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ABSTRACT 
Achieving net climate neutrality will likely require negative-emission technologies such as Direct 
Air Capture (DAC). Potassium hydroxide (KOH) absorption is one of the most mature DAC ap-
proaches, but it can cause significant emissions due to natural-gas-based thermal regeneration. 
Electrochemical regeneration methods, such as electrolysis and electrodialysis, have recently 
been proposed as alternatives, yet their relative performance and environmental impacts remain 
unclear. We present a comparative cradle-to-gate life cycle assessment (LCA) of three KOH-
based DAC configurations: (i) the established Ca-looping thermal regeneration, (ii) the electrolysis 
regeneration (DAC-ELY), which co-produces hydrogen, and (iii) the electrodialysis regeneration 
(DAC-ED). The results show that, expectedly, electricity demand dominates life cycle impacts 
across all configurations. With the current German electricity mix, the established DAC has the 
lowest overall impacts, while DAC-ELY and DAC-ED exhibit higher global warming impacts due to 
the high electricity requirements of electrochemical regeneration. Infrastructure impacts are more 
noticeable for DAC-ED due to its low current density and large membrane areas. This study high-
lights that electrification alone does not guarantee lower life cycle impacts and that the sustaina-
bility of electrochemical DAC depends on process efficiency, material use, and the expected use 
of renewable electricity. 
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INTRODUCTION 
Limiting global warming to 1.5 °C above pre-indus-

trial levels requires reductions in greenhouse gas emis-
sions [1]. Nevertheless, carbon-based resources are ex-
pected to remain in use in hard-to-abate sectors such as 
cement, steel, and aviation, where complete electrifica-
tion is technically or economically challenging. As a re-
sult, residual CO₂ emissions are likely to persist, creating 
a challenge in achieving net-zero emission targets [2]. In 
this context, direct air capture (DAC) technologies, which 
remove CO2 directly from the ambient air, have gained 

increased attention [2]. 
Several DAC technologies are currently under de-

velopment in the market. The most mature approach is 
the absorption of CO2 in a KOH solution with Ca-looping 
regeneration, which relies on high-temperature thermal 
regeneration. At the same time, novel electrochemical 
DAC concepts have recently emerged that replace ther-
mal regeneration with electrically-driven processes, such 
as electrolysis-based regeneration and electrodialysis-
based regeneration. These technologies offer potential 
advantages in terms of electrification and integration 
with renewable energy but are currently at lower 
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technology readiness levels [4]. 
Techno-economic assessments (TEAs) are widely 

used to evaluate emerging DAC technologies [5]. How-
ever, TEA alone does not capture the environmental im-
plications of these systems. DAC technologies are both 
energy- and material-intensive, and their environmental 
performance is strongly influenced by factors such as the 
electricity supply and infrastructure requirements. A life 
cycle assessment (LCA) is therefore needed to identify 
potential environmental trade-offs. 

Several studies have investigated the techno-eco-
nomic and environmental performance of DAC technolo-
gies [5]-[8]. However, a comprehensive comparative 
LCA of the established KOH-based DAC with Ca-looping 
regeneration and the emerging KOH-based DAC technol-
ogies with electrochemical regeneration is still lacking in 
the literature.  

To fill in this gap, we perform a comparative LCA of 
three KOH-based DAC technologies: DAC with Ca-loop-
ing regeneration, DAC with electrolysis-based regenera-
tion, and DAC with electrodialysis-based regeneration. 
We thus aim to provide insights into their current envi-
ronmental performance, identify key drivers of impacts, 
and highlight ways for improving the sustainability of 
electrochemical DAC systems. 

SYSTEM DESCRIPTION 
As mentioned earlier, three KOH-based DAC tech-

nologies are studied in the present work, which differ in 
the sorbent regeneration method: (i) the established Ca-
looping regeneration (DAC-Established), (ii) the electrol-
ysis regeneration (DAC-ELY), and (iii) the electrodialysis 
regeneration (DAC-ED). A schematic representation of 
the studied technologiesis given in Figure 1.  

Direct Air Capture with Ca-looping 
Regeneration 

This technology is commercialized by Carbon Engi-
neering [3], exhibits a high TRL of 7-8 [9], and will be 
considered as the benchmark for the comparison of the 
other technologies. It consists of two connected chemi-
cal steps. In the first step, CO2 from the atmosphere is 
brought in contact with a KOH solution in an air contactor 
unit, producing an aqueous solution of K2CO3. In the sec-
ond step, the solution enters a pellet reactor in which it 
reacts with Ca(OH)2, producing CaCO3 and KOH. Then 
the CaCO3 enters a calciner and is decomposed to CaO 
at high temperatures of 900 °C, while releasing CO2. The 
heat needed for the release of CO2 is provided by burning 
natural gas [10]. Finally, the CaO is hydrated in a slaker 
unit to regenerate the Ca(OH)2 that is fed back to the pel-
let reactor. If the additional CO2 released from the natural 
gas burning is not captured, then the process could po-
tentially lead to positive direct CO2 emissions. 

Direct Air Capture with Electrolysis 
Regeneration 

DAC with electrolysis regeneration is a technology 
at a low TRL but has been proposed as a promising alter-
native to the established thermal process [11], as it is 
powered by electricity and can integrate renewable en-
ergy [4].  

The process consists of two coupled chemical 
steps, with the first being the same as in the DAC-Estab-
lished. In the second step, KOH regeneration and CO₂ re-
lease are achieved in an electrochemical reactor. This re-
actor comprises an anode, an anolyte compartment, a 
cation exchange membrane (CEM), a catholyte compart-
ment, and a cathode [11]. The CaCO3 solution produced 
from the first step is fed to the anodic side of the elec-
trochemical reactor. By applying current, the water oxi-
dation reaction (WOR) occurs at the anode, where gase-
ous oxygen and protons are produced according to Re-
action (1), while the water reduction reaction occurs at 
the cathode, producing gaseous hydrogen and hydroxide 
anions according to Reaction (2): 

H2O → 2H+ + 2e− +  0.5O2    (1) 

2H2O +  2e− → H2 + 2OH −    (2) 

Simultaneously, mainly K+ migrate through the CEM from 
the anolyte to the catholyte. This results in an acidic en-
vironment in the anolyte and in an alkaline environment 
at the catholyte. The acidic environment in the anolyte 
drives the conversion of carbonate species into gaseous 
CO₂, which is released in the form of bubbles, while the 
alkaline environment in the catholyte enables the regen-
eration of the KOH [11]. Due to the production of O2 and 
the release of CO2 in the anolyte, an additional pressure 
swing adsorption unit (PSA) is required after the electro-
chemical reactor to separate the two gases [4]. 

Direct Air Capture with Electrodialysis 
Regeneration 

Electrodialysis regeneration is another electro-
chemical approach that has been investigated for DAC. It 
exhibits a TRL of approximately 4 [5], and similarly to the 
electrolysis regeneration, the operating principle is based 
on the pH gradient across ion-exchange membranes.  

As in the electrolysis regeneration, the process con-
sists of two main steps, with the initial CO₂ capture step 
being identical to that of the DAC-Established process. In 
the second step, the CaCO3 solution is fed into an elec-
trodialysis regeneration unit, which exhibits some differ-
ences compared to the electrolysis regeneration. The 
electrodialysis reactor consists of a single anode and 
cathode, while in between multiple Bipolar Membranes 
(BPM) and CEM pairs are arranged in series [4].  

By applying current, the reactions (1) and (2) occur 
at the anode and cathode, respectively. In addition, the 
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BPMs, which consist of an anion exchange layer and a 
cation exchange layer, result in water dissociation into 
OH- and H+. This generates acidic and alkaline environ-
ments on opposite sides of the membrane, establishing a 
pH gradient across the CEM [4]. Similarly to the electrol-
ysis regeneration, in the acidic compartments, CO2 is re-
leased in the form of bubbles. In contrast to the electrol-
ysis regeneration, CO₂ is released in chambers that are 
physically separated from the anode, where oxygen is 
generated. As a result, no additional PSA unit is required 
for gas separation. Moreover, the large number of BPM-
CEM pairs between the two electrodes allows operation 
at a lower current density compared to the electrolysis 
unit. Consequently, the production rate of hydrogen is 
considered negligible compared to the release of CO2 [4].  

MATERIALS AND METHODS 
The LCA was conducted in accordance with the ISO 

14040/14044 framework, incorporating the main phases 
of goal and scope definition, life cycle inventory analysis, 
life cycle impact assessment, and interpretation [12].  

Goal and Scope Definition 
The goal of the present study is the comparative 

LCA of the three DAC technologies. We assess the envi-
ronmental impacts by performing a cradle-to-gate anal-
ysis, including the infrastructure and air capture pro-
cesses, while excluding end-of-life treatment due to the 
unknown fate of the final products, as they are similar 
among the technologies. 

 The DAC-ELY co-produces hydrogen as a valuable 
product during electrochemical regeneration. Under the 
operating current density of 0.14 A cm⁻², the hydrogen 
co-production is 0.82 kg H₂ per kg CO₂ captured [4]. To 
ensure functional equivalence among the compared sys-
tems, multifunctionality is addressed by expanding the 
system boundaries [13]. In this context, a PEM water 
electrolyzer is included within the system boundaries for 

the DAC-Established and the DAC-ED cases to generate 
0.82 kg of H₂. Thus, the functional unit is 1 kg of CO2 and 
0.82 kg of H2.  

Life Cycle Inventory Analysis 
The life cycle inventory analysis was performed us-

ing literature process modeling and experimental data for 
the different DAC technologies. GaBi [14] was employed 
as LCA software to calculate the environmental impacts. 
Background data for material and energy flows associ-
ated with process infrastructure were obtained from the 
Ecoinvent database [15]. For all the assessed technolo-
gies, the electricity supply for the operation was assumed 
to be provided by the German electricity grid (unless oth-
erwise stated), and the lifetime of the equipment and the 
plant is assumed to be 20 years. In the following, the as-
sumptions of the inventory modeling and the data used 
for the different DAC technologies are discussed in de-
tail. 

PEM Electrolyzer 
A PEM electrolyzer operating at a current density of 

1.5 A cm-2 is assumed to produce H2 in the DAC-Estab-
lished and the DAC-ED, according to Zachert et al. [16]. 
Infrastructure data for the PEM electrolyzer stack and 
balance of plant (BoP) are taken from Bareiß et al. [17]. 
Due to the lack of inventory data for iridium at the anode, 
platinum was assumed as a proxy based on available 
data from the Ecoinvent database [15]. Moreover, the 
Nafion membrane material was approximated as tetraflu-
oroethylene (TFE) [18].  

Direct Air Capture with Ca-looping Regeneration  
Operational data for the DAC-Established process 

are taken from Keith et al. [10]. The thermal energy re-
quired for sorbent regeneration is assumed to be sup-
plied by natural gas combustion. The oxygen required for 
combustion is assumed to be provided by the PEM elec-
trolyzer; therefore, no additional air separation unit was 

 
Figure 1. Schematic representation of the cradle-to-gate system boundaries for the DAC with Ca-looping 
regeneration (DAC-Established), the DAC with electrolysis regeneration (DAC-ELY), and the DAC with 
electrodialysis regeneration (DAC-ED). 
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included in the system boundaries [19]. Emissions from 
natural gas combustion were excluded from the inven-
tory, as the CO₂ produced during sorbent regeneration 
was assumed to be fully captured. Only emissions asso-
ciated with natural gas production and transportation 
were considered [19]. Infrastructure data for the air con-
tactor and the regeneration units are taken from Madhu 
et al. [20]. The pellet reactor, slaker, and calciner were 
approximated as steel tanks for the purpose of infra-
structure modeling [20]. 

Direct Air Capture with Electrolysis Regeneration 
An electrolysis regeneration unit operating at a cur-

rent density of 0.14 A cm-2 is assumed according to the 
operational data from Liu et al. [4]. A PSA unit for the sep-
aration of CO2 and O2 is included [4], with infrastructure 
data for the PSA taken from Burgers et al. [21]. Infrastruc-
ture data for the electrolysis regeneration unit stack and 
the BoP are obtained from Bareiß et al. [17], with modifi-
cations to reflect the specific operating conditions of the 
DAC system. In contrast to the PEM electrolyzer, a nickel 
catalyst is used at the cathode instead of platinum due to 
the alkaline operating environment [11]. Similarly to the 
PEM electrolyzer case, platinum is used as a proxy for 
iridium at the anode and TFE for the Nafion membrane.  

Direct Air Capture with Electrodialysis 
Regeneration 

An electrodialysis regeneration unit operating at a 
current density of 0.012 A cm-2 is assumed according to 
the operational data from Liu et al. [4]. Each regeneration 
unit is assumed to consist of 20 CO2 recovery-alkali re-
generation pairs [4]. Infrastructure data for the electrodi-
alysis regeneration unit stack and the BoP are obtained 
from Bareiß et al. [17]. Similarly to the electrolysis regen-
eration case, a nickel catalyst is assumed at the cathode, 
while platinum was used as a proxy material at the anode. 

TFE is used as a proxy for the CEM, and the BPM is as-
sumed to consist of two Nafion membranes [22]. 

Life Cycle Impact Assessment 
We investigated five typical impact categories: 

global warming impact (GWI), ozone depletion, acidifica-
tion, human toxicity, and eutrophication. The environ-
mental impacts were quantified using the Environmental 
Footprint (EF) 2.0 impact assessment method [23]. The 
results are normalized to the functional unit of 1 kg CO₂ 
captured and 0.82 kg H₂ produced. 

RESULTS AND DISCUSSION 

Environmental Performance across Impact 
Categories 

Figure 2 presents the comparative results for the 
different impact categories of the three DAC technolo-
gies assuming the German electricity grid. Overall, the 
DAC-Established technology exhibits the lowest life cy-
cle impacts in all assessed categories. This can be at-
tributed to its higher technological maturity and optimi-
zation level compared to the more novel electrochemical 
DAC processes. In contrast, the DAC-ELY shows the 
highest life cycle impacts in all categories except for 
ozone depletion. For ozone depletion, the DAC-ED has 
the highest impact, which can be attributed to the larger 
number of membranes in the electrodialysis configura-
tion, leading to increased material-related ozone deple-
tion contributions.  

Since the global warming impact is one of the most 
important categories, we focus in the following subsec-
tions on its detailed analysis, including process- and in-
frastructure-level contributions, to explain the observed 
differences among the assessed technologies.  

 
Figure 2: Comparative life cycle environmental impacts of the DAC with Ca-looping regeneration (DAC-
Established), DAC with electrolysis regeneration (DAC-ELY), and DAC with electrodialysis regeneration (DAC-ED), 
assuming the German electricity grid. The DAC-Established exhibits the lowest life cycle impacts in all assessed 
categories, while the DAC-ELY shows the highest scores in all categories except ozone depletion. The functional 
unit (FU) is 1 kg CO₂ captured and 0.82 kg H₂ produced. GWI refers to the global warming impact. 
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Contribution Analysis of the Global Warming 
Impact 

Figure 3 presents the global warming impact distri-
bution for the three DAC technologies. Overall, in all three 
technologies, the electricity demand dominates the GWI. 
There is a 47% and 38% increase in the net GWI of the 
DAC-ELY and the DAC-ED, respectively, compared to the 
DAC-Established. It should be noted that the high elec-
tricity demand in the DAC-Established and the DAC-ED is 
mainly due to the additional PEM-electrolyzer included to 
ensure a fair comparison of the three technologies via the 
system expansion approach.  

It can also be seen that there are negative GWI cor-
responding to 1 kg of CO2 eq. per kg of FU, reflecting the 
direct removal of CO₂ from the atmosphere through the 
DAC process. Moreover, the highest infrastructure GWI is 
observed for DAC-ED of about 2% of the total impact. 
Overall, the contribution of the infrastructure is negligible 
compared to the electricity demand. However, in case 
there is a larger penetration of renewable energy re-
sources (as analyzed below), the relative contribution of 
the infrastructure may become more significant. There-
fore, it is still of interest to examine the differences in the 
infrastructure contributions, as follows. 

Contribution of Infrastructure to Global Warming 
Impact 

Figure 4a) presents the distribution of infrastruc-
ture-related contributions to the global warming impact 
of the three DAC technologies. The regeneration unit is 

the main contributor to the infrastructure impact in the 
case of DAC-ELY and DAC-ED, while DAC-Established 
has a negligible infrastructure impact. The contribution of 
the air contactor is identical across all three technologies, 
reflecting the use of the same design assumptions. At the 
same time, the PEM-electrolyzer exhibits considerably 
lower infrastructure GWI compared to the electrochemi-
cal regeneration units in the DAC-ELY and DAC-ED sys-
tems. This is primarily due to the higher operating current 
density (1.5 A cm-2 compared to 0.14 A cm-2 vs 0.012 A 
cm-2, respectively), which translates into a lower amount 
of material requirement per functional unit. 

Figure 4b) presents the distribution of infrastruc-
ture-related contributions from the regeneration units to 
the global warming impact of the three DAC technolo-
gies. For both DAC-ELY and DAC-ED, the main contribu-
tors within the regeneration units are the iridium, tita-
nium, and Nafion-based membrane materials. In the case 
of DAC-ED, the contribution associated with the Nafion 
membranes is higher than in the case of DAC-ELY. This 
can be attributed to two factors. First, the DAC-ED re-
generation unit operates at a current density approxi-
mately eleven times lower than that of the DAC-ELY, re-
sulting in higher material requirements per functional unit. 
Second, the DAC-ED requires 3 additional membranes 
per CO2 recovery-alkali regeneration pair. Therefore, the 
influence of Nafion membranes on the overall infrastruc-
ture-related global warming impact is more pronounced 
in the DAC-ED system. 

 
Figure 3: Cradle-to-gate global warming impact (GWI) distribution for the DAC with Ca-looping (DAC-Established), 
the DAC with electrolysis regeneration (DAC-ELY), and the DAC with electrodialysis regeneration (DAC-ED), 
assuming the German electricity grid. The main GWI contributor is the electricity demand in all three technologies. 
The DAC-ELY exhibits higher electricity demand compared to the DAC-Established and DAC-ED. The negative 
GWI is attributed to the direct removal of CO2 from the atmosphere through the DAC process. The infrastructure 
contribution is approximately 2% of the total GWI in the DAC-ED. The functional unit (FU) is 1 kg CO₂ captured and 
0.82 kg H₂ produced. 
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Influence of the Carbon Footprint of 
Electricity on the Global Warming Impact 

To assess the potential of the novel electrochemical 
DAC technologies, in Figure 5, we present the influence 
of the carbon footprint of electricity across different 
countries on the GW [24]. A lower electricity carbon foot-
print corresponds to a higher penetration of low-carbon 
energy sources in the respective electricity mix. The 
DAC-Established exhibits the lowest GWI across all elec-
tricity scenarios. Moreover, the DAC-ELY approaches the 
GWI of the DAC-ED at lower carbon footprints of electric-
ity, since the electricity demand contribution becomes 
lower. 

The results suggest that, in addition to the larger 
penetration of renewable electricity, further performance 
improvements are needed for DAC-ELY and DAC-ED to 
compete with the DAC-Established technology. Reduc-
tions in materials use and infrastructure-related impacts 
or operation at higher current densities will be necessary 
to realize the potential of electrochemical DAC technolo-
gies. 

CONCLUSION AND OUTLOOK 
We performed a comparative LCA of three DAC 

technologies: the established DAC technology with Ca-
looping regeneration; the novel technology of DAC with 
electrolysis regeneration; and the DAC with electrodialy-
sis regeneration. The results have shown that the DAC-
Established outperforms the other technologies in all im-
pact categories, when assuming the German electricity 
grid. DAC-ELY shows the highest GWI due to the higher 
electricity demand associated with the electrochemical 
sorbent regeneration. The infrastructure impact is higher 
in the case of DAC-ED due to both the use of additional 
membranes and the low operating current densities. Fi-
nally, it is concluded that DAC-ELY and DAC-ED need fur-
ther performance improvement and a larger share of re-
newable energy to compete with the DAC-Established. 

 
a) 

 
b) 

Figure 4: (a) Distribution of infrastructure-related global warming impact (GWI) and (b) distribution of 
infrastructure-related contributions from the regeneration units to the GWI for the DAC with Ca-looping (DAC-
Established), the DAC with electrolysis regeneration (DAC-ELY), and the DAC with electrodialysis regeneration 
(DAC-ED). The regeneration unit has the highest contribution to the infrastructure of DAC-ED, with Nafion-based 
membranes being the dominant contributing material. The functional unit (FU) is 1 kg CO₂ captured and 0.82 kg 
H₂ produced. 
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However, several limitations of this study should be 
acknowledged. In cases where no dataset was available, 
proxies were used for the infrastructure, which may not 
fully capture the specific impacts of the actual materials. 
Moreover, upstream processes (e.g., metal extraction, 
refining) were modeled with the average European elec-
tricity mix, which may lead to changes if region-specific 
grids were applied.  

Future work should extend the comparison of these 
DAC technologies beyond environmental performance to 
include TEA. This will allow for a more holistic evaluation 
of the three alternatives. Moreover, system optimization 
with respect to both environmental impacts and costs 
may help identify trade-offs and pathways for improving 
the overall performance of electrochemical DAC technol-
ogies. 

AKNOWLEGMENTS  
This work was funded by the German Federal Min-

istry for Education and Research (BMBF) within the pro-
ject HyInnoHECC of SupplHyInno Rhineland (grant num-
ber 03ZU1115I). We are grateful to Lara Meuleneers for 
valuable discussions. 

AUTHOR IDENTIFIERS 
Author ORCIDs: 
Prokopou G.I.: 0009-0007-2643-6899 
Drakopoulou Z.: 0009-0009-8064-1898 
Bongartz D.: 0000-0003-1790-0235 

Mitsos A.: 0000-0003-0335-6566 

REFERENCES 
1. Kibria Nabil S, McCoy S, Kibria MG. Comparative 

life cycle assessment of electrochemical upgrading 
of CO <sub>2</sub> to fuels and feedstocks. 
Green Chem. 23:867-880 (2021). 
https://doi.org/10.1039/d0gc02831b 

2. de Jonge MMJ, Daemen J, Loriaux JM, Steinmann 
ZJN, Huijbregts MAJ. Life cycle carbon efficiency 
of direct air capture systems with strong hydroxide 
sorbents. International Journal of Greenhouse Gas 
Control 80:25-31 (2019). 
https://doi.org/10.1016/j.ijggc.2018.11.011 

3. Keith DW, Ha-Duong M, Stolaroff JK. Climate 
strategy with co2 capture from the air. Climatic 
Change 74:17-45 (2005). 
https://doi.org/10.1007/s10584-005-9026-x 

4. Liu G, Yang A, Darton RC. Numerical modeling and 
comparative analysis of electrolysis and 
electrodialysis systems for direct air capture. ACS 
Sustainable Chem. Eng. 12:3951-3965 (2024). 
https://doi.org/10.1021/acssuschemeng.3c06259 

5. Young J, McQueen N, Charalambous C, Foteinis S, 
Hawrot O, Ojeda M, Pilorgé H, Andresen J, Psarras 
P, Renforth P, Garcia S, van der Spek M. The cost 
of direct air capture and storage can be reduced 
via strategic deployment but is unlikely to fall 
below stated cost targets. One Earth 6:899-917 
(2023). 

 
Figure 5: Global warming impact (GWI) with respect to the carbon footprint of electricity for the DAC with Ca-
looping (DAC-Established), the DAC with electrolysis regeneration (DAC-ELY), and the DAC with electrodialysis 
regeneration (DAC-ED). DAC-Established exhibits the lowest GWI across all electricity mix scenarios. DAC-ELY 
approaches the GWI of DAC-ED in cases of larger penetration of alternative energy resources. The functional unit 
(FU) is 1 kg CO₂ captured and 0.82 kg H₂ produced. 

Ge
rm

an
y

Ic
el

an
d

Sp
ai

n

Fi
nl

an
d

De
nm

ar
k

Ita
ly

Fr
an

ce

Sw
itz

er
la

nd
0

10

20

30

40

0 0.1 0.2 0.3 0.4 0.5 0.6

GW
I/

 k
g 

CO
2

eq
. p

er
 F

U

Carbon footptint of electricity/ kg CO2 eq. per kWh of electricity

DAC-ELY

DAC-ED

DAC-Established

https://doi.org/10.1039/d0gc02831b
https://doi.org/10.1016/j.ijggc.2018.11.011
https://doi.org/10.1007/s10584-005-9026-x
https://doi.org/10.1021/acssuschemeng.3c06259


 

Prokopou et al. / LAPSE:2026.0264 Syst Control Trans 5:492-499 (2026) 499  

https://doi.org/10.1016/j.oneear.2023.06.004 
6. Rosen N, Welter A, Schwankl M, Plumeré N, Staudt 

J, Burger J. Assessment of the potential of 
electrochemical steps in direct air capture through 
techno-economic analysis. Energy Fuels 38:15469-
15481 (2024). 
https://doi.org/10.1021/acs.energyfuels.4c02202 

7. Cuéllar-Franca RM, Azapagic A. Carbon capture, 
storage and utilisation technologies: a critical 
analysis and comparison of their life cycle 
environmental impacts. Journal of CO2 Utilization 
9:82-102 (2015). 
https://doi.org/10.1016/j.jcou.2014.12.001 

8. Hu Y, Gani R, Sundmacher K, Zhou T. Assessing the 
future impact of 12 direct air capture technologies. 
Chemical Engineering Science 298:120423 (2024). 
https://doi.org/10.1016/j.ces.2024.120423 

9. Chauvy R, Dubois L. Life cycle and 
techno?economic assessments of direct air 
capture processes: an integrated review. Intl J of 
Energy Research 46:10320-10344 (2022). 
https://doi.org/10.1002/er.7884 

10. Keith DW, Holmes G, St Angelo D, Heidel K. A 
process for capturing CO2 from the atmosphere. 
Joule 2:1573-1594 (2018). 
https://doi.org/10.1016/j.joule.2018.05.006 

11. Bouaboula H, Belmabkhout Y, Zaabout A. 
Integrated CO2 capture and green hydrogen 
production: a promising approach for energy and 
cost reductions. Chemical Engineering Journal 
509:161361 (2025). 
https://doi.org/10.1016/j.cej.2025.161361 

12. von der Assen N, Voll P, Peters M, Bardow A. Life 
cycle assessment of co<sub>2</sub>capture and 
utilization: a tutorial review. Chem. Soc. Rev. 
43:7982-7994 (2014). 
https://doi.org/10.1039/c3cs60373c 

13. von der Assen N, Jung J, Bardow A. Life-cycle 
assessment of carbon dioxide capture and 
utilization: avoiding the pitfalls. Energy Environ. Sci. 
6:2721 (2013). https://doi.org/10.1039/c3ee41151f 

14. Sphera. GaBi Education Software and Database. 
Edition 2024. https://www.gabi-software.com/  

15. Frischknecht R, Jungbluth N, Althaus HJ, Doka G, 
Dones R, Heck T, Hellweg S, Hischier R, Nemecek 
T, Rebitzer G, Spielmann M. The ecoinvent 
database: overview and methodological framework 
(7 pp). Int J Life Cycle Assessment 10:3-9 (2004). 
https://doi.org/10.1065/lca2004.10.181.1 

16. Zachert L, Suermann M, Bensmann B, Hanke-
Rauschenbach R. Energetic evaluation and 
optimization of hydrogen generation and 
compression pathways considering PEM water 
electrolyzers and electrochemical hydrogen 
compressors. J. Electrochem. Soc. 168:014504 

(2021). https://doi.org/10.1149/1945-7111/abcf1a 
17. Bareiß K, de la Rua C, Möckl M, Hamacher T. Life 

cycle assessment of hydrogen from proton 
exchange membrane water electrolysis in future 
energy systems. Applied Energy 237:862-872 
(2019). 
https://doi.org/10.1016/j.apenergy.2019.01.001 

18. Curtin DE, Lousenberg RD, Henry TJ, Tangeman 
PC, Tisack ME. Advanced materials for improved 
PEMFC performance and life. Journal of Power 
Sources 131:41-48 (2004). 
https://doi.org/10.1016/j.jpowsour.2004.01.023 

19. Liu CM, Sandhu NK, McCoy ST, Bergerson JA. A 
life cycle assessment of greenhouse gas emissions 
from direct air capture and fischer–tropsch fuel 
production. Sustainable Energy Fuels 4:3129-3142 
(2020). https://doi.org/10.1039/c9se00479c 

20. Madhu K, Pauliuk S, Dhathri S, Creutzig F. 
Understanding environmental trade-offs and 
resource demand of direct air capture technologies 
through comparative life-cycle assessment. Nat 
Energy 6:1035-1044 (2021). 
https://doi.org/10.1038/s41560-021-00922-6 

21. Burgers I, Dehdari L, Xiao P, Li KG, Goetheer E, 
Webley P. Techno-economic analysis of PSA 
separation for hydrogen/natural gas mixtures at 
hydrogen refuelling stations. International Journal 
of Hydrogen Energy 47:36163-36174 (2022). 
https://doi.org/10.1016/j.ijhydene.2022.08.175 

22. Pärnamäe R, Mareev S, Nikonenko V, Melnikov S, 
Sheldeshov N, Zabolotskii V, Hamelers HVM, 
Tedesco M. Bipolar membranes: a review on 
principles, latest developments, and applications. 
Journal of Membrane Science 617:118538 (2021). 
https://doi.org/10.1016/j.memsci.2020.118538 

23. Schropp E, Campos-Carriedo F, Iribarren D, 
Naumann G, Bernäcker C, Gaderer M, Dufour J. 
Environmental and material criticality assessment 
of hydrogen production via anion exchange 
membrane electrolysis. Applied Energy 356:122247 
(2024). 
https://doi.org/10.1016/j.apenergy.2023.122247 

24. Deutz S, Bardow A. Life-cycle assessment of an 
industrial direct air capture process based on 
temperature–vacuum swing adsorption. Nat Energy 
6:203-213 (2021). https://doi.org/10.1038/s41560-
020-00771-9 

© 2026 by the authors. Licensed to PSEcommunity.org and PSE 
Press. This is an open access article under the creative com-
mons CC-BY-SA licensing terms. Credit must be given to creator 
and adaptations must be shared under the same terms. See 
https://creativecommons.org/licenses/by-sa/4.0/  

 

https://doi.org/10.1016/j.oneear.2023.06.004
https://doi.org/10.1021/acs.energyfuels.4c02202
https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1016/j.ces.2024.120423
https://doi.org/10.1002/er.7884
https://doi.org/10.1016/j.joule.2018.05.006
https://doi.org/10.1016/j.cej.2025.161361
https://doi.org/10.1039/c3cs60373c
https://doi.org/10.1039/c3ee41151f
https://doi.org/10.1065/lca2004.10.181.1
https://doi.org/10.1149/1945-7111/abcf1a
https://doi.org/10.1016/j.apenergy.2019.01.001
https://doi.org/10.1016/j.jpowsour.2004.01.023
https://doi.org/10.1039/c9se00479c
https://doi.org/10.1038/s41560-021-00922-6
https://doi.org/10.1016/j.ijhydene.2022.08.175
https://doi.org/10.1016/j.memsci.2020.118538
https://doi.org/10.1016/j.apenergy.2023.122247
https://doi.org/10.1038/s41560-020-00771-9
https://doi.org/10.1038/s41560-020-00771-9

