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Global warming caused by anthropogenic greenhouse gas emissions, particularly carbon dioxide in the
atmosphere, has garnered significant attention due to its detrimental environmental impacts. Carbon
capture from both point and dilute sources is amongst the critical technologies needed to mitigate these
negative phenomena. Carbon dioxide capture from flue gas is a well-established technology, while
carbon capture from the air through direct air capture processes remains under research and
development. In recent years, attention has focused on fully electrified direct air capture systems as
potential candidates for large-scale direct air capture applications capable of exploiting renewable
energy sources. However, economic and environmental analyses are missing in the literature. In this
work, a scale-up analysis of different electrified direct air capture technologies (based on electrolysis,
bipolar membrane electrodialysis, electro-swing adsorption, and proton-coupled electron transfer
systems) is conducted through a hybrid learning curve methodology in order to evaluate total costs and
environmental impact (according to scopes 1 and 2). The analysis is conducted for different geographic
locations, times of year, and types of renewable energy source. Results show that electro-swing
adsorption and proton-coupled electron transfer processes are both characterized by lower costs and
burdens, while electrolysis and electrodialysis systems have higher costs and
environmental impacts. A technique for order preference by similarity to ideal solution analysis is carried

environmental

out to determine the most sustainable process considering technical, economic, social, and

environmental aspects. Results indicate that the proton coupled electron transfer system, built in China,
in 2040-2050, exploiting wind offshore energy is the most sustainable process.

Direct Air Capture (DAC) is an emerging form of atmospheric carbon dioxide removal. Conventional DAC utilizes thermal energy for the regeneration step, which
is energy-intensive and hinders large-scale deployment. For these reasons, electrically driven DAC technologies have been investigated and proposed in the
literature, but a deep techno-economic and environmental analysis on a large scale is missing. In this work, a scale-up of these fully electrified DAC systems is
carried out for different regions around the world, different years and renewable energy sources.

1 Introduction

atmosphere increased by more than 2 ppm). Around the world,
China, Europe, and the United States are the regions with the

It is an obvious fact that carbon dioxide (CO,) emissions that
have accumulated in the atmosphere as a result of human
activities cause significant damage to the environment, leading
to the increase of temperatures and climate change, causing the
shrinking of ice sheets, rising sea level, and more extreme
natural events.' As the most prevalent greenhouse gas (GHG), it
was determined that global CO, emissions were 37.79 billion
tons in 2023,” achieving an atmospheric concentration of
419.3 ppm.® The increase between 2022 and 2023 was 2.8 ppm
(the 12™ year in a row where the amount of CO, in the
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highest CO, emissions of 11.9 billion tons, 2.51 billion tons,
and 4.91 billion tons, respectively, measured in 2023.”

Climate experts have warned that “If emissions of all
greenhouse gases to the atmosphere were to stop today, though
very unlikely, the climate impacts of the existing concentrations
of N,O and CH, in the atmosphere would dissipate in a few
decades, whereas the existing CO, in the atmosphere would
remain behind to warm the globe for centuries to come”; thus,
urgent actions are required.*

According to the Intergovernmental Panel on Climate
Change (IPCC), it is important to decrease CO, emissions and
particularly aim for net-zero emissions by 2050 through deca-
rbonization, curbing fossil fuel consumption and CO, emis-
sions, and removing CO,.> The last cited solution, e.g., the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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removal of CO,, is carried out through the so-called carbon
dioxide removal (CDR) techniques: afforestation and reforesta-
tion, biochar, soil carbon sequestration, enhanced weathering,
ocean alkalinization, biomass with carbon removal and storage
(BiCRS), and direct air capture (DAC).® All of them aim explicitly
to reduce CO, levels and are emerging as a crucial process that
helps to achieve carbon neutrality and negative CO, emis-
sions.”® However, currently, almost all CDR technologies still
require dedicated efforts to make them economically appealing
and less energy-demanding.” Among the CDR technologies,
DAC, capturing CO, directly from the atmosphere where its
concentration is much lower compared to point sources, is
attracting more and more interest since it fits the target of net
negative emissions and has the advantage of high flexibility in
operation location and time.'™' DAC technologies include
absorption, adsorption, mineral carbonation, membranes,
photocatalysis, and cryogenic separation.”” Absorption and
adsorption technologies are the most analyzed, established,
and studied in the literature.>* All these cited technologies are
based on using thermal energy and cycles and are currently
high-cost technologies with 5-10 GJ required to capture a ton of
atmospheric CO,."* However, it would be highly desirable to
regenerate DAC materials with low-cost, zero-carbon energy.

For this reason, in recent years, DAC technologies based on
renewable and electrical energy consumption have been inves-
tigated in the literature, including bipolar membrane electro-
dialysis (BPMED), electrolysis, electro-swing adsorption (ESA),
proton-coupled electron transfer (PCET), electrochemically-
mediated amine regeneration (EMAR)-based technology, and
systems using redox-active organic materials (quinones, bi-
pyridines, thiolates, etc.) or transition metals.'*** Electrolysis,
BPMED, and PCET systems are based on pH-swing operating
principles since CO, solubility is dependent on the pH value
(CO, is captured and released at high and low pH values,
respectively), so that pH changes convert (bi)carbonates into
dissolved CO,. In most cases, BPMED and electrochemical cells
are linked to an absorption column capturing CO, from the air
and are used for both solvent regeneration and CO, release.***"

The advantages of a fully electrified DAC (e-DAC) technology
are as follows: not relying on energy-intensive heat and pres-
sure; it can work with 100% of renewable power sources and
potentially requires a smaller physical footprint than the
complex mechanical processes used in conventional DAC; it can
operate at ambient temperature and pressure; it is character-
ized by scalability and modularity.** CO, capture systems based
on electrochemistry may play a key role in the development of
next-generation technologies, and new companies are emerging
in this field (Mission Zero, Carbon Atlantis, E-quester, Repair,
Verdox, and RedoxNRG).>**”

E-DAC processes have been recently investigated in the
literature, mostly from an experimental point of view to
measure efficiency and feasibility, even though a few mathe-
matical models have been developed.

Regarding the e-DAC technology based on electro-swing
adsorption, Hemmatifar et al*® developed and constructed
a modular, expandable, and easy-to-fabricate cell stack with
poly(vinylanthraquinone)-carbon ~ nanotube  (PVAQ-CNT)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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composite cathodes and poly(vinylferrocene)-CNT (PVFc-CNT)
composite anodes. Reduction and oxidation of quinone at the
cathode site allow the capture and release of CO,, respectively.
In particular, results show its feasibility for CO, capture at a low
concentration (400 ppm) with an energy consumption as low as
113 KJ per mol CO, after 7 cycles. This study was based on that
of Voskian and Hatton,” where the ESA system, composed of
a polyanthraquinone-CNT (PAQCNT) composite as the cathode,
polyvinylferrocene-CNT (PVFc-CNT) composite as the anode in
[Bmim][TF2N] ionic liquid, showed in experimental analysis
a stability after 7000 cycles with 90% faradaic efficiency, 100%
bed utilization, and an energy consumption of 90 kJ molco;i.

The PCET technology was also investigated in the literature.
Xie et al.* found experimentally that the use of an optimal
derivative (7,8-dihydroxyphenazine-2-sulfonic acid) with high
solubility, fast kinetics, and stability ensures 95.8% current
efficiency at 10 mA cm 2 and a low energy consumption of 0.49
GJ tongo, '. A similar analysis was conducted by Jin et al*!
using 3,3'-(phenazine-2,3-diylbis(oxy))bis(propane-1-sulfonate)
molecules in an experimental PCET system (a flow cell with
electrochemically induced pH swings). The authors established
an energy consumption ranging between 121 and 237 kJ per
molco, at 20 mA ecm 2. The same authors presented a new
hybrid flow cell, where redox-active phenazine molecules are
integrated into solid electrode materials instead of being di-
ssolved in a solution, requiring an energy duty of 126 kJ
molCOZ’1 for atmospheric air and 73 kJ molco;l for simulated
flue gas.** The system has the advantage of operating with
a high coulombic efficiency (about 99%), meaning a high
stability to oxygen. Research on the evaluation of the minimum
work and comparison among redox compounds has also been
conducted. In particular, the ideal cycle work for a PCET system
using sodium 3,30-(phenazine-2,3-diylbis(oxy))bis(propane-1-
sulfonate) as the proton carrier in an aqueous solution was
evaluated by Jin et al* through a thermodynamic analysis,
finding a range between 20 and 70 k] molco, . A comparison
among organic (1-aminopyridinium and neutral red) and inor-
ganic (manganese oxide) redox active compounds for pH swing
was proposed by Seo et al.** Results show that although inor-
ganic materials have a higher stability compared to organic
ones, they are characterized by a limited surface area-to-volume
ratio, requiring a careful electrode design. A more accurate
analysis was experimentally conducted by Seo and Hatton,*
considering neutral red as a redox active material (because it is
oxygen insensitive) and determining that for a continuous flow
cell fed by ambient air (410 ppm in CO, concentration), electron
utilization and energy consumption were respectively 38% and
65 kJ molco, .

Regarding electrolytic cells, Shu et al.*® built an experimental
setup for an electrolytic cell that was used to simultaneously
regenerate the NaOH aqueous solution and release the captured
CO,. Results show that the energy consumption, CO, purity,
and minimum energy consumption were, respectively, 374 kJ
molgo, ', higher than 95% and 164 kJ molco, . An energy
requirement of the same order of magnitude (e.g., 240 kJ
molgo, ') was obtained by Muroyama and Gubler®” who devel-
oped and demonstrated an anion exchange membrane cell

RSC Sustainability, 2025, 3, 4632-4650 | 4633
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releasing CO, from the carbonates of an absorption column.
Shu et al.*® investigated solutions to reduce energy consumption
by considering a partial vacuum in the gas phase during CO,
desorption or adding a background electrolyte (phosphate or
sulphate) to the alkaline absorbent. The results show that the
lowest energy consumption of 247 k] molco, ' can be achieved
with 0.3 atm as the CO, partial pressure and 0.1 M of added
sulphate at 150 A m~>. On the other hand, Almajed et al.*® re-
ported that better efficiencies of the electrolytic cell could be
ensured by an optimal combination of carbonates and bicar-
bonates in the effluent.

The BPMED system for DAC, integrated into an absorption
column, was firstly investigated by Sabatino et al.,** who
developed a mathematical model in MATLAB to estimate energy
needs and costs of 236 KkJ molcol’1 and $773 per tonge,
respectively (more than 3 times higher than the cost estimated
by carbon engineering for their absorption and thermal regen-
eration process). The same researchers reported that the
membrane is the most limiting factor for cost so that cheaper
membranes with better performance could reduce total costs
below $250 per tonge .’ Better energetic performances can be
obtained either with 100% K" selectivity for the cation exchange
membrane or CO, absorption ratio leading to an energy
demand of 154 k] molco;l.‘“’ These results show that the
improvement of K' selectivity in the cell and optimization of the
air contactor to have higher CO, absorption ratios are inter-
esting areas to investigate. Regarding the cost, Young et al*'
carried out an economic analysis, finding a range of $100-600
per tongo, by 2050; therefore, strong policies are needed to
minimize the overall costs and help the spread of such
technologies.

The above literature review indicates that comprehensive
techno-economic analyses of alternative e-DAC technologies are
missing in the literature, along with environmental studies.
Most of the previous reports are about the evaluation of tech-
nical feasibility and energy efficiency through experimental
analyses without a direct comparison of several solutions in
terms of cost and environmental burden. Environmental esti-
mations have not been done so far. This work aims to fill these
gaps: both costs and environmental burden are evaluated for
BPMED, electrolysis, PCET, and ESA technologies, considering
a scale-up through an innovative method such as the hybrid
learning curve method.* Moreover, as an additional point of

BPMED

Energy source:
wind, solar, nuclear
Geographic location: /
EU, US, China

Time:
2023, 2030, 2050

e-DAC technologies Scenario analysis

Fig. 1 Workflow diagram of the used computational methodology.
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view, the most sustainable e-DAC solution is suggested
according to the geographic location, exploited energy source,
and time. The study has located these processes in three
different geographic areas, namely, the US, Europe, and China,
the regions with the highest CO, emissions around the world,
exploiting different renewable and low-carbon energy sources
(nuclear, wind, and solar), and in different periods (2023, 2030,
2050). The technique for the order of preference by similarity to
an ideal solution (TOPSIS) is then applied to suggest the most
sustainable e-DAC process over time, energy source, and
geographic location.

2 Mathematical modelling

A workflow diagram to visually illustrate the computational
methodology described in this section is presented in Fig. 1,
and it is explained in detail in the following paragraphs.

2.1 Description of e-DAC technologies

The BPMED, electrolytic cell, PCET, and ESA technologies are
the e-DAC systems considered herein. BPMED and electrolytic
cells can also be considered as regeneration technologies, while
ESA and PCET are mainly separation processes.

Fig. 2a shows the process scheme for the BPMED cell, as
reported by Sabatino et al.**** The single cell has an acidic and
alkaline compartment separated by a cation exchange
membrane (CEM) in addition to a bipolar membrane for water
dissociation. The acidic side is fed by a rich solution of
carbonates and bicarbonates coming from the DAC absorption
column. Here, the influx of protons (H') produced by the
electro-dissociation of water inside the bipolar membrane
reduces the pH, converting the carbonate ions into dissolved
carbon dioxide. At the same time, K' ions are transported across
the CEM to the alkaline compartment. The CO, in the gas phase
is finally recovered in a knockout vessel from which the liquid
stream that is depleted in KOH and CO, is fed to the alkaline
compartment, where it receives the influx of K" from the acidic
compartment and OH™ from the bipolar membrane. The alka-
line hydroxide solution (KOH) is then regenerated and can be
recycled to the absorption column.

As described by Almajed et al.** and in Fig. 2b, the rich CO,
solution coming from the absorption column (K,CO3;-KHCOj3;

Cost
Most sustainable e-DAC solution
=) ata defined year, location and
used renewable energy

TOPSIS

(scope 1 and 2)

$/tonCO,
ot Ranking of scenarios
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Fig. 2 Scheme of the operating principle of e-DAC technologies: (a) BPMED, (b) electrolysis, (c) PCET, and (d) ESA 20293443

mixed water solution) is fed into the acidic chamber, where the
lower pH leads to the dissociation of the solution, resulting in
CO, release in gaseous form. The CO, is reduced electrochem-
ically to form carbon monoxide (CO) and carbonates (CO5>")
using the dissolved HCO® . The obtained solution is then
neutralized by protons, K', and H' (coming from the anode side
through the CEM) to reproduce the capturing solvent (K,CO;
aqueous solution) sent to the absorption column. Oxygen (O,) is
also co-generated at the anode side following the water oxida-
tion reaction, while hydrogen (H,) is co-produced at the cathode
side according to the reduction reaction.

A continuous flow electrochemical system using neutral red
(NR)/leuco-neutral red (NRH,) as the redox active material in
aqueous solution is considered for the PCET technology as re-
ported by Seo et al.** and in Fig. 2c. In the process, NR is reduced
electrochemically to provide NRH, with an increase in the pH of
the solution (path a). The basic aqueous solution is pumped to
the reservoir, where the air is introduced (path b). The CO,-
saturated solution is then pumped to the anodic chamber,
where the electrochemical oxidation leads to the regeneration
of NR and release of free CO, (path c). The resulting solution is
then transferred to the anolyte reservoir to discharge CO, and
close the flow cycle (path d).

The ESA technology considered here is that described by
Voskian and Hatton*” and its electro-swing cell is composed of
two quinone electrodes (quinone-carbon nanotube (Q-CNT) as
cathodes) sandwiching a single ferrocene electrode (ferrocene-
CNT (Fc-CNT) as the anode) isolated from them by electrolyte
membrane separators to prevent short circuits, as shown in
Fig. 2d. The operating principle is as follows: the power source
creates a voltage that causes electrons to flow from the ferrocene
to the quinone through the wires. The quinone is then nega-
tively charged, and when the air is blown through these

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrodes, it captures the CO, until all the active sites on its
surface are saturated. During the discharge cycle, the direction
of the voltage on the cell is reversed; electrons flow from the
quinone back to the ferrocene. The quinone is no longer
negatively charged, so it has no chemical affinity for CO,. The
CO, molecules are released and swept out of the system by
a stream of purge gas for subsequent use or disposal. The
quinone is hence regenerated and ready to capture CO, again in
another cycle.

A battery to store the renewable electrical energy and a fan to
blow air inside the system (only for based separation tech-
niques) are integrated and considered in each e-DAC process.

2.2 Techno-economic modelling with the hybrid learning
curve methodology

The hybrid learning curve methodology proposed by Roussanaly
et al** and Young et al.** is applied in this study to evaluate costs
because it is consistent with the cost trajectory of early-stage
technologies and a low technology readiness level (TRL). It
combines bottom-up engineering-economic studies used to esti-
mate the cost of a first-of-a-kind (FOAK) plant starting from
a defined lower TRL, with technological learning projections
accounting for cost reductions due to innovation, learning by
doing, learning by using, and economies of scale.* In particular,
the method includes the bottom-up part with the top-down tech-
nological learning projection, evaluating respectively the FOAK
cost and costs at higher scales with respective energy demand.
FOAK capital and operating costs are evaluated according to
Young et al.** The FOAK capital cost is obtained by summing
total engineering, procurement and construction (EPC) costs,
process, and project contingency costs. Project contingency
costs take into account costs not considered in the analysis due
to the preliminary level of project specification, while process

RSC Sustainability, 2025, 3, 4632-4650 | 4635
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contingency costs account for any uncertainty surrounding
capital costs related to the technology maturity and cost of
upscaling. EPC costs are provided by installed equipment costs
with additional EPC costs (measured as the 15% of EPC costs).
Table 1 provides the installed equipment costs of each e-DAC
system (for ESA and PCET, the similarity of the lithium-ion
battery and redox flow battery ZnBr is considered). The
process contingency cost is a percentage of EPC costs according
to the TRL value, fixed as in Table 1 (a linear correlation
between TRL and percentage of EPC costs is obtained as re-
ported by Young et al.*'), while the project contingency is 35% of
EPC costs.*”* To define the overall capital cost, the following
costs are included in the FOAK CAPEX: owner's costs (7% of
capital FOAK), spare parts (0.5% of capital FOAK), start-up
capital (2% of capital FOAK), start-up labour (0.25 years of
direct and indirect labour costs) and start up fuel/energy (0.02
years of fuel/energy costs).** At this stage, the capital cost of
a battery ($1659 per kW) and fan ($200 per kW) are added to the
calculation,**® and for the annualization, a capital recovery
factor (CRF) considering a lifetime of 20 years and a 10% of
interest rate, is taken into account.

The operating FOAK cost is evaluated by summing the cost
for energy consumption, direct labour (scaled linearly based on
278 employees at a 1 Mtongo, per year plant), indirect labour
(30% of direct labour and maintenance), maintenance (1.5% of
capital FOAK), insurance (0.5% of capital FOAK) and local taxes
and fees (0.5% of capital FOAK).*!

Total costs are provided by the sum of overall capital costs
and operating FOAK costs. The economic analysis is conducted
for different geographic areas (China, the US, Europe), periods
(2023, 2030, 2050), and energy sources (offshore wind, onshore
wind, solar, nuclear), with prices provided in Table 2.%

Values of material scaling, productivity factor, and labour
cost are reported for different geographic areas in Table S1 of
the SI. In the top-down technological learning projection,
capital costs and operating FOAK costs are extrapolated into
higher scales using learning rates according to the following
correlations (see eqn (1) and (2)):**

In(l — L)
) (1)

y=ax ©)

with b being the learning exponent, L, the learning rate, y ($ per
tonco,) the new estimated total cost at the new capacity, a ($ per
tonco,) the total cost at FOAK conditions, and x the ratio
between the new capacity and the initial capacity of the
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Table 2 Prices of renewable electrical energy (S per MWh) across
different years and geographic areas*’

2023 2030 2050
Nuclear
China 65 65 65
usS 105 105 105
Europe 160 130 125
Solar
China 50 30 20
Us 50 30 25
Europe 65 40 30
Off-shore wind
China 100 55 35
UsS 120 65 45
Europe 75 45 30
On-shore wind
China 45 40 35
us 30 30 25
Europe 75 45 30

technology. In our calculations, for capital cost analysis, the
learning rate value of BPMED and electrolysis processes is fixed
to 14%," while for ESA and PCET systems it is 6% and 4.5%,
respectively.*® For the operating FOAK cost, the learning rate is
assumed to be 2.5% for all technologies.** On the other hand,
the initial capacity of the technology (e.g. the FOAK scale) is that
reported in the literature for which material and energy
balances are provided: 45.6 ktonce, per year for BPMED,** 0.08
tongo, per year for PCET,* 646 tongo, per year for electrolysis®
and 2.2 ktongo, per year for ESA.* The electrical energy
demands for BPMED, PCET, electrolysis, and ESA are, respec-
tively, 24 MJ kgco, ', 65 kJ molco, ', 898 kW, and 90 kJ

-1
m01C02 ,20,29,34,43

2.3 Environmental modelling

The environmental analysis is conducted according to scopes 1
and 2 because CO, emissions from electricity consumption and
solvent usage are evaluated. For scope 2 CO, emissions,
different emission factors are considered for electricity in the
US, China, and Europe from different energy sources, as in
Table 3.4

The top-down technological learning projection, as in eqn (1)
and (2), with data related to operating conditions, is used to
evaluate the energy and solvent consumption at higher scales of
each investigated technology. For the solvent, a lifetime of 3
months is assumed.

Table 1 Installed equipment cost and TRL value for the investigated e-DAC technologies

Installed equipment cost Reference TRL Reference
BPMED $31 M Sabatino et al.”>* 4 Young et al.*!
Electrolysis $0.83 M Almajed et al.*® 3 Bouaboula et al.*®
PCET $3252 per kW Mongird et al.* 2 Bouaboula et al.*’
ESA $1659 per kW Mongird et al.*® 1 Rosen et al.”®

4636 | RSC Sustainability, 2025, 3, 4632-4650
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Table 3 Emission factors (gco, eq kWh™Y) for different renewable
energies and geographic areas

EU us China
On-shore wind 5 5.84 8.6
Off-shore wind 7.8 7.28 25.5
Solar PV 31.8 55.9 60.1
Nuclear 7.2 12 7.6

In particular, a KOH water solution is used for the BPMED
system in a base amount of 0.066 tongon toncoz’l.z""12 In the e-
DAC technology based on electrolysis, a water solution of
potassium carbonate (K,COj3) in a concentration of 1 M is used
with a base amount of 0.03 tong,cos tonco;l.‘13 For the PCET,
the solvent in the system is composed of NR, nicotinamide (NA),
and potassium chloride (KCI) in a base amount of 2.2 x 107°
tongg tongo, ', 0.00019 tony, tonge, !, and 0.00011 tongg
tongo, ', respectively.* No solvent consumption is taken into
account in the ESA process due to its great stability after 7000
cycles. Emission factors of each solvent are taken from the
Ecoinvent database and literature:*** 2.15 kgco, oq kg’1 for
KOH water solution, 2.42 kgco, eq kg’1 for the K,CO; water
solution, 101.5 kgco, eq kg ' for NR, 0.595 kgco, eq kg™ ' for KCI,
and 10.8 kgco, eq kg for NA.

2.4 TOPSIS modelling

TOPSIS analysis is one of the most used multi-criteria decision-
making (MCDM) methods for analyzing, comparing, and
ranking alternatives to choose the best and the most suitable
option, considering the criteria of the problem.®* For this
method, the best alternative solution is that with the shortest
Euclidean geometric distance from the positive ideal solution
(PIS) and the longest Euclidean geometric distance from the
negative ideal solution (NIS).

The TOPSIS analysis is conducted in this study, considering
the following steps:*?

Step 1: create an evaluation matrix (X;)mxn consisting of m
alternatives and n criteria.

Step 2: the evaluation matrix (X;)mxn is normalized to form
the matrix R, e.g., (7 )mxn, Using the normalization method as in
the following correlation (see eqn (3)):

Xij

m

> Xkt
k=1

Step 3: calculate the weighted normalised decision matrix for
which each element ¢;; is provided by the multiplication
between (7; ;)mxn and w;. The last element w; is the weight of each
criterion evaluated in this work with the grey entropy method.

Step 4: determine the worst alternative (4,) and the best
alternative (4p,) (see eqn (4) and (5)):

i=12..m, j=1,2 ...n (3)

rij =

Ay = {<max(t;li=1,2...m)|je J_>, <min(t; ;i =1, 2...m)|je J:>}
= {ty,i=1,2...n} (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A, = {<min(t;j|i =1, 2...m)|je J_>, <max(t; |i = 1, 2...m)|je J >}
{toj =1,2...n} (5)

where J' is associated with the criteria having a positive impact
(TRL, amount of captured CO,, potential for health and safety)
and J is associated with the criteria having a negative impact
(total costs and environmental burden).

Step 5: calculate the distance (d;,) between the alternative
target i and the worst condition A, (see eqn (6)):

Calculate the distance (d;,) between the alternative target ¢
and the best condition 4;, (see eqn (7)):

Step 6: calculate the similarity to the worst condition (see
eqn (8)):

i=1,2..m (8)

Step 7: rank the alternatives according to s;,

The entropy weighting method is an objective weighting tech-
nique that can calculate the relative importance among all criteria
by comparing the entropy value for each criterion. However, for
weighting analysis, a traditional entropy method based on the
continuous type of entropy is not suitable for problems with
discrete data. For this reason, Wen et al.** proposed the grey
entropy based on the discrete type of entropy to properly conduct
weighting analysis. The grey system theory is a good methodology
that is used to solve uncertainty problems with discrete data and
for problems where the information is limited, incomplete, and
characterized by random uncertainty. The procedure for the grey
entropy weighting includes the following steps:**

Step 1: calculate the summation of each criterion, D; (see eqn

(9)):

D]:ZX’J j:172...n [9)

i=1

Step 2: calculate the normalization coefficient K (see eqn
(10)):
1

K= (@5 —1)n (10)

with n being the total number of criteria.
Step 3: find the entropy for the specific criteria, e; (see eqn

(11)):

ej:K-ZWe(z,«) j=12.n (11)
=1
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Welz) =z + (1 — z)e” — 1 (12)

5= ;)“ i=1,2..m (13)

J

Step 4: compute the total entropy value E (see eqn (14)):

E = zn:ej
=

(14)

Step 5: determine the relative weighting factor ; (see eqn

(15)):

(15)

Step 6: calculate the normalized weight of each criterion (see
eqn (16)):

(16)

Alternatives considered in this analysis are the e-DAC tech-
nologies in different geographic areas around the world, using
several energy sources and in different years. Moreover, the
TOPSIS analysis is conducted considering five criteria: total costs,
lifecycle environmental burden in terms of kgco, ¢q per kg of CO,
captured, the amount of captured CO,, TRL, and the potential for
health and safety, with the aim to suggest the most sustainable e-
DAC process. Economic criteria (total costs), technical criteria
(TRL and amount of captured CO,), environmental criteria
(environmental impact), and social criteria (potential for health
and safety) are taken into account for a sustainability evaluation.*
Total costs, kgco, eq kgco;l, and the amount of captured CO, are
those evaluated in our work, TRL is fixed according in Table 1,
while the potential for health and safety data from Our World in
Data® are considered for different energy sources (wind, nuclear
and solar energies) and not for different technologies because
they have the same objective (e.g. CO, capture from the air).

A sensitivity analysis considering the Monte Carlo simula-
tion is carried out to simulate the variability in weights, so that
the new weight (W) is according to the following equation (see
eqn (17)):*7

W, = 0;-6; j=

m 1,2...n
Z ‘91"5/
i=1

17)

where 0;, the aggregator, is obtained from a random uniform
distribution with a percentage variation of basic weights (1000
sampling data).

3 Results and discussion
3.1 Results of economic analysis

In this section, results from the economic analysis are reported
for each investigated region (the US, China, and Europe).
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Overall, it is possible to see that for all areas, energy sources,
and years, e-DAC processes based on the electrolytic cell and
BPMED have higher costs compared to other technologies due
to the additional cost of the absorption column. ESA and PCET,
both characterized by a simpler process, have lower costs.
Regarding the range of total costs of e-DAC systems for each
geographic region, in the US, the maximum value of the CO,
capture cost at 1 Mtongo, per year is $1241 per tonco, (for
electricity driven by wind energy in the electrolysis process)
while the minimum value is $70 per tonco, (for PCET driven by
wind energy). In China, the highest total cost for capturing 1
MtonCO, per year, from the air is $1027 per tonge,, while the
lowest value is 48 $ per tonco, for the electrolysis-based process
and PCET, both fed by electricity from wind energy. On the
other hand, in the EU, the range of capturing 1 Mtonco, per year
is between 1603 $ per tonco, and 78 $ per tonco, for an elec-
trolysis process using nuclear energy and for PCET using
onshore wind energy. There is little data in the literature about
the cost analysis of e-DAC processes, so an easy comparison is
not possible. However, it is reported that ESA should ultimately
cost 50-100 $ per tonge,” in line with the results in this
research, while for the BPMED-based process, Young et al.*
reported costs up to 1000 $ per tonco,, as in our study.

3.1.1 Results for the US region. Fig. 3 shows the total cost
of e-DAC technologies for the US with different energy sources
for 2023. The total cost has a decreasing trend with the scale of
the plant. Moreover, the use of an electrolytic cell integrated
into an absorption column has the highest cost, followed by the
BPMED, ESA, and PCET processes. For a plant capturing 1
Mtongo, per year, considering nuclear energy (Fig. 3a), the
capturing systems based on electrolysis, BPMED, ESA, and
PCET cost 1112 $ per tonge,, 860 $ per tonco,, 123 § per tonco,,
and 84 $ per tonco,, respectively. When solar energy is used
(Fig. 3b) to capture 1 Mtonco, per year, the capturing process
based on electrolysis, BPMED, ESA, and PCET has a total cost of
642 $ per tongp,, 537 $ per tonce,, 98 $ per tongg,, and 71 § per
tongo,, respectively. On the other hand, for capturing systems
using onshore wind energy (Fig. 3c), the electrolysis-based
process costs 470 $ per tonco,, that based on BPMED costs
417 $ per tonco,, ESA costs 88 $ per tongp, while PCET has
a cost of 67 $ per tongp, when 1 Mtonco, per year is captured
from the air. Other solutions are found when offshore wind is
used (Fig. 3d); the electrolysis-based process, BPMED-based
process, ESA, and PCET cost 1241 $ per tonco,, 955 $ per
tongo,, 130 $ per tonge, and 52 $ per tonco,, respectively, when
1 Mtongo, per year is removed from the atmosphere.

Fig. 4 presents data on the total costs of e-DAC processes for
the US location from different energy sources for the year 2030.
Considering the capture of 1 Mtongo, per year, the most
expensive system is that based on electrolysis, while the PCET
system is the cheapest one for all energy sources. When nuclear
energy is used, the electrolysis-based process, BPMED-based
process, ESA, and PCET cost 1100 $ per tonco,, 862 $ per
tonge, 122 $ per tonge, and 84 $ per tongo, respectively
(Fig. 4a). When solar energy is exploited, the total capture cost
of processes using electrolysis, BPMED, ESA, and PCET is 469 $
per tonco,, 416 $ per tonco,, 88 $ per tonce,, and 67 $ per tonco,,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Total costs of e-DAC technologies located in the US region for the year 2023 when (a) nuclear, (b) solar, (c) on-shore wind, and (d) off-
shore wind energies are used.

respectively (Fig. 4b). On-shore wind is also considered in the
analysis, and in this case, for the same capture capacity, the
electrolysis-based process costs 469 $ per tongo,, BPMED costs
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416 $ per tonge,, ESA has a total cost of 88 $ per tonco,, while the
cheapest one (e.g. PCET) costs 67 $ per tonco, (Fig. 4c). Fig. 4d
shows the results for using off-shore wind energy at 1 Mtonco,
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Fig. 4 Total costs of e-DAC technologies located in the US region for the year 2030 when (a) nuclear, (b) solar, (c) on-shore wind, and (d) off-
shore wind energies are used.
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per year; electrolysis, BPMED, ESA, and PCET cost 767 $ per
tonge,, 624 $ per tonge,, 104 $ per tongo,, and 75 $ per toncoe,,
respectively.

In Fig. 5 total costs of e-DAC systems as a function of the
plant scale are reported for the US for 2050. When nuclear
energy is used, the cost of the electrolysis-based process,
BPMED-based process, ESA, and PCET are, respectively, 1107 $
per toncp, 862 $ per tonco,, 122 $ per tonco,, and 84 $ per
tonco, for a capture capacity of 1 MtonCO, per year (Fig. 5a). For
the same capacity, the use of solar energy causes a capture cost
of 426 $ per tonge,, 386 $ per tonge,, 86 $ per tonce,, and 66 $
per tongo, respectively, using electrolysis, BPMED, ESA, and
PCET (Fig. 5b). Fig. 5¢ shows that the capture of 1 Mtonco, per
year using on-shore wind energy costs 426 $ per tonco,, 386 $
per tonge,, 86 $ per tongp,, and 66 $ per tong, for electrolysis,
BPMED, ESA, and PCET processes, respectively. On the other
hand, when electricity from off-shore wind is supplied, 1
Mtonco, per year of capture costs are respectively of 505 $ per
tongo,, 596 $ per tonge,, 95 § per tonge,, and 70 $ per tonce, for
electrolysis, BPMED, ESA, and PCET processes, respectively
(Fig. 5d).

3.1.2 Results for China. The total costs of capturing e-DAC
systems are shown in Fig. 6 for China in 2023. In particular,
Fig. 6a, reports results when the electricity is supplied by
nuclear energy, and we can see that for a capacity of 1 Mtonco,
per year, the electrolysis-based process, BPMED-based process,
ESA, and PCET cost, respectively, 715 $ per tonco,, 568 $ per
tonco,, 81 $ per tonco, and 55 $ per tonco,. For the same capture
capacity, the use of solar energy leads to a total cost of 587 $ per
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tonco,, 482 $ per tonco,, 74 $ per toncp, and 52 § per tonco,
respectively, for the processes based on electrolysis, BPMED,
ESA, and PCET (Fig. 6b). On the other hand, supplying elec-
tricity with on-shore wind leads to a capture cost of 565 $ per
tonco, for the electrolysis-based process, 452 $ per tongo, for the
BPMED process, 72 $ per tonco, for ESA, and 50 $ per tonco, for
PCET, at a scale of 1 Mtonco, per year (Fig. 6c). Fig. 6d shows
that capturing 1 Mtongo, per year costs 1027 $ per tongo, for the
electrolysis-based process, 781 $ per tonco, for the BPMED-
based process, 75 $ per tonco, for ESA, and 63 $ per tonco, for
PCET.

Fig. 7 reports the capture cost in China for the year 2030.
When the electricity is driven by nuclear energy (Fig. 7a), the
most expensive e-DAC process is based on electrolysis: for
a scale of 1 Mtongo, per year, it costs 712 $ per tongo,. The
cheapest one (PCET) has a price of 55 $ per tonco, to capture 1
Mtonco, per year. ESA and PCET cost, respectively, 81 $ per
tonco, and 55 $ per tongo,, at the same scale. In Fig. 7b, the
processes driven by solar energy are reported: to capture 1
Mtongo, per year, the electrolysis-based process, BPMED
process, ESA, and PCET cost, respectively, 414 $ per tongo,,
362 $ per tonco,, 65 $ per tonge, and 47 $ per tonco,. Results
for the use of on-shore wind for electricity generation are re-
ported in Fig. 7c. Here, for a capture capacity of 1 Mtongo, per
year, the electrolysis-based system, BPMED, ESA, and PCET
have respective prices of 499 § per tonco,, 421 § per tongo,, 70
$ per tongo,, and 49 $ per tonge,. On the other hand, when
electricity is supplied by off-shore wind energy, to capture 1
Mtonco, per year, the e-DAC based on electrolytic cells costs
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Fig. 5 Total costs of e-DAC technologies located in the US region for the year 2050 when (a) nuclear, (b) solar, (c) on-shore wind, and (d) off-

shore wind energies are used.
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627 $ per tonco,, that based on BPMED costs 510 $ per tonco,,
while ESA and PCET have prices of 76 $ per tonco, and 53 $ per

tongo, (Fig. 7d).
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The economic analysis results for China in 2050 are reported
in Fig. 8, where it is possible to see that when nuclear energy is
exploited for electrical energy generation, for a scale of 1
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Mtongo, per year, the electrolysis-based process, BPMED-based
process, ESA, and PCET cost, respectively, 712 $ per tonco,, 570
$ per tongo, 81 $ per tonco, and 55 $ per tonge,. In the solar
energy case, for a capture capacity of 1 Mtonco, per year, e-DAC
systems using electrolysis, BPMED, ESA and PCET cost,
respectively, 329 $ per tonge,, 302 $ per tonge,, 60 $ per tonge,,
and 45 $ per tonco, (Fig. 8b). Fig. 8c shows the results of capture
costs when on-shore wind energy is used to produce electricity.
For a capture capacity of 1 Mtongo, per year, PCET, ESA,
BPMED, and electrolysis systems cost, respectively, 48 $ per
tonco,, 67 $ per tonge,, 391 $ per tonge,, and 456 $ per tongo,.
On the other hand, the used of off-shore wind energy to produce
electricity and to remove 1 Mtonco, per year from the air, causes
the following capture cost for the electrolysis, BPMED, ESA and
PCET processes: 456 $ per tonge,, 391 $ per tonge, 67 $ per
tongo, and 48 $ per tonco, (Fig. 8d).

3.1.3 Results for the European region. Fig. 9 shows results
from the economic analysis for the European region in 2023.
The results for the use of nuclear energy are reported in Fig. 9a.
Also in this case, the most expensive capture system is that
based on electrolysis (1600 $ per tonge, to capture 1 Mtonge, per
year) while the PCET has the lowest cost (103 $ per tonco, to
capture 1 Mtonco, per year). ESA and BPMED cost, respectively,
155 $ per tonco, and 1207 $ per tongo, for a scale of 1 Mtonco,
per year. Fig. 9b shows costs as a function of the scale when
electricity is driven by solar energy. To capture 1 Mtonco, per
year, electrolysis, BPMED, ESA, and PCET, respectively, have
prices of 790 $ per tonge , 645 $ per tonce,, 112 $ per tonge,, and
81 $ per tongo,. Results were also obtained for electricity
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generated by onshore and offshore wind, as shown in Fig. 9¢
and 8d, respectively. When on-shore wind is used to supply
electricity, the electrolysis-based process, BPMED, ESA, and
PCET, respectively, cost 768 $ per tonco,, 616 $ per tongp, 110 $
per tonge,, and 80 $ per tong, at a scale of 1 Mtong, per year.
On the other hand, for the off-shore wind case study, the
electrolysis-based process, BPMED, ESA, and PCET cost 875 $
per toncp,, 705 $ per tonco,, 117 $ per tonge,, and 84 $ per
tonco, at a scale of 1 Mtonco, per year (Fig. 9d).

Fig. 10 shows the total costs of e-DAC systems as a function
of capture capacity for the European region in 2030. Results for
the use of nuclear energy to generate electricity are shown in
Fig. 10a, where 1 Mtongo, per year capture costs are, respec-
tively, 1340 $ per tonge,, 1030 $ per tonge, 141 $ per tongo , and
96 $ per tongo, for the electrolysis-based process, BPMED, ESA,
and PCET. When solar energy is exploited to produce electricity,
the electrolysis-based process still has the highest capture cost
(573 $ per tongo, for 1 Mtonco, per year), while PCET has the
lowest cost (76 $ per tonco, for 1 Mtongo, per year) (Fig. 10b).
ESA and BPMED cost 100 $ per tonco, and 494 $ per tonco,,
respectively, to capture 1 Mtonco, per year. Electricity can be
generated by on-shore wind energy, leading to a capture cost of
701 $ per tonco, for the electrolysis-based process, 584 $ per
tonge, for the BPMED-based process, 107 $ per tonco, for the
ESA, and 79 § per tonco, for the PCET (Fig. 10c). On the other
hand, the electrolysis, BPMED, ESA, and PCET processes cost,
respectively, 616 $ per tonce,, 524 $ per tongg , 103 $ per tongo,,
and 77 $ per tongo, when electricity generated by off-shore wind
drives the overall system (Fig. 10d).
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Fig.8 Total costs of e-DAC technologies located in China for the year 2050 when (a) nuclear, (b) solar, (c) on-shore wind, and (d) off-shore wind

energies are used.
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Total capture costs as a function of the scale are reported in
Fig. 11 for the European region in 2050. In this case study, the
electrolysis-based process is the most expensive process only
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when nuclear, solar, and offshore wind energies are used,
having a capture cost of 1296 $ per tonco,, 488 § per tonco,, and
488 $ per tongo,, respectively, for a capture capacity of 1
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Fig. 10 Total costs of e-DAC technologies located in Europe for the year 2030 when (a) nuclear, (b) solar, (c) on-shore wind, and (d) off-shore

wind energies are used.
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Mtongo, per year. When onshore wind energy is exploited to
generate electricity, the most expensive process is the BPMED (it
costs 554 $ per tonco, for 1 Mtgo, per year). The PCET system
always has the lowest cost to capture 1 Mtonco, per year: 165 $
per tongo, 125 $ per tonce,, 133 $ per tonco,, and 88 § per
tonge,, respectively, for using nuclear, solar, on-shore, and off-
shore wind energies.

Higher costs are seen for the ESA process with 139 $ per
tonge,, 96 $ per tonge,, 105 $ per tonge,, and 96 $ per tonco, in
the case of using nuclear, solar, on-shore, and off-shore wind
energies, respectively (capture capacity of 1 Mtonco, per year).
On the other hand, the BPMED process costs 1000 $ per tonco,
for exploiting nuclear energy, 435 $ per tonco, for exploiting
solar and offshore wind energies (capture capacity 1 Mtonco,
per year).

3.2 Results of the environmental analysis

The environmental analysis is conducted, evaluating the kgco,
eq kgcoz’1 (i.e., the unit of service is 1 kg CO, captured from the
atmosphere) captured for different energy sources, geographic
areas, and e-DAC technologies. CO, emissions from the use of
electrical energy and solvents are measured and are indepen-
dent of the year. Fig. 12 shows results for the US region for
different energy sources (nuclear in Fig. 12a, solar in Fig. 12b,
offshore wind in Fig. 12¢, onshore wind in Fig. 12d), where the
kgco, eq kgcoz’l that is captured is a function of the plant scale.
For all energy sources, a small variation of the environmental
burden with the scale is present for ESA and PCET technologies
due to a lower amount of CO, emitted compared to that
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captured. On the other hand, the electrolysis and BPMED-based
processes have a higher variation of this parameter with the
capture capacity of the plant because the capture efficiency is
lower and about 50%.2**> Considering the capture of 1 Mtonco,
per year, the use of electricity from solar renewable energy
sources causes the highest environmental impact (—0.47 kgco,
eq Kgco, ' captured for the electrolysis-based process), while the
electricity from on-shore wind energy causes the lowest envi-
ronmental burden (—0.995 kgco, cq kgco;l captured for the
PCET system). ESA and PCET have a lower environmental
impact, while electrolysis and BPMED have a higher environ-
mental burden, even though all are characterized by a negative
value of the parameter related to the emitted CO,.

Fig. 13 shows the results of the environmental analysis for
China at different renewable energies (nuclear in Fig. 13a, solar
in Fig. 13b, offshore wind in Fig. 13c, onshore wind in Fig. 13d).
The trend of kgco, eq kgco;1 captured as a function of plant
scale is analogous to the US case study, so the same consider-
ations are valid. Also, in this case, solar energy causes the
highest environmental impact (—0.43 kgco, eq kgcoz’1 captured
for the electrolysis-based process at 1 Mtonge, per year capture
capacity), while nuclear energy leads to the lowest environ-
mental burden (—0.995 kgco, eq kgcoz’1 captured for the PCET
system at 1 Mtongo, per year capture capacity).

Results for the environmental impact of e-DAC technologies
are reported in Fig. 14 for the European region, showing
a similar trend to China and US case studies due to the same
reasons. In Fig. 14a, results are related to the use of nuclear
energy; in Fig. 14b, results are related to the use of solar energy,
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Fig. 11 Total costs of e-DAC technologies located in Europe for the year 2050 when (a) nuclear, (b) solar, (c) on-shore wind, and (d) off-shore

wind energies are used.
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Fig. 12 Environmental burden of e-DAC technologies located in the US when (a) nuclear, (b) solar, (c) off-shore wind, and (d) on-shore wind
energies are used.
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Fig. 13 Environmental burden of e-DAC technologies located in China when (a) nuclear, (b) solar, (c) off-shore wind, and (d) on-shore wind
energies are used.
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while Fig. 14c and d are related to off-shore and on-shore wind
energies, respectively. For the European Union, electricity
produced by solar energy still causes the highest environmental
burden (—0.673 Kgco, eq kgcoz’1 captured for the electrolysis-
based process at 1 Mtongo, per year capture capacity), while
electrical energy supplied by on-shore wind produces the lowest
value of kgco, eq kgc0;1 captured for PCET at 1 Mtonco, per
year (—0.996 kgco, eq kgco, * captured).

A comparison with the literature is not possible because
similar analyses have not yet been carried out for DAC tech-
nologies that are fully electrified. Overall, it is possible to see
that for all regions around the world, ESA and PCET processes
have a lower environmental impact while BPMED and
electrolysis-based processes have a higher environmental
impact, independent of the energy source.

3.3 Results of TOPSIS analysis

A TOPSIS analysis is conducted to rank the investigated alter-
natives among e-DAC technologies, considering the time,
energy source, and geographic location simultaneously. The
results are reported in Table 4 for the first 10 ranked and
selected solutions, showing that PCET is the best technology
considering economic, environmental, social, and technical
aspects together. It is, therefore, considered a promising e-DAC
process. From the above results, PCET also has lower costs and
environmental impacts. However, several critical barriers must
be addressed for successful deployment, particularly around
material availability, system durability, and integration with
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renewable energy grids. PCET systems often rely on specialized
redox-active molecules and catalysts, some of which have limi-
tations in scalability (e.g., scarcity of active materials, sustain-
able material sourcing, cost constraints). Operational lifetime is
crucial for any e-DAC technology to be economically and envi-
ronmentally viable due to electrochemical instability,
membrane and separation degradation, thermal and mechan-
ical cycling, and contamination from air. Moreover, PCET
presents some specific challenges due to the intermittent power
supply (must tolerate variable current and frequent cycling,
which can accelerate degradation), dynamic operation, energy
efficiency matching, and grid synchronization.

Inside this context, some solutions to the material avail-
ability can involve the development of stable, non-toxic, and
earth-abundant redox mediators (e.g., modified quinones,
polyoxometalates, phenazines) or designing recyclable or self-
healing electrodes and membranes. Regarding the system
design, it would be useful to incorporate real-time sensors and
Al control to manage degradation and optimize performance, as
well as use modular, replaceable components to improve
maintenance and extend system life. For the renewable
compatibility, it is suggested to develop systems that can
operate efficiently under pulsed or variable power input.

The results indicate that the best place to build a fully elec-
trified DAC system is China, followed by the US. Moreover,
today is not the best time to construct these kinds of technol-
ogies; the years 2040-2050 are, in fact, the preferred time due to
an expected lower cost of electricity and hence operating costs.
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Fig. 14 Environmental burden of e-DAC technologies located in Europe when (a) nuclear, (b) solar, (c) off-shore wind, and (d) on-shore wind

energies are used.
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Table 4 Results from the TOPSIS analysis simultaneously considering th
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e year, geographic location and energy source

Ranking e-DAC technology/year/energy source/geographic location Score

1 PCET, 2050, wind offshore, China 0.997811
2 PCET, 2050, wind onshore, China 0.996499
3 PCET, 2030, wind onshore, China 0.996056
4 PCET, 2023, wind onshore, China 0.995525
5 PCET, 2030, wind offshore, China 0.995147
6 PCET, 2023, wind offshore, China 0.988941
7 PCET, 2050, wind onshore, US 0.987524
8 PCET, 2030, wind onshore, US 0.986835
9 PCET, 2023, wind onshore, US 0.986816
10 PCET, 2050, wind offshore, US 0.9848

12

10 -

Average ranking
[o)}

0

[l PCET, 2050, wind offshore, China
[l PCET, 2050, wind onshore, China
[ PCET, 2030, wind onshore, China
[ PCET, 2023, wind onshore, China
[] PCET, 2030, wind offshore, China
Il PCET, 2023, wind offshore, China
Bl PCET, 2050, wind onshore, US
Il PCET, 2030, wind onshore, US
M PCET, 2023, wind onshore, US
M PCET, 2050, wind offshore, US

Fig.15 Average ranking of e-DAC technologies at different years, locations and energy sources in the Monte Carlo simulation of TOPSIS analysis

(50% variation of weights).

In this period, a deep construction and spread of this tech-
nology is suggested after an initial period of learning. Currently,
economic incentives are required to support the construction of
electrically driven systems that capture CO, from the air. This is
in agreement with the unique economic analysis reported in the
literature.** Economic incentives are needed today to speed up
the installation of these processes and hence support learning.
Waiting until the years 2040-2050 for their deep construction
would be too late and would not enable the zero emissions
target by the end of the century. Among renewable energy
sources, wind energy is the best resource to produce electrical
energy, ensuring the best trade-off among costs, environmental
burden, and potential for health and safety. The advantages of
wind energy include good conversion efficiency; since wind is
consistent in the medium and long-term, the environmental
impact is minimal, wind is truly economical, maintenance is
simple and only occasionally necessary, and there is excellent
circularity in the end-of-life phase.

Table S2 of the SI shows the ranking for all alternatives: the
worst case is related to the electrolysis-based process, exploiting
nuclear energy built in Europe in 2023.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The stability of the TOPSIS analysis ranking is checked by
changing both the electricity price and learning rate in the
range between +20% of the nominal case. Results show that the
most sustainable e-DAC system is that based on the PCET, as
reported in Tables S3 and S4 of the SI.

A Monte Carlo simulation is conducted by changing weight
values between 10% and 50% of the nominal case. Fig. 15
reports the results for a variation of 50%, while Fig. S1-S4 in the
SI show results for the other percentages. It is possible to see
that the weight variation does not affect the ranking position
value. Moreover, that weight variation is not particularly
significant for the average ranking position; small variations are
obtained compared to the nominal case.

4 Conclusions

Herein, we report a comparison of different fully electrified DAC
technologies: electrolysis and BPMED, PCET, and ESA. After
modelling the scale-up of these systems through a hybrid
learning curve method, total costs and global warming potential
in terms of kgco, eq kgcol_1 captured are evaluated as a function
of the plant scale for different times (2023, 2030, 2050), energy
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sources (nuclear, off-shore and on-shore wind, solar), and
geographical areas (US, China, and Europe). The results show
that for all the investigated regions, the BPMED and electrolysis
systems are characterized by higher costs and environmental
impact, while ESA and PCET processes have lower costs and
emissions. For all technologies, in the future, lower total costs
are anticipated, partly due to a lower price of renewable elec-
tricity. For the US region, in the year 2050, the highest cost is for
the electrolysis-based process moved by nuclear energy (1107 $
per tonco, for a capture capacity of 1 Mtonco, per year), while
the lowest cost is for PCET driven by electricity generated by
onshore wind energy (66 $ per tonco, for a capture capacity of 1
Mtongo, per year). For the European Union region, in the year
2050, the electrolysis-based process will still be the most
expensive if driven by nuclear energy (1297 $ per tonco, for
a capture capacity of 1 Mtonco, per year), while PCET will be the
cheapest if powered by solar energy ($73 per tongo, for a capture
capacity of 1 Mtoncg, per year). On the other hand, for China in
the future (2050), the e-DAC process using an electrolytic cell
and exploiting nuclear energy will lead to the highest cost ($711
per tonge, for a capture capacity of 1 Mtonge, per year), and
PCET using solar energy will be the most effective ($44 per
tongoe, for a capture capacity of 1 Mtonco, per year). Regarding
the environmental burden, in the US the use of solar energy to
produce electricity causes the highest impact for the
electrolysis-based process (—0.47 kgco, eq kgcoz’1 captured for
a plant scale of 1 Mtonco, per year), while on-shore wind
ensures the lowest impact for PCET (—0.996 kgco, cq kgcoz’1
captured for a plant scale of 1 Mtonco, per year). For China, the
same technologies as for the US have the highest and lowest
environmental burdens: electrolysis if powered by solar energy
(—0.43 kgco, eq kgcoz’1 captured for a plant scale of 1 Mtongo,
per year), and PCET if powered by nuclear energy (—0.996 kgco,
eq kgco, ' captured for a plant scale of 1 Mtong, per year). The
same results are seen for the European Union: the electrolysis-
based process driven by solar energy and PCET moved by on-
shore wind will lead to —0.67 and —0.996 kgco, eq kgco, '
captured, respectively, to capture 1 Mtonco, per year. The
TOPSIS method is applied to determine the best sustainable e-
DAC process, and it indicated that PCET is the best solution if
located in China in the future (2040-2050) and exploiting on-
shore wind energy to generate electricity. This implies that
significant economic incentives are currently required for the
roll-out of these processes. In the future, a more accurate and
complete LCA analysis (from cradle-to-gate system boundaries)
of these technologies is suggested to be carried out.

Overall, these results provide some practical guidance for the
future development of electrochemical DAC systems. Among all
e-DAC technologies, it is suggested that ESA or pH-swing elec-
trolysis can be prioritized for reversibility and energy efficiency,
avoiding the use of rare or toxic materials (e.g., silver, cobalt).
The use of abundant, non-critical materials is preferred for
global scalability.

Since PCET is the most promising solution, it would be
better to optimize the redox-active carrier for selectivity,
capacity, and reversibility by designing redox-tunable materials
with high CO, binding capacity at low partial pressure,

4648 | RSC Sustainability, 2025, 3, 4632-4650

View Article Online

Paper

improving chemical stability across thousands of cycles, and
exploring solid-state and hybrid ion-conducting materials that
eliminate the need for volatile solvents.

Regarding the environmental analysis, net emissions should
be minimized across the supply chain, manufacturing, and
disposal, and water and land use should be addressed. Since the
e-DAC systems work with integrated renewable energy, it is
important to reduce energy consumption and increase process
compatibility with renewable power. In this context, it is sug-
gested that power buffering strategies or hybrid energy storage
be used, and work should be conducted at low voltage.

As additional guidance for future development, a realistic
techno-economic assessment should be performed based on
pilot-scale data. Inside the economic analysis, it would be useful
to develop proper policy support, providing incentives for
durable carbon removal.
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