scrubbing with aqueous alkali hydroxide solutions12

and VTSA on supported sorbents.35 Moreover, we argue that MEA scrubbing should
Joule 5, 2047–2076, August 18, 2021 2049
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also be regarded as an equally ready DAC technology. These processes have

different advantages and disadvantages. Liquid scrubbing is a continuous process

that can take advantage of mature and inexpensive components. However, the

regeneration is costly and complex, especially for alkali solvents. The VTSA process

is simpler in principle, since the CO2 capture and the sorbent regeneration are car-

ried out in the same unit. Moreover, the regeneration of the sorbent takes place at

low temperature. On the other hand, the process is not as mature as liquid scrub-

bing, the sorbent stability is still an issue and achieving high CO2 purity requires

customized and more energy-demanding cycles.

Choosing between these two approaches and prioritizing their research and develop-

ment is therefore not trivial; the projected cost of both technologies once deployed

at large scale has been estimated to be around $100 per ton of CO2 captured
26; though

this value might be too optimistic, $200 per ton of CO2 is a likely target that DAC com-

panies are pursuing. However, it remains unclear what specific actions are needed to be

taken to get there and where improvements are most needed.

With this extensive work we provide a thorough process analysis for aqueous- and

solid-based DAC technologies. We do this by coupling advanced rate-based pro-

cess modeling with mathematical multi-objective process optimization. For the ther-

modynamic modeling, we use Aspen Plus for liquid solvents, and a state-of-the-art

in-house code for fixed bed cycles with solid sorbents.36 For the process optimiza-

tion, we directly connect the first-principles rate-based models to Matlab, where

we use suitable mathematical algorithms to identify the optimal design. As a result,

we are able to compute the specific energy consumption (in MJ kg�1
CO2

) and CO2 pro-

ductivity (in kgCO2
m�3 h�1) starting from thermodynamic models of specific reactor

designs, which are adopted from existing pilot plants. These two key performance

indicators (KPIs) provide the required input for a simplified cost model that, despite

its simplicity, is able to clearly map themain contributions to the total specific cost (in

$ kg�1
CO2

) and the directions to follow for further improvements; e.g., benefits from

reduction in fixed costs versus reduction in operating costs. When comparing with

the existing literature, although a few techno-economic analyses of DAC have

been published, they either rely on simple process models,37 or on energy assump-

tions from literature26,38 or analyze a single process.19,39–41 In addition, here we

consider the presence of water and its co-adsorption. Accordingly, this work ad-

vances compared with existing literature as it (i) provides a detailed model-based

comparison of the key DAC processes, (ii) assesses the potential of each DAC pro-

cess via process models and optimization, (iii) identifies the main weak points of

the selected technologies, thus providing input for future R&D, and (iv) quantifies

how process/material improvements could enhance the performance.

This work is organized as follows. In process schemes and methodology, we describe

the considered DAC processes and the modeling approach adopted for their analysis.

This is complemented by an exhaustive supplemental information document. In multi-

objective optimization, we describe the process optimization and in economic evalua-

tion, the economic analysis methodology. In results and discussion, we present the

main results. Finally, in processes comparison and economic evaluation and conclusions

we discuss the results and summarize the main conclusions, respectively.

Process schemes and methodology

Alkali scrubbing

The alkali-scrubbing process is shown in Figure 1. The process has been thoroughly

discussed in past literature7,8,12; however, it has never been systematically
2050 Joule 5, 2047–2076, August 18, 2021
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optimized. Here, we shortly discuss the process features, especially in light of

modeling and optimization; the reader can refer to literature or the supplemental in-

formation for more details on the process units.

In the alkali scrubbing, CO2 is captured in a dedicated air contactor unit, where it is

absorbed in an aqueous solution of KOH in the form of K2CO3. The K2CO3 solution is

regenerated by forming calcium carbonate, which is then fed to a calciner and de-

composed to CaO and CO2. In this work, the whole process is modeled using Aspen

Plus V11, which allows for precise computation of relevant thermodynamics via the

electrolyte NRTL method, while also providing a reliable rate-based model (avail-

able within RadFrac).

The absorption mechanism of carbon dioxide in alkaline solutions is well known and

takes place through a two-step process42:

CO2ðaqÞ +OH�#HCO�
3 (Equation 1)
HCO�
3 + OH�#CO2�

3 +H2O (Equation 2)

The rate-limiting step of the absorption mechanism is represented by Equation 1.

This mechanism is common to all alkali hydroxide sorbents, but it is reported that

KOH provides the fastest kinetics.11,43 In our simulations, we consider the air contac-

tor design developed by Carbon Engineering,10 who adapted commercial cooling

tower technologies to fit liquid scrubbing for DAC application (see supplemental in-

formation for additional details). Notably, such original units are devised to effi-

ciently bring very large quantities of ambient air into contact with water. The kinetics

for the absorption reactions have been adapted from the work of Pinsent et al.,44

while pressure drops are estimated using the built-in correlations in Aspen Plus for

the selected packing.

The regeneration of the solvent and collection of CO2 are carried out through a cal-

cium-based thermo-chemical cycle, a process that has been adapted from the Kraft

pulping widely used in the paper industry.5 The CO2-rich solution coming from the
Joule 5, 2047–2076, August 18, 2021 2051
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air contactor is fed to the pellet reactor, where K2CO3 is converted back to KOH

through causticization with lime according to the following reaction:

K2CO3ðaqÞ + CaðOHÞ2ðaqÞ#2KOHðaqÞ +CaCO3ðsÞ (Equation 3)

Calcium carbonate has an extremely low solubility in water and, therefore, precipi-

tates and it is easily separated from the liquid phase, which is sent back to the air con-

tactor. However, the rate of reaction in Equation 3 is driven by the concentration of

Ca2+ ions, which is low in highly alkaline solutions due to the low solubility of Ca(OH)2
in these conditions.7 This could be an issue, as the CO2-rich solution coming from

the air contactor still contains a considerable amount of KOH, but it can be tackled

by having calcium hydroxide as the limiting reactant and by long residence times in

the pellet reactor.12,45

The wet CaCO3 particles are collected from the bottom of the pellet reactor and are

dried and preheated before being fed to the calciner, where CO2 is released upon

decomposition of calcium carbonate:

CaCO3ðsÞ /CaOðsÞ +CO2ðgÞ (Equation 4)

The final step of the regeneration cycle is carried out by the slaker, where the hydra-

tion of CaO to Ca(OH)2 takes place according to:

CaOðsÞ + H2OðgÞ/CaðOHÞ2ðsÞ (Equation 5)

The design of the regeneration process and the performances of the unit operations

comprising it have been based upon the data published by Keith et al.12 Key param-

eters used for modeling the alkali-scrubbing process are reported in Table S6.

Amine scrubbing

The amine-scrubbing process differs from the alkali scrubbing in the regeneration

section, where it is considerably simpler. The process layout is shown in Figure 2.

The air contactor designed by Carbon Engineering is adopted also in this case, as it

provides a clear advantage over conventional absorption columns. The chemical ab-

sorption of CO2 in the aqueous MEA solution takes place via reaction with the hy-

droxide ion (Equations 1 and 2) and according to the following reactions46:

MEA + CO2ðaqÞ +H2O#MEACOO� +H3O
+ (Equation 6)
MEA + H3O
+#MEAH+ +H2O (Equation 7)

As opposed to K2CO3, MEA has a relatively high vapor pressure, resulting in a

considerable potential loss of solvent to the atmosphere. Additionally, MEA is a

much more toxic substance and its impact on both humans and environment could

be detrimental.47 For this reason, a water-wash section has been employed to

reduce the emissions of MEA. Additional details for this unit, which has been

modeled following the same approach adopted for the air contactor, are reported

in Table S1.

The rich solvent stream is first pumped to the stripper pressure and then split in two

flows: the largest is preheated in conventional fashion by the lean/rich heat exchanger,

while the other is kept cold and fed at the top of the stripper.With this arrangement, the

vapor released from the hot rich stream is exploited to heat up the cold stream flowing

from the top—a conventional practice inCO2 capture fromflue gases.48 The rich solvent

stream is regenerated through stripping with steam.
2052 Joule 5, 2047–2076, August 18, 2021
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The properties of the liquid phase are evaluated with the unsymmetrical electrolyte

NRTL method, while for the gas phase SRK equation of state is employed, a proven

approach for amine systems.49 The absorption reactions are implemented in the air

contactor blocks through kinetically controlled reactions. The kinetic constants are

as in the work of Amirkhosrow et al.,50 who validated them under different operating

conditions.

An equilibrium RadFrac block has been adopted to model the stripper, as the regen-

eration is usually carried out at conditions close to equilibrium. Details regarding the

stripper are reported in Table S1.

Solid sorbent process

The simplified flow scheme of the adsorption process is shown in Figure 3. The plant

consists essentially of the air contactor, controlling valves, a vacuum pump, and heat

and cold supply. When looking at the details of the air contactor, the most mature

version of the solid sorbent process is a cyclic process, where a single unit undergoes

successively a loading (adsorption) and a regeneration (desorption) step at different

pressures (pressure swing adsorption [PSA]). Because DAC treats air at ambient con-

ditions and in very large flow rates, air compression is not a viable option, which

leaves temperature and vacuum as the only regeneration drivers. Therefore, we

consider a vacuum-temperature swing adsorption (VTSA) cycle, as illustrated with

exemplary column status in Figure 4A. This cycle was synthesized to allow the pro-

duction of CO2 at high purity (dry) and consists of four different steps, i.e., (i) adsorp-

tion, (ii) purge, (iii) regeneration, and (iv) repressurization.

During the adsorption step, the air mixture enters the adsorber unit at ambient con-

ditions. CO2 (and H2O) is selectively removed by the sorbent, and CO2-lean air

leaves the system. When the CO2 front reaches the end of the bed this step is

terminated. In order to increase the purity of CO2, a preliminary heating step is

introduced, whereby the air, mainly N2, in the void space is removed. The sorbent

is heated up to a temperature T1<T2 by an external heating fluid, where 1 refers

to the preheating and 2 refers to the heating step. At the same time, vacuum is
Joule 5, 2047–2076, August 18, 2021 2053
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generated using vacuum pumps. Small amounts of CO2 and H2O are already des-

orbed during this step. During the main desorption step the sorbent is heated to

the highest working temperature T2, whereas the vacuum condition is maintained

or even tightened. High-purity CO2 in H2O vapor is produced during this step and

withdrawn from the column. Compared to the aqueous solution-based systems,

lower temperatures at around 100�C are sufficient to regenerate the sorbent. Sub-

sequently, the valve at the entrance is opened, and the ambient air streams in, which

cools down the sorbent material and repressurizes the system until the column is

back to the starting conditions.

As for the air contactor geometry, we have adopted the design described in patents

of Climeworks.52–54 In such a configuration, the air contactor, which is shown in Fig-

ure 4B, resembles an air ventilation system rather than a conventional adsorber col-

umn. The physical dimensions of the module, such as the length of the sorbent layer

and the void space within the contactor, are set by choosing arbitrarily from the

design range provided in several works.52–54 Additional parameters used in the
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Figure 4. Representation of the adsorption process

(A and B) (A) The schematic design of the VTSA process, divided into four cycles. Note that here we use a column-type cycle representation for the sake

of clarity. More information about the structure are given in Figure 3, and in (B) a schematic design of the air contactor unit comprising a number of

plates containing the solid sorbent, similar to a design published in study conducted by Wurzbacher et al.51
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process model are listed in Table S5. It is worth stressing that DAC companies may

use different types of VTSA cycles and air contactor designs.

Extensive data is needed to model the adsorption process: from sorbent isotherms

to transport parameters. We address them in the following section. Because adsorp-

tion-based DAC is not as established as liquid scrubbing, we provide more details

than in alkali scrubbing and amine scrubbing.

Key for the process performance is indeed the sorbent. So far, several sorbents have

been presented in the literature, but only few possess the minimum thermodynamic

requirements for a successful DAC process. This can be clearly shown by plotting the

CO2 cyclic working capacity of the sorbent; i.e., the difference between the equilib-

rium CO2 loading at adsorption and at desorption conditions, with respect to the

desorption temperature (see Figure 5).

The sorbent selection in this work is therefore based on the following constraints: (i)

cyclic capacity larger than zero when considering CO2 partial pressure in the air for

the adsorption and Tmax = 120�C and pmin = 0:1 bar for the regeneration, and (ii) data

availability in open scientific literature for relevant isotherms and sorbent physical

properties. As a result, we selected four promising sorbents, which are highlighted

in Figure 5, namely APDES-NFC,52 Tri-PE-MCM-41,55 MIL-101(Cr)-PEI-800,31 and

Lewatit VP OC 106.34,56,57 It is worth noting that, because DAC is a relatively young

application, experimental data are currently limited. On the one hand, data are

missing about H2O and N2 adsorption under different conditions. On the other

hand, multicomponent isotherms are not available to the best of our knowledge.

More specifically, for the APDES-NFC and the Lewatit sorbent comprehensive

experimental data for both water and CO2 isotherms are available; MIL-101(Cr)-

PEI-800 shows the highest CO2 working capacity, but no data were found for the

H2O isotherm in the pressure and temperature ranges of interest. In this work we
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Figure 5. Working capacity for several solid sorbents including zeolites (green lines), MOFs (gray

lines), and amines (orange lines)

The capacity is calculated with ambient conditions for the adsorption step (T=293 K, p=1 bar,

pCO2=400 ppm) and a desorption pressure of 100 mbar. The four sorbents selected for this study are

shown by thick lines and named in the legend.
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cope with the limited availability of data for the considered DAC sorbent by

combining the sorbent-specific CO2 isotherm with different H2O isotherms, which

allows us to better evaluate the role of water in the process. To this end we consider

the H2O isotherms of APDES-NFC, Lewatit, and MCF-APS-hi,58 which feature a high,

medium, and low water adsorption, respectively. Moreover, as the current sorbent

landscape does not allow us to set a reference sorbent, such as among the four

selected, we include in our analysis an exemplary sorbent for CO2, obtained by

combining the equilibrium data of the four materials highlighted in Figure 5. The re-

sulting different cases are listed in Table 1. The matrix of cases obtained in such a

fashion allows us to consider sorbents well characterized (APDES-NFC and Lewatit),

as well as a promising sorbent missing experimental data (MIL-101(Cr)-PEI-800), and

an exemplary sorbent representing the average behavior.

For the four sorbents highlighted in Figure 5, we fitted experimental adsorption data

by applying suitable isotherm models. For CO2 adsorption, we identified two

different models that returned the best fitting. For APDES-NFC we apply the tem-

perature-dependent Toth model:

qi

�
p;T

�
=

nsbpi�
1+

�
bpi

�t�1=t ; i =CO2 (Equation 8)

For the remaining sorbents we adopted a modified version of the classical Toth

equation, where two terms are present, one for describing physisorption and one

for describing chemisorption, as proposed by Elfving et al.59 This model showed

the best fitting for three out of four sorbents, since it describes two independent

adsorption mechanisms—chemisorption by the amine groups and physisorption

by the surface interaction.60

qi

�
p; T

�
=

"
nsbpi�

1+
�
bpi

�t�1=t
#
chem

+

"
nsbpi�

1+
�
bpi

�t�1=t
#
phys

(Equation 9)

where in both Equations 8 and 9 pi is the partial pressure of the component i, and ns,

b and t are temperature-dependent parameters of the Toth model. The tempera-

ture-dependent coefficients, which have the same functional form for the chemical

and the physical term, are defined as follows:

nsðTÞ= ns0exp

�
c

�
1� T0

T

��
(Equation 10)
bðTÞ=b0exp

�
DH

RT0

�
T0

T
� 1

��
(Equation 11)
tðTÞ = t0 +a

�
1�T0

T

�
(Equation 12)

where the terms are as defined in the variable list.61
Table 1. Different combinations for CO2 and H2O isotherms

CO2 Isotherm H2O Isotherm

APDES-NFC MCF-APS-Hi Lewatit VP OC 106

APDES-NFC case 1:A-A - -

Exemplary case 2: E-A case 3: E-M case 4: E-L

MIL-101(Cr)-PEI-800 case 5: MP-A case 6: MP-M case 7: MP-L

Lewatit VP OC 106 - - case 8: L-L
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The fitting was carried out with the optimization routine fmincon in Matlab version

R2018b by minimizing the error between the experimental and modeled data using

the normalized standard deviation. Further details for the fitting of the different sor-

bents as well as the calculation of the isosteric heat can be found in the supplemental

information. The resulting parameters for the different CO2 isotherms are shown in

Table S2. It can be noted that R-squared is rather high in all cases.

The adsorption isotherms of water were described in all cases by using the Guggen-

heim-Anderson-de Boer (GAB) model52,51;

qH2O

�
T ;pH2O

	
= Cm

CGKads
pH2O

p0�
1� Kads

pH2O

p0

��
1+ ðCG � 1ÞKads

pH2O

p0

� (Equation 13)

with

CGðTÞ=CG;0exp

�
DHC

RT

�
(Equation 14)
KadsðTÞ=K0exp

�
DHK

RT

�
(Equation 15)
CmðTÞ=Cm;0exp
�b
T

	
(Equation 16)

where the terms are as defined in the variable list. As mentioned before, the equilib-

rium data of water are from three different sorbents, namely APDES-NFC,52 MCF-

APS-hi,58 and Lewatit VP OC 106.62 The resulting parameters for the fitting of the

H2O isotherms are listed in Table S3.

Most of the DAC processes modeled in the literature are either based on dry condi-

tions60 or disregard the effect of water on the CO2 isotherm. However, the presence

of water in the feedstream enhances the CO2 capacity of amine-based sorbents, de-

pending on the temperature and partial pressure of H2O in the stream.22,34 Despite

the very limited set of data available, modeling the cooperative adsorption of water

and CO2 is key to compute a realistic process performance. Ideally, multicomponent

competitive isotherms should be used; however, as those are not yet available for

the sorbents of interest, we use single component isotherms and describe empiri-

cally the interaction of CO2 and H2O. Wurzbacher et al.51 added an enhancing factor

dependent on the partial pressure of CO2 and the humidity, to describe the humid

adsorption of CO2. However, this factor is applicable in a small-pressure range and

lead to wrong estimates in other conditions of interest. Using a physical approach,

Stampi-Bombelli et al.41 proposed a new isotherm model for the APDES-NFC sor-

bent, where the water uptake is embedded in the Toth isotherm for CO2. This

method is physically sound but depends on having comprehensive experimental wa-

ter isotherms, including competition and cooperative adsorption with CO2. Here, we

applied a robust yet empirical approach by including an equivalent adsorption tem-

perature Teq, which is dependent on the humidity RH and the actual temperature T,

in the form of the following:

TeqðT ;RHÞ = T � a

�
278K

T

�b

RH ; (Equation 17)

with a and b being two fitting parameters. The expression allows to have Teq = T for

RH= 0%whereas also including a minimum Teq for RH=100%, such as the most favor-

able adsorption condition for CO2 as function of humidity. The calculation of a and b
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was carried out by fitting data provided in Veneman et al.34 and applied to all sor-

bents considered in this work. Details can be found in the supplemental information,

including the comparison with data reported for APDES-NFC. For the Toth-cp

model, the equivalent temperature is included only in the chemisorption, as the

physisorption mechanism is not as strongly affected by humidity.

Finally, although we do consider the presence of N2 in the feed gas and in the void

part of the bed, which influences the CO2 purity, we neglect the adsorption of N2. It

is worth noticing that, given the chemisorption role, the adsorption of N2 will be very

limited.

The adsorption column is simulated by using a deterministic in-house model, which

was originally developed for cyclic adsorption processes in fixed beds in the group

ofMazzotti at ETH Zurich and that has been adapted here to describe the sorbents of

interest. The operation of the process is modeled by solving mass, energy, and mo-

mentum balances for a unique column which undergoes the cycle steps sequentially.

It is completed when a cyclic steady state (CSS) is reached, or in other words, when

the overall mass balance and the internal column parameters, such as composition

and temperature, are the same for the n and the n� 1 cycle. More details can be

found in studies conducted by Casas et al., and Joss et al.63,64 The underlying

modeling approach is well established and state-of-the-art in the field of CO2

adsorption.65,66 The tool has been validated against experiments for PSA, TSA,

and VSA conditions conditions36,67–69 and has been used in several scientific publi-

cations for analysis of adsorption processes.69–71

The additional process components, such as the air blower and the vacuum pump,

are modeled by using MATLAB. Details can be found in the supplemental

information.

Along with the equilibrium data, transport parameters, namely the mass transfer and

heat transfer coefficients, are needed. Unfortunately, the data availability for these is

even more limited than isotherms. Here, we have tackled this by estimating data

from existing experiments, and by adding extensive sensitivity analysis to provide

a range of performance, rather than a single-point value. In the adsorption model,

the mass transfer resistance is described using the linear driving force (LDF) model;

vqi

vt
= ki

�
qeq
i �qi

�
(Equation 18)

with the (lumped) mass transfer coefficient ki of component i and the equilibrium ad-

sorbed phase concentration qeq
i . The reference CO2 coefficient was assumed to be

kCO2
= 0:1 s�1, which is in the same range compared with other literature;72,73 how-

ever, other references provide smaller values—e.g., Stampi-Bombelli et al.41 who

fitted the limited set of data from Gebald42 and Wurzbacher et al.35,51 resulting in

a coefficient of kCO2
= 0:0002. Since the kinetics have a large impact on the perfor-

mance of the process, and given the lack of kinetic data in literature, especially for

the specific sorbents we have chosen, a sensitivity analysis is carried out by varying

the mass transfer coefficient for CO2 in the range of kCO2 ;1 = 0:0001 s�1, kCO2 ;2 = 0:01

s�1, and kCO2 ;3 = 0:1 s�1, whereas keeping the kinetics for water constant. Since

experimental data provided byWurzbacher et al.51 and Cheng et al.74 showed faster

kinetics for H2O, we assumed kH2O = 1 s�1 for the mass transfer coefficient.

The heat transfer coefficient was calculated by fitting experimental data provided by

Gebald et al.42; details of the calculation can be found in the supplemental
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information. The resulting coefficient is 6.7 W/(m2K), which is comparable with

values used by other authors.63,75 Since this calculation is only based on one exper-

imental set of data, we included a sensitivity analysis for h1 = 4:0W/(m2K), h2 = 6:7W/

(m2K) and h3 = 10:0 W/(m2K).

Finally, the specific properties of the different sorbents can be found in Table S4.
Multi-objective optimization

In order to determine the optimal performance of the different capture systems and

the associated operating and design variables, a multi-objective optimization was

carried out.76 It includes two competing objectives, namely productivity, which

can be seen as an indicator for the resulting equipment costs, and the electrical

and thermal energy consumption coupled in the mass-specific exergy e value, which

reflects the operating costs. The problem is defined as:

minimize
x

ð�Pr ;eÞ
subject to FRFspec

(Equation 19)

where x are decision variables, F the purity and Fspec the required minimum purity

(here assumed 95%, as for CO2 storage applications). Since these objectives are con-

flicting, the trade-off is identified by a Pareto line; such as for a given reactor size, an

increase in productivity requires capturing more CO2, which can be achieved pro-

cessing more air (i.e., larger energy consumption for the fan) or working with higher

recovery (i.e., larger heat consumption for regeneration). The productivity is calcu-

lated as:

Pr =
_mCO2

Vaircontactor
; (Equation 20)

where _mCO2
is the mass rate of CO2 captured from the air and Vaircontactor the volume

of the air contactor. The specific exergy requirement e is calculated differently for

every process as described below.

Exergy consumption of the alkaline scrubbing process

The specific exergy demand using KOH as a solvent is expressed by:

e =
1
_mCO2

�
_mCH4

LHVCH4
+ _WASU + _Wblower + _W comp

�
(Equation 21)

where the product _mCH4
LHVCH4

is the exergy demand for the calcination, which is

provided by an oxy-fuel combustion of methane with oxygen from an ASU

consuming _WASU. In addition, the energy requirement for the air blower _Wblower

and the compression of the CO2
_W comp is included.

Exergy consumption of the MEA scrubbing process

In this case, the exergy demand is calculated as:

e =
1
_mCO2

�
_Qreboiler

�
1� T0

Treb

�
+ _W refr + _Wpump + _Wblower + _W comp

�
(Equation 22)

with _Qreboiler representing the heat required for the reboiler of the stripper, _W refr the

power used for cooling the lean stream and _Wpump the energy requirement of the

pumps.

Exergy consumption of the VTSA process

For solid sorbent DAC the specific exergy requirement is calculated as:
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e =
1
_mCO2

�
_Qpurge

�
1� T0

Tpurge

�
+ _Qreg

�
1� T0

Treg

�
+

_W vac;purge + _W vac;prod + _Wblower + _W comp

�
; (Equation 23)

where _Qpurge and _Qreg represent the heat required for the purge and regeneration

step, _W vac;purge as well as _W vac;prod the required electrical energy of the vacuum

pump, _Wblower the energy for the air blower and _W comp the energy for CO2 compres-

sion. All input variables are calculated in our optimization framework.

As for the exergy consumption, also the optimization variables are specific to pro-

cess type.

Optimization variables of the alkali-scrubbing process

� Absorber loading (x), defined as the ratio between themoles of KOH in the lean

stream and the moles of CO2 in the air stream;

� Air velocity in the contactor unit (uair);

� Mass fraction of water in the K2CO3 slurry (wH2O).

Optimization variables of the MEA scrubbing process

� Absorber loading (x), defined in this case as the ratio between the number of

moles of MEA in the lean stream and the number of moles CO2 in the air

stream;

� Air velocity in the contactor unit (uair);

� Specific reboiler duty (d), defined as the ratio between the set duty of the re-

boiler and the mass flow rate of the lean stream;

� Split fraction (fSplit), the fraction of rich stream, which is directly fed to the top

stage of the stripper.

Optimization variables of the VTSA process

� time of the adsorption phase tads, of the CO2 production phase tprod, and of the

purge step tpurge;

� vacuum pressure of the preheating and CO2 production step pvac;

� temperature of the heating step Tprod;

� temperature difference between the CO2 production and the purge step

DTpurge;

� air velocity uair at the feed (the upper boundary is dependent on the specific

material properties and is calculated as the minimum fluidizing velocity).

All decision variables and their respective lower and upper boundaries in the optimi-

zation are reported in Table S6. The boundaries were chosen to be large enough to

explore the optimum for all sorbents, whereas being computationally feasible within

some hours.

In all simulations, the optimization is carried out using state-of-the-art mathematical

algorithms implemented or available in Matlab (R2018b). For the liquid-scrubbing

processes, Matlab was directly connected to Aspen Plus V11 using the ActiveX soft-

ware framework, so that the data exchange is fully automated. For these cases, the

non-dominated sorting genetic algorithm version II (NSGA-II) as available in Matlab

was employed. More details can be found in supplemental experimental proced-

ures. For the solid-sorbent process, the optimization was carried out using a new al-

gorithm that (part of) the authors have specifically coded in Matlab for tackling

adsorption processes. The algorithm is directly connected to the Fortran-based
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adsorption model: it receives results from it and provides new set of optimization

variables. The algorithm is a modified version of the global optimization algorithm

multi-level coordinate search (MCS), which is extended to deal with multiple objec-

tives (MO-MCS). Details can be found in a publication by Joss et al.76

In addition to the objective functions and optimization variables, we report

throughout this work also the capture rate. This indicator is defined as the ratio be-

tween the amount of CO2 captured over the amount of CO2 fed to the air contactor:

Cr =
_mCO2

wAir
CO2

_mAir
(Equation 24)

For all processes, the simulations are carried out considering as ambient conditions

T = 293 K, p = 1:001 bar, relative humidity of 43%, and CO2 content: 43 10�4

molCO2
/mol.
Economic evaluation

As complement to the detailed technical analysis, we carried out a simplified

economical evaluation of the different processes. The goal is not to present a

detailed economic analysis of the specific technologies, which would require to

compute all components of the capital expenditures (CAPEX) and the operational

expenditures (OPEX)—out of scope here, but to identify the main cost drivers of

the processes and to compare their potential from an economic perspective. In

gas separation, energy and air contactor volume are the first proxies for operating

and capital cost, respectively. Using the consistent computation of energy perfor-

mance and productivity we therefore map the CO2 capture cost cCO2
as function

of (i) the air contactor cost per m3 g, (ii) the electricity price cel, and (iii) the heat price

cth. These can also be regarded as proxy for CAPEX (point (i)) andOPEX (point (ii) and

(iii)). The resulting equation is:

cCO2
=

g

Pr,a
+ ctheth + celeel; (Equation 25)

where Pr, eth, and eel are taken from the Pareto fronts computed with the optimiza-

tion, and a is the lifetime of the plants, which was assumed to be 20 years (note that

unit conversion factors have been omitted in the equation). For g, a range of 2,000 to

50,000 $/m3 was chosen. The order of magnitude of the two values has been chosen

to cover a broad range of plant costs; from a rather simple and cheap traditional col-

umn (as reference a contactor cost of 2,000 $=m3 was back-calculated from Keith

et al.12) to the higher cost of a full VTSA system (calculated considering a cost of

600 $=tonCO2
and the design and capacity of Hinwil Climeworks plant).

For cth and cel, we chose a realistic range of 1–10 $cents/kWh. It should be stressed

that, although we show the full cth-cel plane, cases where heat is more expensive than

electricity should be disregarded.
RESULTS AND DISCUSSION

Alkali scrubbing

The Pareto front obtained for the KOH process is reported in Figure 6A. The region

below the curve is unfeasible, whereas that above represents a sub-optimal

operation.

It is worth noting that the exergy does not change much along the Pareto front, as

opposed to the productivity. On the one hand, there is not much room for the reduc-

tion of the exergy demand of the KOH scrubbing process with the chosen decision
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variables and their respective boundaries. The demand is mainly determined by the

oxy combustion, which is around 5 MJ/kgCO2
. A better understanding can be

achieved by examining Figure 6B, which shows the breakdown of the exergy de-

mand for the two extremes of the Pareto front. The energy demand is almost equal

to the exergy demand, since the calcination is a high temperature process, where

energy and exergy converge to the same value.

For both points, the largest share of the exergy demand is due to the calciner and the

ASU. The methane and oxygen streams to achieve 98% conversion of CaCO3 at a

fixed temperature of 900�C are constant along the Pareto, as a result of the decou-

pling between the capture and the regeneration sections. As for the purity, the CO2

concentration in the dried product stream does not differ much from the value of

94.7% and, consequently, the specific energy consumption of the compressors is

constant throughout all the simulations.

The energy consumption of the air blowers, on the other hand, significantly changes

along the Pareto. As a matter of fact, the pressure drop across the air contactor units

increases with increasing air velocity, the latter being one of the design variables

chosen for this process.

These results are in line with those presented in the literature. Keith et al. estimate a

total exergy demand of 6.57 MJ/kgCO2
, with the calcination representing the largest

portion at 5.25 MJ/kgCO2
.12 The biggest discrepancy can be identified in the CO2

compression work, as Keith et al. report 0.475 MJ/kgCO2
, whereas, as it is shown in

Figure 6B, we estimate 0.34MJ/kgCO2
. This is likely due to different compressor isen-

tropic efficiencies.

As for the effects of the design variables on the process performance, which are

shown in Figure S2, we find that the air velocity has the prominent influence. With

increasing air velocity, both the specific energy demand and the productivity
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Figure 6. Resulting graphs for the KOH process

(A) Specific exergy-productivity Pareto front for the KOH process; point A: minimum exergy

consumption; point B: maximum productivity. Empty points represent sub-optimal conditions

obtained during the optimization.

(B) Breakdown of the exergy demand of the alkali-scrubbing process for the two extremes, i.e.,

point A and B, of the Pareto front. The energy demand is equal to the exergy demand. With the

specific values for the calciner A/B: 5.05 MJ/kg, the air separation unit A/B: 0.44 MJ/kg, the air

blower A: 0.28 MJ/kg and B: 0.55 MJ/kg, the CO2 compression A/B: 0.34 MJ/kg and the pumps A/B:

0.10 MJ/kg.
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increase, thus delineating the Pareto frontier. Because of the shorter residence time,

higher air velocity leads to lower capture rate, which is compensated by the larger

amount of CO2 fed to the contactor. The absorber loading as well as the moisture

content of the CaCO3, on the other hand, do not affect the performance signifi-

cantly. This is a peculiarity of the double ions exchange process, which, from an opti-

mization perspective, allows to decouple the flow rates in the air contactor from the

flow rates in the regeneration. Additional details can be found in supplemental

experimental procedures.

The purity of the captured CO2 is independent of the considered design variables and

was found to be 94.7% on a dry basis. The remaining impurities consist of N2, Ar, and

O2 and depend on the ASU and the oxy-combustor design. The CO2 purity of the al-

kali-scrubbing process could increase when adopting a gas cleaning process—as

done inconventionalCCSoxy-combustionprocesses—orwhenusinganASUwitha third

column forAr recovery. It is in factworth noting thatonly negligible amounts ofN2 andAr

are transferred from the air in the air contactor to the regeneration section.

Amine scrubbing

Amine scrubbing is a well-established and widely adopted CO2 capture process.

The DAC version described in this work is based on the unconventional air contactor

units of its alkali counterpart, while the solvent regeneration is carried out through

conventional steam stripping. The Pareto front for the amine-scrubbing process is

reported in Figure 7A.

It can be noted that both productivity and exergy demand change significantly along

the Pareto, suggesting the importance of optimization for this process. As for the

alkali-scrubbing process, the solvent regeneration is the biggest contributor to the en-

ergy demand. Figure 7B shows that, for both extremes of the Pareto, the energy de-

mand consists almost entirely of the reboiler duty. Moreover, it can be noticed that

the reboiler duty increases dramatically, when moving toward higher productivity.

Although in terms of exergy demand the amine and alkali-scrubbing processes are

similar, amine scrubbing requiresmuchmoreenergy than its alkali counterpart. Figure7B

shows the energydemand for point A of the Pareto, that is the point for which the energy

consumption is the lowest. Even in these conditions, the amine-scrubbing process re-

quires almost three times the energy consumed by the alkali process. However, only

low-grade heat has to be provided to the reboiler, which explains the significant differ-

ence between energy and exergy demand. The results reported in this section are in

line with those already published in the literature. However, for operating conditions

similar to those adopted in this work, Kiani et al.19 reported a reboiler duty of 21.9 MJ/

kgCO2
and electrical energy requirement of 5.04 MJ/kgCO2

. The energy demand break-

down for point A andBof the Pareto is represented in Figure 7B. Themuch lower energy

requirement of the air blowers reported in this work can be explained by the lower pres-

sure drops provided by the Carbon Engineering-type of air contactor.

The influence of the design variables on the productivity and energy demand is

shown in Figure S3. The weight fraction of MEA in the lean stream is kept to the

well-established optimal value of 30% throughout all the simulations. This means

that an increase in the absorber loading (x) determines an increase in the lean flow

rate. When moving toward high productivity, both x and the air velocity steadily in-

crease. This implies that the lean flow rate is significantly higher, whereas the CO2

recovered is about constant, thus explaining the rise in energy demand. Remarkably,

the specific reboiler duty (d) does not steadily increase as the productivity rises, but it
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Figure 7. Resulting graphs for the MEA process

(A) Specific exergy - productivity Pareto front for the amine-scrubbing process; point A: minimum

exergy consumption; point B: maximum productivity. Empty points represent sub-optimal

conditions.

(B) The breakdown of the energy demand for the two extremes, i.e., points A and B, of the Pareto

front. With the specific values for the reboiler A: 18.01 MJ/kg and B: 48.16 MJ/kg, the lean stream A:

1.01 MJ/kg and B: 0.12 MJ/kg, the air blower A: 0.73 MJ/kg and B: 0.75 MJ/kg, the CO2 compression

A/B: 0.28 MJ/kg and the pumps A: 0.07 MJ/kg and B: 0.01 MJ/kg. The overall exergy demand for

both points is shown by orange dots, using the right axis.
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shows a maximum in the middle of the Pareto and then decreases for the points with

the highest productivity. This can be explained by the influence of the absorber

loading. This design variable increases when moving toward high productivity,

meaning that more MEA than CO2 is present in the system. Therefore, the rich

stream becomes more diluted in carbon-carrying components, which affects the en-

ergy demand of the reboiler. Indeed, less energy is required to regenerate a more

diluted stream, thus the reduction in specific reboiler duty in the high-productivity

region. Moreover, less CO2 is released by regenerating a diluted rich stream; there-

fore, although d decreases, the specific energy demand still increases.

The split fraction does not show a clear trend with respect to the energy demand or

the productivity. However, the Pareto points in the high productivity, high energy

demand region are all characterized by a high-split fraction, meaning that this

design variable does have an effect on the performances of the process.

Interestingly, we show that the kinetic performance of MEA would allow for

capturing CO2 from air. As reported in Figure 8, the capture rate achieved at the Par-

eto is as high as 89%. The alkali-scrubbing process can provide an even higher cap-

ture rate of 97%, although at the expense of productivity. This is due to the fact that

higher productivity is achieved via higher air velocity and therefore lower air resi-

dence times. In this way more air is processed per time and volume of the reactor.

For the highest productivity, the capture rate of the alkali-scrubbing process is

50%. For the amine scrubbing, on the other hand, the capture rate is almost inde-

pendent of the productivity (i.e., air velocity). This is due to the fast kinetics of

MEA, which determine extensive CO2 removal in the optimal range of the air resi-

dence time. Similar performance has also been reported in the recent literature: Bar-

zagli et al.18 achieved a capture rate of 87.3 %, using an aqueous solution of MEA.

Extremely high CO2 purities exceeding 97% are achieved. This is not surprising, since

MEA is a remarkably selective solvent. The other main components contained in the
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CO2 product stream are H2O, N2, and O2. Thanks to the washing section, the MEA con-

tent in the CO2-lean air stream is negligible. The purity is constant throughout all the

operating conditions but tends to slightly decrease with increasing energy demand.

An increase in energy demand is determined by a rise in the reboiler duty, meaning

that more water is vaporized, partly ending up in the CO2 stream. However, on a dry ba-

sis, the purity achieved with this process is constant.

Solid sorbent

ThePareto curves for thedifferent solid sorbentmaterials are shown inFigure9,while the

breakdown of the specific exergy and energy consumption can be found in Figure 10.

The values for the design variables for each Pareto curve are attached in Figures S5–

S12. From Figure 9, it can be noted that the solid-sorbent process covers a rather broad

range, both in terms of exergy (1.5–3.7 MJ/kgCO2
) and productivity (3.8–10.6 kg/m3/h).

This is because of the different chemical-physical properties of the sorbents. The highest

exergy consumption was achieved with the Lewatit sorbent. One reason is that the heat

of adsorption for the chemisorption is 91.2 kJ/mol, which is higher than for the other sor-

bents and leads to a higher thermal energy demand. Furthermore, the working capacity

of the water adsorption is high, which further increases the energy demand during the

regeneration step. In addition, the lower particle density and particle diameter limits

themaximum air velocity, resulting in a lower productivity. TheMIL-101(Cr)-PEI-800 sor-

bent shows high working capacity and low energy consumption, which depends on the

water isotherm. TheMFC-APS-hi water isotherm shows the lowestH2Oworking capacity

and leads toa lowerexergyconsumption for the combinationsusing this sorbent, suchas

MP-M and E-M. For the APDES-NFC sorbent (case A-A), the lower exergy point is com-

parable with the MIL-101(Cr)-PEI-800 sorbent, but the high productivity is limited to

about 6 kg/m3/h. This is due to the high porosity and low density of the sorbent and

the lower working capacity of the CO2 isotherm, which requires a higher regeneration

temperature and a lower vacuum pressure during the production step. For all cases,

themain exergy (energy) demand is requiredby the heat consumptionduring the regen-

eration. Theenergyconsumption for the vacuumpumpduring thepurge step is very low,

since this step only ensures that all N2 in the void space is removed to achieve a high pu-

rity, which proceeds very quickly. The vacuum pump for the CO2 production step has a

higher share on the overall energy consumption and variesmainly with the different vac-

uumpressuresneeded for the regeneration. For theMP-Acase, suchas thevacuumpres-

sure is comparably high, which results in a very low energy consumption for the pump.

The energy consumption for the air blower as well as the CO2 compression is similar

for all cases. The former has a higher impact on the productivity. Whereas keeping the

dimensions of the air contactor the same, a higher air velocity leads to an increase in
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6.7W=m2. The different colors represent different CO2 isotherms, while the different symbols

change with the different H2O isotherms.

The shortcuts of the cases are explained in Table 1.
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the productivity for the considered range of values. Because of the low temperature of

the regeneration, and similarly to MEA, there is a large difference between the energy

and exergy demand for all solid sorbents (see Figure 10).

In all cases, the CO2 purity is in the range of 94% to 99% with water being the main

impurity. The only exception is APDES-NFC, where the purity was slightly lower, in

the range of 0.89–0.94; this is due to the higher porosity of the sorbent and the addi-

tional amount of nitrogen present in the pores. The recovery is similar for all simula-

tions and varies between 60% and 99%, as shown in Figure S4.

Sensitivity analyses were carried out for two highly uncertain parameters: themass trans-

fer and the heat transfer coefficients. The Pareto fronts for varying the kinetics are shown

in Figure 11A. Three cases were analyzed here, depending on their resulting Pareto

curves shown in Figure 9, which are: the case with the lowest exergy consumption (E-

M), the one with the highest exergy consumption (L-L), and one in between (E-A). It

can be noted, that themass transfer highly affects the shapeof the Pareto front.Whereas

the minimum energy consumption is similar, the productivity varies significantly when

reducing the mass transfer coefficient because of the higher cycle time required. For a

specificmass transfer coefficientofk = 0:1� 0:01 s–1 thePareto is rather flat - theproduc-

tivity can be increased with minor additional energy expenditure. However, the Pareto

becomesverysteep fork = 0:0001 s–1—theproductivity canbeslightly increasedatgreat

energy costs. This effect is similar for all three materials tested. Varying the heat transfer

coefficientmainly affects the productivity, such as the lower productivity for smaller heat

transfer coefficient, which is due to the longer heating time required as shown in Fig-

ure 11B. Differently from the mass transfer, heat transfer does not strongly affect the

adsorption step.

For the solid sorbent process, we find that the total energy demand varies in a range

of 4.9–13.3MJ/kgCO2
. The thermal energy is the largest contribution (4 -11.8 MJ/kg),

whereas the electrical energy accounts for 0.8–1.8 MJ/kg.
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Figure 10. Detailed energy and exergy demand for the different cases of the solid sorbent

process

(A) Breakdown of the exergy demand.

(B) Breakdown of the energy demand. The thermal energy demand is shown in blue, with different

shades referring to the reaction heat of CO2 and H2O, which were calculated at equilibrium (T = 373

K, p = 0.1 bar), and the sensible heat of the sorbent, CO2 and H2O. In both graphs X-X:A refers to

the minimum exergy/energy on the Pareto, and X-X:B to the maximum productivity.

ll
Article
We can compare the results presented here with values reported in the literature;

this is possible for the energy consumption only, as—to the best of our knowl-

edge—no other study reports the CO2 productivity (or required volume). Moreover,

it is worth stressing that different literature works rely often on different assumptions

and different sorbents. Finally, the results we present are obtained with an extensive

process optimization, whereas literature results are either single data point or

outcome of sensitivity analysis.
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The process developed by Climeworks requires 1.8–2.6 MJel/kg and 5.4–11.9 MJth/

kg, where the minimum represents future target and the maximum the current con-

sumption.77 For our case A-A, which includes the APDES-NFC sorbent supposedly

similar to Climeworks material, the energy demand is 1.1–1.3 MJel/kg and 8.6–

10.1 MJth/kg and therefore in line with published data. As for the electricity

consumption, likely sources of deviations include the vacuum pump and blower ef-

ficiency, and the pressure drops in the contactor (e.g., we do not account for concen-

trated pressure drops). As for the heat consumption, the main difference is found

when comparing the future Climeworks target, which includes heat integration op-

tions between heating and cooling and that we do not include in our models.

Bajamundi et al. report measured data of a modular DAC system using an amine-

functionalized polystyrene sorbent, operating as a TVSA cycle. The resulting thermal

energy demand is in the area of 27.4 MJ/kg and the mean electrical energy demand

is 8.6 MJ/kg.78 The test was carried out with varying atmospheric temperature and

humidity, which is a possible source of higher energy consumption. However, the re-

ported energy consumption is significantly higher than other experimental and nu-

merical studies, which might be linked to the specifics of the experimental plant.

Kulkarni and Sholl report modeling results with an energy requirement of 0.79 MJel/

kg and 6.0 MJth/kg when using an amino-modified silica adsorbent, TRI-PE-MCM-

41.60 We cannot directly compare these with our results because we did not run

specific simulations for TRI-PE-MCM-41—but rather consider it when deriving the

exemplary sorbent. In fact, the performance is similar to the exemplary sorbent

(namely E-A, E-M, and E-L cases), for which we obtain 0.8–1.0 MJel/kg and 7.1–

7.7 MJth. Despite a few differences between the system configuration affecting

the heat consumption, such as direct steam heating, energy results are similar.

Sinha et al.39 report modeling result for a TVSA system similar to the system of Kul-

karni and Sholl, but using two amino-modified MOFs, MIL-101(Cr)-PEI-800, and

mmen-Mg2(dobpdc). The reported total energy demand is 5.11 MJ/kg for the

former sorbent and 3.6 MJ/kg for the latter. In our simulations for MIL-101(Cr)-PEI-

800, we obtain 4.7–8.9 MJ/kg, depending on the adsorption of water. The key dif-

ference here is due to the water adsorption, which is not included in the work of Sinha

et al. while it is here: when considering the low capacity water isotherm (i.e.,caseMP-

M), we obtain a total energy demand of 4.7 MJ/kg, fully in line with Sinha et al.

Yu and Brilman measured experimentally an energy consumption of 6.5 MJth/kg and

0.6 MJel/kg using Lewatit in a fixed bed reactor.79 Our corresponding case (L-L)

shows values in the range of 10.1–11.8 MJth/kg and 0.6–1.3 MJel/kg. The main dif-

ference can be found once again in the water, as the experiments were carried out

using a dry feed. We estimate that removing water would decrease the energy con-

sumption of about 3MJth/kg (see Figure S1), thus in good agreement with the exper-

imental value of Yu and Brilman.

Finally, we can do a back-of-an-envelope comparison of our productivity with a prox-

imate value for Climeworks Hinwil plant. Considering that the demonstration plant is

designed for 2,460 kg/day using 18 modules, whose unit size we estimate to be

similar to a cube of 1.5 m side, and assuming 24 h/day operation, we obtain about

1.7 kg/m3/h, in line with our APDES-NFC case when using low linear driving force.

Moreover, when comparing DAC to classical TSA applications for CCS, we see

that the productivity decreases of approximately one order of magnitude: from

28-70 kg/m3/h to 0.5–10 kg/m3/h.
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Overall, the solid sorbent process model shows that the performance of different

sorbents, here identified by different CO2 isotherms and physical properties, are

strongly affected by the H2O isotherms and the heat and mass transfer. Within the

limits of physics, it is convenient to design DAC sorbents that (1) limit the water

adsorption capacity if the energy is to be minimized, (2) possess a positive CO2-

H2O cooperative adsorption if the productivity is to be maximized, and, in any

case, (3) show low mass transfer resistance.
Processes comparison and economic evaluation

The Pareto curves of all three processes are compared in Figure 12.When using KOH

as a solvent the productivity is the lowest and considering the exergy-productivity

range of all processes, the exergy does not change much with a change in

productivity. The MEA process on the other hand is more sensitive for differences

in productivity and the exergy consumption increases very steeply with increasing

productivity. The optimization with the solid sorbent process results in the lowest ex-

ergy consumption with the highest productivity, however, with the largest uncer-

tainties. Therefore, we have highlighted the results with a blue area encompassing

all computed exergy-productivity data. The area starts approximately nearby the

KOH/MEA processes but extends to much higher productivity/lower energy con-

sumption ranges. Table 2 lists the share of the energy demand for the different pro-

cesses; notably the lowest energy demand is obtained for the KOH process.

It is important to stress that here, the calculation of the productivity is based on the

largest contributor to the process footprint, such as the air contactor volume; the two

liquid-solvent processes do not include the size of additional components such as
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For the solid sorbent process an area is plotted, which comprises all Pareto plots, including the

sensitivity analysis.
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the calciner/reboiler or other equipment. Similarly, for the solid sorbent process, we

did not consider the size of the piping and valves equipment. We note that by leav-

ing out these ancillary equipment, the productivity calculations are slightly advanta-

geous for the liquid-solvent processes, since the additional components take up

more space compared with the solid sorbent process.

The results of the cost analysis are shown in Figure 13, which reports the maps of the

total system costs as function of the heat price (cth), the electricity price (cel), as well

as the air contactor cost (g). We find that, for all processes but the solid sorbent with

high mass transfer, the cost is strongly dependent on the module cost. Accordingly,

low-cost area (<200$=tonCO2) is found for the low range of g. The MEA economics

(Figure 13B) strongly depends on the heat price, since the thermal energy demand

is dominating. Accordingly, a low-cost area (<200$=tonCO2) can be found at low heat

cost and low module cost. The total costs increase significantly for values of cth
above 5 $cents/kWhth, irrespective of the module cost. Compared to the MEA pro-

cess, the alkali scrubbing (Figure 13A) shows more favorable total costs, which do

not depend strongly on the heat price thanks to the significantly smaller thermal en-

ergy demand. On the other hand, the low productivity makes the process more

dependent on the module cost. The solid sorbent process is shown in Figures 13C

and 13D, for low and high mass transfer rates, respectively. For materials allowing

high mass transfer rates, the process shows on average the lowest costs thanks to

the combination of low energy demand and high productivity compared with the

two liquid-solvent processes. In this case, the costs are mainly dependent on the

heat price. However, this changes significantly in case of low mass transfer rates as

the capture cost becomes strongly dependent on the module cost, with a resulting

behavior similar to the MEA, though more favorable.

In this simplified economic calculation, we did not differentiate between high- and low-

temperature heat. However, we can reasonably assume that the requirement of low tem-

peraturesopensopportunities for recovering low-gradeheat, typicallywasted,especially

if simple heat collection is possible. We can visualize this by using exergy rather than en-

ergy for computation of the heat costs; the results are shown in Figure S13. Notably, for

theKOHprocess results staynearly the same; i.e., there are noopportunities tousewaste

heat in the calciner, whereas the MEA process becomes much cheaper compared with

the previous results. The costs for the solid sorbent process decrease as well.

Overall, from the energy-productivity-costs analysis presented here we can reach

the following recommendations:

� For the MEA process (and similar liquid-scrubbing processes using amines as

solvents), improvement efforts must be focused on lowering the thermal
Table 2. Energy and exergy consumption of the three processes for the two extreme Pareto

points A and B, referring to the Pareto charts shown in Figure 12

KOH MEA Solid sorbent

A B A B A B

Energy (MJ/kgCO2
) 6.21 6.48 20.04 49.32 7.96 8.68

(3.98–11.17) (4.69–23.49)

Exergy (MJ/kgCO2
) 6.21 6.48 5.59 13.13 1.81 2.1

(1.31–3.45) (1.42–12.12)

For the solid sorbent process the exemplary isotherm is considered (case E-A) and the range in brackets

indicates the results of the sensitivity analysis.
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Figure 13. Maps of total system cost as a function of electricity price, heat price, and plant cost,

referring to the m3 of air contactor for the three different processes

(A–D) (A) KOH using point B on the Pareto chart (highest productivity), (B) MEA using point A on

Pareto chart (lowest exergy consumption), and (C and D) solid sorbent case E-A (C: high kinetics k =

0.1 s�1using point B on Pareto chart and D: low kinetics k = 0.0001 s�1 using a middle point on the

Pareto chart with an exergy consumption similar to the KOH process). We have assumed full-load

operation plant, a 20-year project life and an 10% discount rate. The dashed lines show total costs

with a value of 100 $/tCO2 and the continuous lines a value of 200 $/tCO2. As an example: when

assuming heat costs of cth=5 $cents/kWhth, electricity costs of cel = 10 $cents/kWhel and contactor

costs of g = 25,000 $/m3, this would result in total costs of 419 $/tCO2, 537 $/tCO2, 149 $/tCO2 and 427

$/tCO2 for the KOH, MEA and the two solid sorbent processes, respectively.
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energy consumption, possibly via a combination of more favorable solvents

and advanced process configurations, similarly to what has been done in stan-

dard CCS applications. Especially, new solvents need to nicely combine high

CO2 loading, fast reactions, limited toxicity, and simple manufacturing. More

advanced existing solvents (e.g., the proprietary solvent from MHI, Cansolv,

and AkerCCS), are worth testing in DAC applications.

� For the KOH process, it is key to keep the contactor cost low, which is likely

possible thanks to the simple design and the use of established components

(i.e., contactor packing). The low process productivity and resulting high de-

pendency on contactor costs also call for a simpler regeneration process

compared with the current configuration.

� For the solid sorbent process using existing sorbents, the cost optimal design

requires to fully characterize the sorbent from a multicomponent equilibrium

and transport perspective. Once sorbent characteristics are known, the

improvement priority can be either directed on decreasing the contactor costs,

such as via additive manufacturing, or on designing a convenient energy sys-

tem for heat provision, such as via integrating heat recovery options.

� The development of new solid sorbents, which can in principle exploit several

thousands of possible new structures,80 should always prioritize high mass

transfer, and should be connected to the environment and application, where

DAC is supposed to work. If the productivity is to be prioritized, new sorbents

should exploit the cooperative adsorption of CO2 and H2O and be designed
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for operating in countries with moderate-to-high humidity. If the energy con-

sumption is to be minimized, new sorbents should selectively adsorb CO2

over H2O and be designed for operating in arid countries with high renewable

heat potential.

When comparing the different technologies, we can note that:

� Productivity: Both liquid-solvent processes show a low productivity range, with

[0.18–0.45 kgCO2
m�3 h�1] for the alkali scrubbing and [0.75–1.08 kgCO2

m�3

h�1] for the amine scrubbing. For the solid sorbent process this range is much

broader with [3.8–10.6 kgCO2
m�3 h�1], but more data uncertainties are present.

� Energy consumption: The amine scrubbing process shows the highest energy

demand, resulting in a 2nd law efficiency of hnd = 3:8� 8:8%. For the KOH pro-

cess the energy demand is lower, but at high temperature, thus requiring hy-

drocarbon fuels, resulting in h2nd = 7:6� 7:9% (the 2nd law efficiency is calcu-

lated as the ratio between the exergy obtained here and the minimum

thermodynamic work of separation). For the solid sorbent process, the energy

consumption is relatively low, and at low temperature, with potential for heat

integration with other processes (h2nd = 13:1� 37:7%).

� Scalability: For the liquid-solvent processes, the capture unit is modular and

can be easily scaled up and down. Concerning the regeneration, a complex

process is required for the alkali scrubbing, which fits better large-scale

plants. For the amine scrubbing, the regeneration process is moderately

complex, requiring dedicated equipment (heat exchanger, stripper, etc.)

and thus would not fit small scales. The solid sorbent process could be easily

scaled up and down, but at large scale the piping and the number of valves

would make the process design and control challenging. In addition, the

process is discontinuous and therefore requires storage vessels (here not

considered).

� Economic performance: All three processes have areas of cost lower than 200

$/tCO2, but this is achieved for different boundary conditions. MEA benefits

the most of low heat price while KOH of low contactor cost. Depending on

the specific mass transfer coefficient, solid sorbent benefits of low heat price

or low contactor cost. When looking at the contactor cost for the three

different processes, it is worth noting that the volume-specific cost for liquid

scrubbing is likely lower than for solid sorbents, as conventional packing and

cheap solvents are used instead of expensive sorbents (i.e., in Figure 13 the

liquid scrubbing are more likely to work in the region of low contactor cost

than solid sorbents).

� Fitness for 1.5�C scenario: The solvents for the liquid-scrubbing processes are

available at large scale, but the water consumption is high, which would be

problematic in water-distressed areas. For the regeneration, the heat provision

for the amine scrubbing, as well as the fuel for the alkali-scrubbing process

must be CO2-neutral. For the solid sorbent process, a sorbent for DAC appli-

cation is not yet available at the scale for capture ofgtonCO2
per year, and the

heat provision must be CO2-neutral; on the other hand, there is the possibility

to co-produce clean water. In all cases, the process must be designed with a

system approach that includes the energy provision.

� Scientific challenges: The liquid-solvent processes are already well under-

stood. For the solid sorbent process, there is a lack of experimental data rele-

vant for DAC applications and the underlying adsorption mechanisms are not

yet fully understood.
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� Technological challenges: A more efficient design of the different reactors of

the regeneration section, as well as the electrification of the calciner can further

improve the alkali-scrubbing process. Concerning the amine scrubbing,

research on the redesign of the absorber for handling more advanced amines

(volatility, toxicity, etc.) is needed. Challenging fields for the solid sorbent pro-

cess comprise the development of an efficient heat exchange within the con-

tactor, heat integration (heating/cooling), an advanced design of the contactor

as well as the identification of a leading sorbent.
Conclusions

In this paper, three main DAC processes have been analyzed and their process

line-ups optimized. They were subsequently compared on the basis of their exergy

and energy demand as well as productivity. The alkali-scrubbing and solid sorbent

VTSA processes have been selected because of their comparative technical matu-

rity among the novel DAC processes. For comparison, the conventional and tech-

nically mature amine scrubbing process has been added as a benchmark by ex-

tending its operating range from flue gas to air capture. These processes have

been modeled with state-of-the-art tools and a rigorous multi-objective optimiza-

tion has been carried out to identify the best design. The results have shown that

the absorption-based processes perform generally worse than the solid sorbent

process. The productivity for the alkali and amine-scrubbing processes ranges be-

tween 0.18 - 0.45 kgCO2
m�3 h�1 and 0.75 - 1.07 kgCO2

m�3 h�1, respectively. For

the solid sorbent process it can vary between 3.8 - 10.6 kgCO2
m�3 h�1, however,

when accounting for the uncertainties surrounding the mass transfer in the adsorp-

tion process and including the lowest estimates presented in literature, the pro-

ductivity range broadens to 0.13–10.6 kgCO2
m�3 h�1. The solid VTSA process

also comes out on top when we consider exergy demand, which could be as

low as 1.31 MJkg�1
CO2 in the best case and, moreover, of a lower temperature

than the one required by the absorption processes. The three technologies have

also been compared from an economic point of view. The aim, in this case, was

not to provide an accurate cost evaluation, but to compare the economic potential

of the processes on the basis of common assumptions. The total cost has been

calculated using the productivity and energy demand computed with thermody-

namic models, which makes the relative comparison strong, while providing a sim-

ple estimate of absolute values. To account for uncertainties and fluctuation in en-

ergy prices, the costs have been evaluated for a certain range of electricity, heat,

and contactor prices. From this analysis as well the VTSA proves to be the most

promising process. Its higher productivity makes its cost less dependent on the

air contactor price, which is encouraging, as advanced design of the contactor

and novel sorbents could be more expensive than what is currently expected.

While the solid sorbent VTSA process comes forward from our analysis has the

most attractive option, many questions are yet to be answered to be effectively

deployed at large scale, with the most pressing involving the adsorbent itself.

The adsorption/desorption kinetics and the affinity of the sorbent for H2O have

a tremendous influence on the performance of the VTSA process, but information

on this is scarcely reported in the literature, even for the most prominent materials.

Moreover, there are also technological issues to be solved. The sorbent regener-

ation requires considerable amounts of (low temperature) heat: an optimal air con-

tactor design should allow efficient heat transfer and recovery. We believe that by

addressing these challenges the greatest benefits could be reaped. On the other

hand, the alkali and amine-scrubbing processes will likely be needed to meet the

carbon removal targets consistent with 1.5�C.
Joule 5, 2047–2076, August 18, 2021 2073



ll
Article
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

the lead contact, Matteo Gazzani (m.gazzani@uu.nl).

Materials availability

This study did not generate new unique materials.

Data and code availability
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as referenced throughout the manuscript (e.g., sorbents isotherms data, KOH and
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ously published and are described in the references provided (e.g., 1-D VTSA

code and VTSA optimization algorithm), or are commercially available (Aspen

Plus, MATLAB). For suggestions and tips about the connection between Aspen

Plus and MATLAB (or other Windows-based software), which is shortly mentioned

in the Aspen Plus user guide, prospective users should contact the lead author,

who will be happy to help if possible.
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