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Evaluating the sustainability of electrochemical
CO2 capture technology through LCA and LCC:
a winery industry application
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This study presents a comprehensive environmental and economic assessment of CO2 absorption using elec-

trochemically produced NaOH for industrial decarbonization (e.g., the winery industry). The EDEN® techno-

logy, based on the chlor-alkali electrochemical process, achieved high CO2 capture efficiencies of up to 80%,

with comparable performance when tested on pure CO2 and fermentation-derived CO2 streams (deviations

<2%). Beyond capture, the system demonstrated multifunctionality by converting low-concentration waste

brine (0.05–0.15 M) into hydrogen and chlorine while simultaneously fixing CO2 as sodium carbonate or bicar-

bonate. Under optimized operating conditions, faradaic efficiencies for hydrogen production reached

98–100%, with energy consumption values of 3.10 kWh kg−1 NaOH at 5.5 V and 4.36 kWh kg−1 NaOH at 6.5

V, highlighting the trade-off between kinetics and energy intensity. Life-cycle and techno-economic analyses

modeled four EDEN® scenarios and benchmarked them against conventional column absorption using com-

mercial NaOH. Net carbon savings were demonstrated, with scenario 2 (electroabsorption) recording the

lowest impacts across all categories (e.g., −0.882 g CO2-eq. and 32 mLwater per g CO2 captured). Both carbon

saving and capture costs were found to be highly sensitive to electricity carbon intensity. However, integration

with renewable energy and the commercialization of co-products (H2, Cl2, Na2CO3) enabled capture costs to

approach net-zero or even become negative. These findings underscore the significant climate-mitigation

potential of electrochemical CO2 capture when integrated into industrial processes. By combining CO2

absorption with the co-production of valuable chemicals and hydrogen, EDEN® offers a scalable and versatile

pathway toward environmentally and economically viable decarbonization, with direct applicability to the wine

sector and broader industrial systems facing biogenic or process-related emissions.

Green foundation
1. This work advances green chemistry by demonstrating an integrated electrochemical carbon capture system powered by renewable energy that converts
CO2 into stable mineral carbonates while producing valuable chemicals (H2, Cl2) as co-products. Through experimentation and life cycle assessment, this
study operationalized and validated key green chemistry principles: renewable energy use, waste valorization, process integration, and circularity.
2. In terms of technical feasibility, the designed system achieved CO2 capture efficiencies of ∼80% from real wine fermentation emissions. A scenario-based
life cycle assessment shows that scenario 2 (electro-absorption powered by solar energy) achieved a net negative carbon footprint of −0.882 g CO2-eq. per g
CO2 captured, translating to ∼11.4% reduction in the carbon footprint of a bottle of wine. The system achieved a water footprint of 32 mL per g CO2 captured
and a capture cost of –€0.22 per kg CO2, demonstrating its resource efficiency and economic viability.
3. The energy consumption was identified as a key contributor to the system carbon footprint; as a result, further research should focus on lowering the
specific energy consumption through optimized cell architecture and improved ion transport. Additionally, replacing critical and high-impact materials (e.g.,
noble-metal catalysts) with low-toxicity alternatives would further minimize the system’s life cycle impacts.

Introduction
Climate change, the major environmental challenge of the
21st century, is caused by a rise in the atmospheric concen-
tration of Greenhouse Gases (GHGs), mainly methane (CH4),
carbon dioxide (CO2), and nitrous oxide (N2O).

1 These gases
arise from anthropogenic activities, and their accumulation in†Equally contributing authors.
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the atmosphere poses a severe danger to human lives, the
quality of the environment, and the economy at large.2 Among
these gases, CO2 accounts for the largest share, and its emis-
sions are primarily from the combustion of fossil fuels for
energy production and from other industrial processes. From
annual near-zero CO2 emission, anthropogenic activities now
account for 37.8 Gt CO2, 50% higher than pre-industrial levels,
according to the IEA 2024 report.3

In this regard, the implementation of Carbon Capture,
Utilization, and Storage (CCUS) technologies in industrial
processes is recognized as a promising strategy for
decarbonization.4,5 CCUS technologies are classified into three
main categories: pre-combustion, post-combustion, and oxy-
fuel combustion capture. The post-combustion capture
approach involves capturing CO2 at the point of emission for
subsequent storage or utilization. This process involves
absorption with solvents, adsorption by solid sorbents, mem-
brane separation, and cryogenic separation.6 Within the
solvent-based absorption, amine scrubbing is the benchmark
process for post-combustion capture. An emerging alternative
process to amine scrubbing is the use of electrochemically pro-
duced sodium hydroxide to fix CO2 in the form of carbonate.7,8

The reaction pathways are provided in the SI. These
reaction mechanisms underpin the development of an
Electrochemical-based Decarbonization Energy (EDEN®)
technology by our research group at the University of Castilla-
La Mancha.

The developed EDEN® technology, employs a unitized
cell, based on the chlor-alkali electrochemical process, to
operate in both electrolysis and fuel cell modes. By electro-
lyzing brine (NaCl solution), it produces valuable co-pro-
ducts like hydrogen (H2) and chlorine (Cl2), while the result-
ing sodium hydroxide (NaOH) captures CO2 emissions by
converting the gas into stable carbonates. Powered by renew-
able energy and suitable for any application with CO2 emis-
sions, EDEN® aims to reduce carbon footprints and
promote energy self-sufficiency through an innovative inte-
grated design. The theory of the electrolysis reactions can be
found in the SI.

In the context of CO2 capture, the EDEN technology can be
integrated into any process where CO2 emissions exist. Among
the many sectors, the wine industry is a key player in the agri-
culture, forestry, and land use sector, a sector responsible for
approximately one-fifth of the global GHG emissions.9 The
winery is a key component of the global agri-food sector and a
major share of Europe’s agricultural economy, especially in
countries such as Spain, Italy, and France.10 These are the top
wine producers globally, collectively accounting for over 53%
of the total wine production. As a production sector, activities
across its supply chain, from grape cultivation through to dis-
tribution, contribute to global carbon emissions. For instance,
Gazulla et al.11 reported that the viticulture stage of Spanish
wine production usually contributes about 15–30% of the total
emissions in the winery. Agricultural activities such as soil
tillage, pesticide use, irrigation, and the operation of machin-
ery result in fossil fuel consumption with direct carbon emis-

sions. The winemaking process is also a crucial phase. This
phase involves fermentation, stabilization, cooling, and bot-
tling, which accounts for about 17% of the overall CO2 emis-
sions.12 The fermentation is a biological process, where yeast
acts on sugars, breaking them down into ethanol, producing
CO2 as a byproduct, according to eqn (1).

C6H12O6 ! 2C2H5OHþ 2CO2 ð1Þ

Although biogenic in nature, these emissions constitute a
relevant share of the direct GHG emissions at the winery.

Although modest compared with other industrial processes,
the global scale of wine production means that these emis-
sions represent a significant mitigation opportunity. Recent
research has shown that, although fermentation CO2 accounts
for only a small fraction of the total carbon footprint of wine,
its magnitude is biogenically relevant. According to the vine-
yard–winery system evaluated by Pattara et al.13 vineyards can
sequester approximately 0.38 kg of CO2 per litre of wine pro-
duced, whereas alcoholic fermentation returns a much smaller
amount to the system. Stoichiometric calculations and pub-
lished experimental data indicate that wine fermentation typi-
cally generates between 70 and 115 g of CO2 per litre of
wine,12–14 which corresponds to approximately 10–11.5 kg of
CO2 per 100 L of wine with 13.5% v/v alcohol content.13–15

These values highlight the role of vineyards as short-cycle
carbon sinks, even though this uptake is not included in
product carbon footprint calculations according to LCA stan-
dards (Neto et al., 2013). Within the framework of LCA, all
environmental burdens associated with the vineyard are attrib-
uted solely to the wine, since it is the only output flow with
economic value for the grower. The economic viability of vine-
yard operations depends exclusively on the wine sold; there-
fore, other potential products obtained from grapes or grape
residues (ethanol, antioxidant compounds, grape seed oil,
among others) are not considered relevant co-products for allo-
cation purposes.

The global annual wine production for 2024 was reported
to be 225.8 million hectolitres,15 which means the total emis-
sions from fermentation alone can be estimated to be about
2.6 million tons of CO2. While this amount may be smaller
than other industrial processes, its capture is equally impor-
tant, as every kilogram of CO2 captured is a step toward net-
zero emissions. Additionally, the capture of CO2 emissions
from the winery is key to reducing the industry’s carbon foot-
print and ensuring its sustainability.

The possibility of capturing and stabilising part of this bio-
genic CO2 before it returns to the atmosphere offers a promis-
ing pathway to enhance the climate mitigation potential of the
wine sector. Electrochemical technologies such as EDEN®,
based on chlor-alkali electrolysis, allow fermentation CO2 to be
converted into stable carbonate salts (Na2CO3/NaHCO3). The
work of Flor Montalvo et al.14 demonstrated that electrochemi-
cally produced NaOH can be effectively used for CO2 absorp-
tion, providing an opportunity for local and long-term carbon
storage at a winery scale.
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While this process presents great potential for combating
climate change, its implementation involves downstream and
upstream environmental trade-offs that could compromise its
overall sustainability. This highlights the need for a detailed
evaluation of the process environmental performance over its
life cycle. In this regard, life cycle assessment (LCA) helps in
identifying hidden environmental impact hotspots, such as
energy use and water consumption, and resource depletion
within the technology life cycle, even though it is intended to
reduce emissions.16

In this work, we employed an integrated methodology to
comprehensively assess the sustainability of integrating the
EDEN® technology into the winery. We demonstrated the suc-
cessful capture of CO2 from wine fermentation emissions via
two capture approaches: column absorption using electroche-
mically produced NaOH and electro-absorption (CO2 absorbed
directly in the electrochemical cell without an absorption
column). The operation conditions of these two approaches
were optimized to achieve high carbon capture efficiencies.
Based on the optimal conditions and performance, a scenario-
based comparative life cycle assessment and life cycle costing
were conducted. The scenarios modelling considered the two
capture approaches, two types of electrochemical cell designs,
and the potential of using commercial NaOH as a solvent in
column absorption. Altogether, 5 scenarios were evaluated in
terms of carbon footprint, water footprint, and toxicity
impacts, along with the analysis of the capture cost.

The novelty of this work, therefore, lies in the integration of
electrochemical NaOH production with decentralized CO2

capture in the context of the wine industry, combined with a
comprehensive environmental and economic assessment. In
contrast to previous studies that have mainly focused on lab-
oratory-scale electrochemical carbon capture or conventional
chlor-alkali systems, this work evaluates the coupling of EDEN-
based brine electrolysis with both electro-absorption and con-
ventional column absorption using real fermentation-derived
CO2 streams. The study further extends beyond process per-
formance by including a combined life cycle assessment (LCA)
and life cycle costing (LCC), sensitivity analysis to electricity
supply, and break-even evaluation of electricity carbon inten-
sity, allowing the environmental and economic viability of
decentralized implementation to be assessed. This integrated
approach provides new insight into the feasibility of using
electrochemically generated alkalinity for on-site CO2 utiliz-
ation in production sectors generating biogenic or process-
related CO2 emissions.

Materials and methods

The work was carried out in two main stages. First, various
operational conditions of two CO2 capture approaches were
experimentally optimized, with three different cell configur-
ations for the electrolysis. The tested configurations included
column absorption for CO2 capture and electro-absorption of
CO2 using pure CO2. Additionally, a case study was conducted

on CO2 capture from wine fermentation to simulate real-world
CO2 capture. Then, a life cycle assessment (LCA) and life cycle
cost analysis (LCC) were performed based on the optimal
experimental conditions. A schematic of the experimental
methodology is shown in Fig. 1.

Step 1: laboratory-based optimization of the EDEN® process

Materials. The brine was prepared with NaCl, with 99.9%
purity purchased from Sigma-Aldrich, USA, and deionized
water sourced from a Milli-Q system. For the optimization
process, pure CO2 with a purity of ≥99.98% purchased from
Air Liquide (ALPHAGAZ™, Spain) was used. For the fermenta-
tion, musto (grape juice) was purchased from a supermarket
in Spain, and the yeast used was Saccharomyces cerevisiae
strain, Uvaferm VN™ (Lallemand Oenology), selected by
IVICAM (Wine and Vine Institute of Castilla-La Mancha,
Spain). Nutrient Vit Nature, purchased from Lallemand
Oenology in Canada, was used as a nutrient to accelerate wine
fermentation.

Experimental setup for the electrolysis. Following the
EDEN® technology design, a bench-scale chlor-alkali electroly-
sis setup was used. The electrolysis setup includes an electro-
chemical cell, 3D-printed tanks with gasometers, two G928
peristaltic pumps, silicon pipes, and a power inverter. Three
electrochemical cell types (A, B, and C) were studied; their
materials are presented in Table 1. The cell is a PEM system
assembled from various 3D-printed components, designed
with Fusion 360 (Autodesk) and printed with a 3D printing
machine purchased from Formlabs Inc. (USA). All cells utilized
a Nafion® N-117 PEM as the separator between the compart-
ments. The cell consists of two compartments, with separate
sections for the anode and cathode, and a central slot to
accommodate the membrane electrode assembly (MEA). The

Fig. 1 General scheme of the methodology employed (A) column
absorption, (B) electro-absorption.
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MEA is in a “non-zero-gap” setup, where the anode, mem-
brane, and cathode are separated by an electrode gap distance
as shown in Table 1. The anodic compartment has a liquid
stream inlet and outlet, while the cathodic compartment is
designed to have a gas stream inlet, a liquid stream inlet, and
one outlet. The same cathode was used in all three cell types: a
16 cm2 titanium plate with 160 small holes (0.5 mm in dia-
meter). The procedure for the synthesis of the lab-made TiO2/
RuO2-Pt anodic electrode can be found in our previous work.17

The electrochemical cells were designed to ensure a highly tur-
bulent flow of the electrolytes and efficient gas release. The
same cathode was used in all three cell types: a 16 cm2 tita-
nium plate with 160 small holes (0.5 mm in diameter). The
electrochemical cells were designed to ensure a highly turbu-
lent flow of the electrolytes and efficient gas release.

A 2 M NaCl solution (brine) was used as the electrolyte,
based on a previous study.17 In each experiment, the volume
of anolyte and catholyte was set at 0.8 L each.

The electrolytes were fed into the system through the liquid
stream inlets of both compartments in a recirculation mode,
with the flow rates regulated by the pumps. The electrolysis
was initiated with an applied voltage, producing H2, Cl2, and
NaOH. Samples were taken from each compartment at
15-minute intervals to measure the pH, and the chlorine
species concentration in both compartments was measured
with a UV/Vis Spectroquant® PROVE 300 (Merck).

The pH of the catholyte was then used to calculate the
NaOH concentration. The volume of the gas from each com-
partment was also measured to determine the gas production
rate. The main variables studied for this process were the
applied voltage, 5.5 V and 6.5 V, the electrolysis duration, and
the cell type. The electrolysis types herein are labelled as A5.5,
A6.5, B5.5, B6.6, C5.5, and C6.5, where the A, B, and C stand
for the cell type, while 5.5 and 6.5 indicate the applied voltage.

CO2 capture via column absorption approach. The CO2

capture via column absorption is an integrated system of a
chloro-alkali electrolysis and column absorption (Fig. 1A).
Following the electrolysis process described in the preceding
section, once the electrolysis was completed, the catholyte,
which had now become NaOH-rich, was used as the solvent in
a counter-flow column absorption to capture CO2. The volume
of the NaOH solvent was fixed at 0.8 L, and the variables
studied were the CO2 flow rate, NaOH flow rate, and NaOH
concentration. The capture process conditions were initially
optimized using pure CO2, and then these conditions were
applied to capture CO2 from the wine fermentation. For the
optimization of the studied variables, a central composite
design of experiment was employed. The formation of Na2CO3

and NaHCO3 was analyzed by titrating the solvent with a 0.05
M H2SO4, first from the initial pH to 8.3 to measure NaHCO3,
and then from 8.3 to 4.5 to measure Na2CO3. The concen-
tration of the Na2CO3/NaHCO3 was converted to moles and
then used to determine the CO2 capture efficiency.

CO2 capture via the electro-absorption approach. The inte-
grated system for electrochemical absorption of CO2 was
designed to produce NaOH, H2, and Cl2, while absorbing CO2

simultaneously (Fig. 1B). The setup is a chlor-alkali electrolysis
unit, as described in the electrolysis process, except that CO2

was introduced into the system via the cathodic compartment
gas inlet stream. The main variables studied for this process
were the applied voltage, 5.5 and 6.5 V, the experiment dur-
ation, the CO2 flow rate (8, 10, 15, 20, and 22 Nml min−1), and
the time for feeding CO2 (at t = 0 min and t = 90 min). These
factors were studied with the different electrolyzers. The
capture experiments are identified as A1, A2, A3, B1, B2, B3,
C1, C2, and C3, where the letters for the type of cell and the
numeric indices 1, 2, and 3 denote a specific case of experi-
mental conditions:

- Case 1. Applies 5.5 V, CO2 feed at t = 0 min, and experi-
ment duration of 60 min

- Case 2. Applies 6.5 V, CO2 feed at t = 0 min, and experi-
ment duration of 60 min

- Case 3. Applies 5.5 V, CO2 feed at t = 90 min, and experi-
ment duration of 150 min

As the electrolysis began, the produced NaOH instantly
reacted with the CO2 to form Na2CO3/NaHCO3. The unreacted
CO2 left the cell and was collected at the gasometer as an H2/
CO2 gas mixture. Samples were taken from each compartment
at 15-minute intervals to measure the pH, and the Na2CO3/
NaHCO3 concentration in the catholyte was determined via
titration with a 0.05 M H2SO4. The chlorine species concen-
tration in both compartments was also measured with UV/Vis
Spectroquant® PROVE 300 (Merck). The volume of the gas
from each compartment was also measured at 15-minute inter-
vals to determine the gas production rate. The H2/CO2 gas
mixture was further passed through a 3 M NaOH solution to
remove the unreacted CO2, and the volume of H2 at each time
was used to calculate the hydrogen efficiency. The concen-
tration of the Na2CO3/NaHCO3 was converted to moles and
then used to determine the CO2 capture efficiency.

Wine fermentation to produce CO2. The wine fermentation
was done using must (grape juice), yeast, and yeast nutrients
following a recipe provided by the Wine and Vine Institute of
Castilla-La Mancha, Spain. After every 24 hours of fermenta-
tion, the gas from the fermentation tank was sucked and com-
pressed with a mini diaphragm air compressor (Uniquers) into

Table 1 Summary of electrolyzer cell configurations

Cell type Anode type Electrode gap (cm) Cathode type Electrode size (cm2)

Cell A Commercial DSA® plate 3.0 Titanium plate (perforated with holes) 4 × 4
Cell B Commercial DSA® plate 1.6 Titanium plate (perforated with holes) 4 × 4
Cell C Lab made TiO2/RuO2-Pt anode 1.6 Titanium plate (perforated with holes) 4 × 4
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a gas cylinder and then fed into the carbon capture system in a
procedure similar to that used for pure CO2. The same
measurements and analysis described above were performed
for each experiment. Additionally, the mass, temperature, and
probable alcohol content of the fermentation broth were
measured. The process was repeated daily until the fermenta-
tion was completed.

Main oenological parameters were analysed according to
the official International Organisation of Vine and Wine (OIV)
analytical methods (OIV, 2025). These included degree Brix,
alcoholic content, total acidity, and pH. Concentrations of gly-
cerol and tartaric, citric, lactic, succinic, and acetic acids were
obtained by HPLC-IR, also according to the official OIV analyti-
cal methods. Glucose, fructose, and malic acid were analysed
by an automated enzymatic method.

Step 2: Life cycle assessment (LCA) and life cycle cost (LCC) of
the technology

Life cycle assessment. Once the experimental phase was con-
ducted, the collected data were based on the most relevant
configurations, determined by the compromise between NaOH
production, CO2 captured, and energy efficiency of each case.
Based on the experimental results, cell A was not considered
for the LCA and LCC studies because it performed poorly com-
pared to cell B, in terms of evaluating the hydrogen, chlorine,
and sodium hydroxide production, and energy utilization
efficiency.

LCA was performed according to the methodological frame-
work and guidelines from ISO 14040 and ISO 14044, using
SimaPro 10.1.0.6. It involved selecting the relevant or most
similar materials, making reasonable estimations, and utiliz-
ing the Ecoinvent 3.10 database.

For studying the Global Warming Potential, IPCC 2021
GWP20 V1.03 and IPCC 2021 GWP100 V1.03, methodology was
used, based on the 2021 Report of the Intergovernmental
Panel on Climate Change Guidelines for Global Warming
Potential, with 20 and 100-year time horizons, respectively,
measured in kg CO2-eq. This impact category was considered
due to the central objective of CO2 mitigation in fermentation
processes.

Water-related impacts (AWARE) were considered particularly
relevant due to the water scarcity issue often faced in wine-pro-
ducing regions. In this regard, the water requirement of auxili-
ary technologies is a vital factor. For calculating the water foot-
print, AWARE V1.06 is used, a methodology that is a regiona-
lized, water use midpoint indicator representing the relative
Available Water REmaining per area in a watershed after the
demand of humans and aquatic ecosystems have been met.
The only category is Water Use, measured in m3.18

Regarding the toxicity, USEtox 2 (recommended + interim)
V2.14 was used, which focuses on an environmental model for
the characterization of human and eco-toxicological impacts.
The categories that were assessed were Human Toxicity,
Cancer – cases; human toxicity, non-cancer – cases. The
inclusion of this impact category is to help to assess the poten-
tial burden shifting associated with the technology design.

This assessment aimed at ensuring that the reductions in
climate change impacts are not achieved at the expense of
excessively increased toxicity burdens of the winery.

Goal and scope. For this study, a functional unit of 1 g of
CO2 from wine fermentation, captured by column absorption
or electro-absorption, is used. The study compares the environ-
mental performance of the electro-absorption and column
absorption based on the same functional unit of 1 g CO2 cap-
tured. For each capture process, the experimentally deter-
mined optimal operating conditions were used as foreground
data in the LCA modelling. The environmental impacts were
normalized per unit of CO2 captured, ensuring comparability
between the two configurations. Fig. 2 illustrates the system
boundary of the study. The LCA considered five scenarios of
the two capture processes:

- Scenario 1 (Sc. 1): EDEN® electro-absorption using cell B.
- Scenario 2 (Sc. 2): EDEN® electro-absorption using cell C.
- Scenario 3 (Sc. 3): EDEN® column absorption using cell B.
- Scenario 4 (Sc. 4): EDEN® Column absorption using cell C.
- Scenario 5 (Sc. 5): column absorption using commercial

NaOH (Benchmark scenario).
The system studied considers a cradle-to-gate approach,

taking into account the different components for technology
EDEN® assembly, and also the energy, feedstock, and
resources that were used for capturing the CO2 that comes
from a real scenario of the wine fermentation process. The
uncaptured CO2 was not considered as an environmental
impact of the system; however, the captured CO2 was modelled
as an emission saving to allow the calculation of the net
environmental score of the capture technology.

While synthetic brine was used experimentally to ensure
reproducibility, the environmental and economic assessments
considered a brine solution sourced from a waste stream to
reflect realistic waste brine utilization scenarios. This assump-
tion is backed by a previous study, Requena-Leal et al.,19 by
our research group, where water from the industrial rejection
stream of the vineyard, reverse osmosis, electrodialysis, sea-
water, and porewater demonstrated promising potential as an

Fig. 2 General scheme of the LCA system boundary definition for the
two capture approaches. On the top, column absorption system, and at
the bottom, electro-absorption system.
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alternative to synthetic brine in chlor-alkali electrolysis.
Following this assumption, the brine usage does not add an
environmental burden to the system boundary.

The theoretical stoichiometric ratio for the reaction
between NaOH and CO2 is 2 : 1. However, the experimental
study showed an average carbon capture efficiency of 80%.
Therefore, the LCA modelling assumes an effective molar ratio
of NaOH/CO2 = 2.5 to account for the incomplete capture
efficiency. Under these conditions, Na2CO3 is considered the
final product of the CO2 capture reaction. The formation of
Na2CO3 was considered a stable storage pathway within the
system boundary, and the captured carbon was assumed not
to be re-released to the atmosphere during the assessed life
cycle. This assumption represents a scenario in which the pro-
duced carbonate is either stored or used in downstream appli-
cations without thermal decomposition. The potential long-
term release of CO2 from carbonate conversion processes was
therefore not included in the base-case LCA model.

The system also assumed the durability of the two anodic
materials was the same under laboratory-scale conditions.

The material balance according to the system boundaries is
presented in Fig. 3. Table S1 shows the different materials and
quantities considered for each scenario studied.

Economical allocation was considered for the co-products
obtained with the multifunctional EDEN® technology (NaOH,
Cl2, and H2), following guidelines proposed by Guinée et al.20

Since the produced NaOH was used as the absorbent in the
capture of the CO2, its allocated impacts were therefore used
in calculating the environmental impact per the functional
unit. The allocation proportions calculated using the data
from the mass balance and the market prices of the products
are presented in Table 2. The study considers the current
European market price for the products, and prices obtained
in USD were converted to euros.21

Material selection. A list of materials was selected from the
database, using the closest available equivalents for each one.
The configuration for the electrolysis cell includes titanium for
both the cathode and the anode, coated with ruthenium and
platinum catalysts over carbon black with PTFE. Titanium is
also used for cell B as a catalyst in the anode. Nafion serves as
the membrane, with silicone for the gaskets, stainless steel for

the support screws, and methyl methacrylate for the end and
bipolar plates. The storage and connections are made of sili-
cone, and the tanks are made of methyl methacrylate.
Additionally, a compressor, two pumps, and the DC power
supply are included in the system. For the absorption system
columns, polyethylene terephthalate and ethylene glycol are
used for the plastic body, with glass spheres of borosilicate,
stainless steel for the screws, and silicone for the gaskets. The
feedstock consists of sodium chloride for Sc. 1 to Sc. 4, and
commercial sodium hydroxide for the benchmark scenario
(Sc. 5). Photovoltaic energy is used as the electricity source.
The cradle-to-gate inventory data for the EDEN® technology in
the carbon capture scenarios, within the assumed system
boundaries, are detailed in Table S1.

Sensitivity analysis. A sensitivity analysis on energy con-
sumption was conducted to assess the high energy depen-
dence of the system. The modelling considers the electricity
mix of major wine-producing countries, including Spain,
France, Italy, Chile, and California, as well as other forms of
renewable energy, including Spanish grid-based photovoltaic
energy, Spanish wind energy, and Spanish nuclear energy.
Additionally, a break-even analysis was performed by expres-
sing the net GWP100 as a function of electricity carbon inten-
sity, while treating all other factors as constant. The break-
even analysis model can be represented as:

YGWP ¼ k1 þ X � Z � k2 ð2Þ
where; YGWP is the net GWP100 (g CO2-eq. per functional
unit), k1 is the GWP100 from all non-electricity contributions
(materials, feedstock, manufacturing, etc.), X is the electricity
carbon intensity (g CO2-eq. per kWh), Z is the electricity con-
sumption per functional unit (kWh per FU), and k2 is the CO2

captured per functional unit expressed as g CO2-eq. credit.
At break-even, YGWP = 0;

X ¼ k1 � k2
Z

ð3Þ

The X value was varied parametrically over a range of
0–1000 g CO2-eq. per kWh in order to evaluate the dependence
of the net GWP100 on the emission factor of the electricity
supply. This range does not represent specific electricity mixes
but was selected to span the full spectrum from fully renew-
able to highly carbon-intensive electricity systems, thereby
enabling identification of the threshold at which the process
shifts from net CO2 reduction to net CO2 emission. The ana-
lysis considered the best-case scenario for each capture

Fig. 3 Material balance of the CO2 capture scenarios per functional
unit.

Table 2 Environmental impact allocation to co-products based on
economic value

Products

Amount
produced, g
per FU

Economic
value, EURO
per kg

Value,
EURO per
FU Proportion

H2 0.06 6.60 0.00059 0.234
Cl2 2.20 0.35 0.00077 0.440
NaOH 2.27 0.25 0.00057 0.326
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approach and then benchmarked them against scenario 5.
This ensures a comprehensive comparison and provides criti-
cal insight to guide future implementation.

Life cycle cost. A preliminary LCC analysis was conducted to
assess the economic viability of the various carbon capture
scenarios. The cost analysis comparison was based on the
optimal operating conditions of the two capture processes,
normalized on a common scale, EUR (€) per g CO2 captured.
Consistent with the LCA’s system boundary, the LCC analysis
was based on a cradle-to-gate perspective. The analysis con-
sidered the capital cost of the setup components, raw material
inputs, energy cost, labour cost, and environmental prices of
emissions. Market-average unit prices (€ per unit) for
materials, energy cost, and labour cost were sourced from
current literature and supplier catalogues. The costs of
materials were amortized over their expected lifespan. The
environmental prices of emissions were calculated with the
SimaPro software using the Environmental Prices (H)
V1.00 methodology, developed by CE Delft, and characterized
by considering ReCiPe Midpoint 2016 (H) for the environ-
mental burdens.22

Due to the smaller values obtained, the prices were normal-
ized to 1 kg of CO2 captured, to ensure easy readability and
understanding. The system boundary also accounted for a
potential revenue stream from the commercialization of H2,
Cl2, and Na2CO3, which were modelled as negative costs to
reflect their economic offset. The revenue is regarded as poten-
tial, since the study does not account for product recovery and
purification costs. A sensitivity study of the economic viability
of the best scenarios was conducted, considering the electricity
source, in major wine-producing countries, consistent with the
LCA modelling.

Results
Evaluation of electrolysis performance

In optimizing the electrolysis operating conditions, the effects
of the anodic electrode type, cell configuration, and applied
voltage were considered. In a chlor-alkali system, the hydrogen
evolution reaction (HER) at the cathodic compartment results
in the reduction of H+ to H2 and the generation of OH− ions,
while the chlorine evolution reaction (CER) at the anodic com-
partment leads to the oxidation of chloride ions to chlorine
gas.23 The rates of these two reactions are influenced by the
current density, which is directly related to the applied voltage
and the cell resistance, as well as the electrodes’ perform-
ance.23,24 The influence of these factors on the production of
H2, Cl2, and NaOH was evaluated, and the obtained results are
presented in Fig. 4.

Fig. 4A and B present the hydrogen and chlorine volumes
obtained under the different experimental conditions. At 6.5 V,
both gas volumes were markedly higher than at 5.5 V, reflect-
ing the increase in current density and reaction rate with
higher applied voltage. For example, in cell C, the current den-
sities at 6.5 V and 5.5 V were 0.203 A cm−2 and 0.148 A cm−2,

respectively. Across all tested conditions, the faradaic
efficiency for hydrogen production remained consistently high
(98–100%), confirming that no side reactions occurred at the
cathode. In comparison, cell B generates larger volumes of
gases than cell A, despite both employing the same cathode
and anode materials. This highlights the influence of the elec-
trode gap distance, which is the only difference between the
two cells.

Cell A with a larger gap distance experiences higher current
resistance than cell B. Hence, at the same voltage, cell B
recorded a higher current density than cell A. Comparing cells
B and C, they demonstrate similar performance in both hydro-
gen and chlorine production. The two cells have the same
design configuration and electrode gap distance, so with the
same cathode material, the similarity in hydrogen production
was expected. However, cells B and C have different anodic
electrodes; the similarity in chlorine production means the
two electrodes exhibit comparable performance under the
tested conditions. For all tested conditions, the volume of
chlorine gas measured was much lower than that of hydrogen
gas, although the stoichiometric coefficient of the overall reac-
tion is a 1 : 1 ratio. This difference could be attributed to the
difference in their solubility in water. Chlorine is more soluble
in water than hydrogen; hence, some of the chlorine is hydro-
lysed to form hypochlorous acid (HClO) or hypochlorite ions
(ClO−), thereby reducing the volume of chlorine released.25,26

The chlorine hydrolysis was confirmed by measuring the ClO−

concentrations in both compartments, of which a significant
ClO− concentration was detected at the anodic compartment,
while a negligible amount was detected in the cathodic com-
partment (Fig. S1 in SI). The negligible ClO− concentration in
the cathodic side also implies that there was no crossover of
the chlorine to the cathodic side, indicating the excellent per-
formance of the Nafion® PEM in separating the chlorine and
hydrogen, while permitting Na+ crossover, which is consistent

Fig. 4 (A) NaOH production for different scenarios, (B) volume of Cl2
produced, (C) NaOH concentration through time, (D) specific power
(kWh per kg NaOH).
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with a previous study of our group.17 As shown in Fig. S2, the
pH of the anolyte was observed to decrease with time, indicat-
ing an acidic media, which also confirm the hydrolysis of
chlorine, while the pH of the catholyte increases due to the
production of hydroxide ions.

In the cathodic compartment, a linear production rate of
sodium hydroxide was observed for all tested conditions, as
shown in Fig. 4C. As can be clearly observed, the 6.5 V
recorded a higher production rate than the 5.5 V. This
observed trend was expected, as faster HER kinetics were
observed with the 6.5 V, which means faster hydroxide ion pro-
duction. For the same applied voltage, cell B outperformed cell
A but recorded a similar performance with cell C. Since all the
cell types used the same cathode material, the efficiency of
sodium hydroxide production is therefore governed by the far-
adaic efficiency of hydrogen production, membrane transport
properties, and operating conditions.

In addition, Fig. 4D shows an overview of the specific power
requirement for NaOH production for the studied electrolysis
conditions. Although operation at 6.5 V exhibited faster HER
and CER kinetics, leading to higher hydrogen and chlorine
volumes as well as increased sodium hydroxide concentration,
this condition proved to be significantly more energy-inten-
sive. Comparatively, an applied voltage of 6.5 V required more
energy per unit of sodium hydroxide produced, approximately
4.36 kWh kg−1 NaOH, than 5.5 V, which consumed 3.10 kWh
kg−1 NaOH in cells B and C, respectively. This increase is com-
monly attributed to higher overpotentials, enhanced bubble
formation, and greater heat losses associated with elevated
operating voltages.27 Due to the additional resistance in cell A,
it exhibited comparatively higher specific power requirements
at both 5.5 V and 6.5 V than the corresponding values for cells
B and C. This indicates that operating at 5.5 V is more energy-
efficient for the EDEN® technology. Nevertheless, even under
the most favourable conditions, the specific energy demand
remains above the values reported for industrial chlor-alkali
membrane processes (2.10–2.15 kWh kg−1 NaOH).29 It is
important to note that industrial systems typically employ
highly concentrated brine solutions (∼5 M), whereas the
process investigated here relies on low-concentration brine,
which can be sourced from industrial waste streams, such as
electrodialysis,30 or from groundwater. At such low concen-
trations, reduced ionic conductivity, mass transfer limitations,
and limited Na+ availability constrain sodium hydroxide pro-
duction, thereby increasing the specific power requirements.28

Evaluation of the CO2 capture performance

The CO2 capture can be tailored towards the formation of
sodium carbonate or sodium bicarbonate. Fig. 5A and B depict
the time-dependent formation of sodium carbonate and
sodium bicarbonate during 105 minutes of CO2 absorption
using the column absorption approach, emphasizing the influ-
ence of NaOH concentration on the carbonate species formed.
As shown in Fig. 5A, when a low NaOH concentration (0.05 M)
was employed, two distinct product formation stages were
observed: sodium carbonate (Na2CO2) dominated up to

approximately 40 minutes, after which the reaction shifted
toward the formation of sodium bicarbonate (NaHCO3). In
Fig. 5B, when a higher NaOH concentration (0.15 M) was
employed, sodium carbonate (Na2CO2) formation dominated
throughout the 105 minutes of CO2 absorption, with no
sodium bicarbonate (NaHCO3) detected. Under these con-
ditions, either the CO2 flow rate or the absorption duration
becomes the limiting factor. By contrast, in the electro-absorp-
tion approach, Na2CO2 was the sole product observed across
all experimental conditions, as shown in Fig. S3. This indicates
that within the applied voltage studied, the NaOH production
rate was higher than the NaOH consumption rate, resulting in
excess OH− ions. In a similar study by Mahmoudian et al.,29

Fig. 5 Carbon capture evolution (A) column absorption with 0.05 M
NaOH, (B) column absorption with 0.15 M NaOH, (C) CO2 capture
efficiency (pure) for column absorption and for electro-absorption, (D)
CO2 capture efficiency (from wine fermentation) for column absorption
and for electro-absorption.
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where a relatively higher CO2 flow rate was used for the electro-
absorption process, the OH− ions were the limiting factor, and
the study reported the formation of NaHCO3 without Na2CO3.

This work aimed to evaluate CO2 capture using the electro-
chemical EDEN® technology through two different
approaches: (i) a conventional absorption column and (ii) the
electrochemical cell itself acting as an absorber (electro-
absorption). Both approaches were tested with CO2 supplied
from a pressure canister (pure CO2) as well as from a fermen-
ter, in order to assess the applicability of the proposed techno-
logy in a real industrial scenario such as the winery sector.
Fig. 5C illustrates the influence of CO2 flow rate on capture
efficiency for both column absorption and electro-absorption
using pure CO2. Capture efficiency decreased as the CO2 flow
rate increased, with optimal values observed at 8 Nml min−1

for the column and 10 Nml min−1 for electro-absorption. This
inverse relationship arises from reduced gas–liquid interaction
time at higher flow rates.33 Owing to the relatively small
dimensions of the electrolyzer and column, faster CO2 feed
rates limit residence time, thereby constraining mass transfer
and chemical interaction between CO2 and NaOH molecules,
which lowers capture efficiency. Conversely, lower flow rates
enable prolonged interaction, resulting in improved absorp-
tion performance. For column absorption, however, variations
in NaOH flow rate showed no statistically significant effect on
capture efficiency under the studied conditions, shown in
Fig. S4A. As presented in Fig. S4B, the capture efficiency
increases with increasing the starting concentration of NaOH
solution. Within the tested CO2 flow rate and experimental
duration, the capture efficiency remains constant for NaOH
concentrations of 0.1 M and above. This could be attributed to
a sufficient amount of the OH− ions within the tested range.

When the optimized operating conditions for both column
absorption and electro-absorption were applied to capture CO2

emitted directly from wine fermentation, the results demon-
strated the technology’s potential to function effectively under
real-world conditions. As shown in Fig. 5D, both approaches
maintained consistent daily capture efficiencies throughout
the fermentation period. The column absorption system
achieved slightly higher efficiency than electro-absorption,
consistent with the trends observed using pure CO2. Moreover,
for each approach, the capture efficiency with fermentation-
derived CO2 did not differ significantly from that obtained
with pure CO2, with deviations below 2%.

The daily progress of the wine fermentation and the corres-
ponding analysis of the produced wine are provided in Fig. S5
and Table S3, respectively.

Global warming potential in CO2 capture scenarios

The global warming potential (GWP) and the components’
contributions to the GWP for the different scenarios studies
over periods of 20 and 100 years are represented in Fig. 6A and
B, respectively. The carbon balance is based on the CO2-eq. of
all GHGs emitted relative to the amount of CO2 captured. As
can be observed in Fig. 6A, under the studied conditions and
assumptions, all the studied scenarios recorded carbon

savings except for scenario 5, conventional column absorption
using commercial NaOH. The net carbon footprint of scenario
5 is positive, indicating this capture scenario will result in an
increase in the winery’s carbon footprint instead of its
reduction. The main contributor to the GWP of this scenario is
the feedstock (commercial NaOH), which can be explained by
the dependence on fossil-based grid mixes for most commer-
cial NaOH production.30,31 The electrochemically produced
NaOH for scenarios 1 to 4 relies on renewable energy; as a
result, the four scenarios recorded a negative carbon footprint
for both long-term and short-term periods, demonstrating
their ability to reduce the carbon footprint of the winery.
Among these four scenarios, a performance comparison can
be made between the electrolyzer cell types and the two
capture approaches studied.

In terms of the cell types, cell C recorded a relatively lower
impact than cell B in both electro and column absorption,
with the difference driven mainly by the environmental impact
of their anode material. For instance, in the electro-absorption,
the anode in cell B (Sc. 1) accounts for over 60% of the total
impact, while that of cell B (Sc. 2) accounts for <20% of the
total impact. This observation highlights the importance of
material optimization in the design of the electrochemical

Fig. 6 (A) Carbon footprint (GWP100 and GWP20) of the different
scenarios evaluated, (B) contribution of materials + energy to GWP100
for the different scenarios.
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system. Given that both cells exhibited similar performance in
the electrolysis process, the anode used in cell C can be con-
sidered more environmentally friendly than cell B. However, it
is important to mention that the durability (lifespan) of the
two anodes was considered the same within the context of a
laboratory-scale process, an assumption that may not hold for
industrial operation. This is because cell B anode is made with
a titanium plate, while cell C anode is made with titanium felt,
and the former is known to be more durable in industrial pro-
cesses than the latter.32

Between the two capture approaches, with the same type of
cell, the electro-absorption recorded the lower carbon foot-
print, which can be attributed to its simplified design and
hence involved a lesser number of material components com-
pared to the column absorption approach. However, since the
CO2 capture efficiency of the electro-absorption is not 100%,
the column absorption approach presents the chance to
produce a higher pure H2 than the former. As a result, if the
system boundary is expanded to include the purification of the
co-products and their avoided emissions, the carbon footprint
difference between these approaches will be reduced signifi-
cantly. Another factor with a significant contribution to the
GWP of the studied scenarios is the energy requirement of the
capture processes. The contribution to the GWP is more pro-
minent in scenarios 2 and 4, contributing about 30% of the
total impact. Generally, electricity usage is responsible for a
greater share of the carbon footprint of electrochemical
systems, because of the heavy share of fossil fuels in many
regional electricity mixes.33–35 The relatively lower fraction
recorded under these scenarios is primarily due to the
system’s reliance on 100% renewable energy, off-grid solar
energy, and is hence susceptible to change with a change in
energy source.

The GWP for the long-term (100 years) recorded slightly
lower impact than the short-term (20 years), but the ranking of
the scenarios did not change. This decrease in impact is
because, within a short period, greater emphasis is placed on
short-lived but highly potent greenhouse gases such as
methane and nitrous oxide. Thus, the 20-year GWP metric cap-
tures immediate climate forcing and near-term warming
impact, while the 100-year GWP spreads the impact over a
longer period, contributing to short-lived gases appearing less
significant.36,37 Overall, scenarios 1 to 4 recorded a net nega-
tive GWP for both short and long term, irrespective of the type
of cell or the capture approach employed. Comparatively, scen-
arios 1, 2, 3, and 4 recorded net GWP of −0.804, −0.882,
−0.717, and −0.794 g CO2-eq. per g CO2 captured, respectively,
indicating that scenario 2 can be considered the most environ-
mentally suitable implementation route under the studied
system boundary and assumptions.

While the formation of Na2CO3 was considered a stable
carbon storage pathway within the defined system boundaries,
its long-term permanence depends on its subsequent use.
Sodium carbonate is a key intermediate in soda–lime glass
production, widely used in wine bottle manufacturing,38

which could enable integration within the wine value chain

and support circular economy strategies through reuse and re-
cycling of packaging materials. Alternatively, Na2CO3 may be
applied to agricultural soils, where inorganic carbon can
remain stored over long periods under suitable conditions.39

However, the stability of carbonate-based storage depends on
the end-use pathway, as some industrial processes, such as
glass production, may involve thermal decomposition that
releases CO2.

40 Therefore, future studies should evaluate the
full life cycle of carbonate utilization to better quantify its
long-term carbon permanence.

The results herein can be compared with other LCA studies
of decarbonization processes with a functional unit of CO2

captured and a cradle-to-gate system boundary. In this context,
Medina-Martos et al.41 studied the environmental footprint of
using NaOH as an absorbent for CO2 capture to produce car-
bonates, within a cradle-to-gate system boundary. The study
employed a scenario-based assessment and reported a carbon
footprint of −0.32 and 0.54 kg CO2-eq. per kg CO2 captured for
renewable energy-based NaOH and commercial NaOH, respect-
ively. Outside the field of NaOH-based carbon capture,
Leonzio et al.42 conducted an LCA on direct air capture using
sorbents within a cradle-to-gate system boundary. They
reported an overall emissions of −116 kg CO2-eq. per ton CO2

captured (equivalent to −0.116 g CO2-eq. per g CO2 captured)
for a cellulose-based amine sorbent capture system. Similarly,
Deutz et al.43 evaluated the carbon reduction potential of a
direct air capture system based on temperature-vacuum swing
adsorption employing a cradle-to-gate system boundary and
reported a net emission of −0.854 kg CO2-eq. per kg CO2 cap-
tured. Consistent with the findings presented herein, all these
studies reported that the capture systems performed better
with renewable energy sources. The results herein can there-
fore be said to be in the range of values reported in literature,
and indicate a great potential of the EDEN® technology in
carbon footprint reduction. However, it is important to state
that these comparisons were not made in a definitive bench-
mark context because of variations in data sources, assump-
tions, and software/database versions, which typically have a
significant influence on LCA results. The comparison only
seeks to contextualize the technology’s environmental per-
formance relative to existing technologies.

Water footprint in CO2 capture scenarios

Given that many wine-producing regions face seasonal water
scarcity, it is necessary to quantify the water footprint of auxili-
ary technologies to be integrated into the winery to ensure
their long-term sustainability and resilience. On this basis, the
AWARE methodology was used to quantify the total water use
of the different carbon capture scenarios, and the results are
presented in Fig. 7. Consistent with many decarbonization
technologies, all the studied scenarios recorded a net-positive
water footprint, an observation that is due to the primary
purpose of decarbonization technologies, designed to reduce
CO2 emissions and not water consumption.44,45 These results
suggest that the integration of the CO2 capture unit into the
industry will increase the industry’s water footprint. Among
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the capture scenarios, scenario 2 recorded the lowest water use
of 32.0 mL g−1 CO2 captured, while scenario 5 recorded the
highest water footprint, driven mainly by upstream processes.
The higher water use for scenario 5 can be explained by the
fact that commercial NaOH production demands fresh water
for brine preparation, cooling, and shares a fraction of the
water footprint of the grid mix.46,47 Additionally, the prepa-
ration of the NaOH solvent for the column absorption requires
a significant volume of freshwater, which contributes to the
overall relatively higher water footprint.

The lower water footprint recorded for scenarios #1–4 is
mainly due to the circular economy principle employed, by
turning industrial waste brine into a feedstock for CO2

capture. This strategy reduces the technology’s demand for
freshwater, thereby providing environmental credit.

Toxicity impact in CO2 capture scenarios

For different scenarios, human health toxicity in cancer and
non-cancer cases was calculated using the UseTox
Methodology, which also includes the freshwater ecotoxicity
factor, represented in Fig. 8.

From the studied scenarios, Sc. 5 reaches the highest tox-
icity for human health, above 6E-7 Cases of cancer/non-cancer
per g of CO2 captured, exhibiting the importance of the
materials and feedstock mainly due to the direct use of com-
mercial NaOH. On the other hand, the EDEN® technology
scenarios recorded less impact than the commercial options.
Cancer cases are less than the non-cancer cases for EDEN®
scenarios.

The lowest impact on human health corresponds to Sc. 2
(cell C), which uses the in-house synthesized anode. This is
mainly because it is approximately 6 times lighter than the
commercial option in cell B, used for Sc. 1 and Sc. 3, although
both use similar materials, such as titanium, ruthenium, and
platinum.

Regarding freshwater ecotoxicity, a similar trend is
observed, with Sc. 5 having a greater impact than the EDEN®
technologies. Using cell C yields the lowest ecotoxicity values,
approximately 7400 PAF m3 day per g CO2 captured, regardless
of the method used for carbon absorption, although electro-
absorption is slightly less toxic than column absorption.

Column absorption with cell B exhibits the highest impact on
freshwater ecotoxicity among the EDEN® alternatives.

Sensitivity analysis

Given that the electricity consumption has a significant influ-
ence on the GWP of the carbon capture scenarios, their overall
environmental performance depends on the energy source/
type. The sensitivity analysis provides insight into how regional
and technological variations in electricity production influence
the carbon footprint of the studied CO2 capture scenarios.
Fig. 9 presents the influence of different electricity sources on
the GWP100 impact of the two capture approaches using the
best-performing scenarios (shown in Fig. 6), 2 and 4, bench-
marked against scenario 5. The analysis is conducted across
the electricity mix of the leading wine-producing countries
and various renewable energy types in Spain.

The results shown in Fig. 9 indicate that the GWPs of the
carbon capture scenarios are highly sensitive to energy
sources, recording significant variability across national elec-
tricity mixes and renewable energy types. The variability in
GWP observed is directly related to the carbon intensity of the
different electricity sources.48

For the five national electricity mixes, the GWP is at least
43% higher compared to the base energy (off-grid photovol-
taic). The variability is less when comparing the GWP of the
different renewable energy sources to the GWP of the base
energy, with grid-based photovoltaic and wind energy record-
ing at least 1.3% higher, while nuclear energy recorded 3%
lower than the base energy. Among the capture scenarios,
scenario 2 maintained the lowest GWP across all the energy
sources/types, followed by scenario 4. The two scenarios
recorded a net negative GWP across the renewable energy

Fig. 7 Water footprint of the different CO2 capture scenarios.

Fig. 8 (A) Human toxicity in cancer and non-cancer cases for the
different scenarios, (B) freshwater ecotoxicity for different scenarios.
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types. However, across the national electricity mix, all scen-
arios recorded net positive GWP, except for France’s electricity
mix, where both scenarios 2 and 4 recorded net negative GWP.
This clearly indicates that the carbon capture scenarios per-
formed better under renewable energy than the national elec-
tricity mix. Across energy sources, the electricity component is
the major contributor to the GWP of scenarios 2 and 4, except
for wind, nuclear, and off-grid photovoltaic energy, where
manufacturing is the major contributor.

Given the significant contribution of electricity usage to the
net carbon footprint, a break-even analysis was performed by
expressing net GWP100 as a function of electricity carbon
intensity, while the combined influence of all other factors
was modelled as a constant. The results, as shown in Fig. 9B,
further confirm the strong influence that the type/source of
electricity has on the environmental performance of the
system. A clear break-even point can be observed for scenarios
2 and 4, below which the process yields a net reduction in CO2

emissions and above which the environmental benefits are
lost. These threshold values indicate that scenario 2 maintains
a net-negative climate impact as long as the electricity carbon
intensity remains below approximately 300 g CO2-eq. per kWh,
which corresponds to moderately decarbonized electricity
grids, such as those represented by current European electri-
city mixes (e.g., France and Spain, according to the Ecoinvent
database). In contrast, scenario 4 is environmentally favour-
able only when the electricity’s carbon intensity is below
approximately 150 g CO2-eq. per kWh, which requires low-

carbon electricity sources, such as those dominated by renew-
able or nuclear energy. Scenario 5 does not achieve a net emis-
sions reduction within the analyzed range, mainly because its
major carbon emissions contribution comes from the feed-
stock. These results highlight that the carbon reduction poten-
tial of the EDEN® systems strongly depends on the use of low-
carbon electricity sources.

Trade-off between carbon capture efficiency and GWP for the
capture approaches

In determining the most sustainable operation conditions of
the capture scenarios, a trade-off between CO2 capture
efficiency and global warming potential was observed. As illus-
trated in Fig. 10A, the grams of CO2-eq. emissions per gram of
CO2 captured decrease with increasing CO2 inflow rate, while
the CO2 capture efficiency also decreases over the same range.
This phenomenon presents enhanced environmental sustain-
ability of the system at the expense of lower capture efficiency
or vice versa. For the two scenarios, the trade-off manifested
strongly in scenario 2, in terms of magnitude and sensitivity.
This phenomenon is because, in the electro-absorption
approach, a more favourable ratio of CO2 captured to energy
input is attained at higher flow rates, which in effect reduces
the life cycle emissions per unit CO2 captured. The same
phenomenon applies to the column absorption approach;
however, over 90% of its energy consumption is attributable to
electrolysis for NaOH production, which is independent of the
CO2 inflow rate. As a result, energy savings with increasing
flow rate are insufficient to cause a significant change in
GWP100, making the column’s overall GWP100 less sensitive
to flow rate. In contrast, its CO2 capture efficiency is sensitive
to the CO2 flow rate.

In terms of the trade-off between carbon footprint and
capture cost, a linear relationship was observed, as shown in

Fig. 9 Sensitivity of net GWP100 to electricity source and carbon inten-
sity: (A) results for different electricity mixes and renewable energy
scenarios, (B) break-even analysis as a function of electricity carbon
intensity.

Fig. 10 Trade-off between (A) the capture efficiency and GWP100, and
(B) the capture cost and GWP100 for the best scenarios.
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Fig. 10B. This observed trend indicates that both environ-
mental and economic impacts are primarily governed by the
amount of CO2 captured at different flow rates. Since the main
operational and infrastructure burdens remain constant,
increasing the CO2 flow rate results in a faster capture rate,
which reduces both the environmental impact and the cost per
unit of captured CO2. Therefore, no strong trade-off between
environmental and economic performance was observed
within the studied range of operating conditions. However, the
combined trade-off among carbon footprint, capture cost, and
capture efficiency suggests that the flow rate is an important
factor to consider for future optimization or implementation
by finding a balance between minimizing life cycle emissions,
capture cost, and maintaining sufficiently high capture
efficiency. Revisiting the previous assertion, the optimal flow
rate for the column absorption approach is truly 8 Nml min−1;
at this flow rate, the system achieved an 81% capture efficiency
at relatively reduced GWP100. However, the 10 ml min−1 pro-
posed earlier as the optimal flow rate for the electro-absorption
is a bit flexible; depending on whether priority is given to
lower GWP100 or higher capture efficiency, the best condition
could be either 10 or 15 Nml min−1.

Life cycle costing analysis

As established earlier, the technology sustainability perform-
ance is highly sensitive to changes in the type and source of
energy, with better performance with renewable energy. The
economic viability of scenarios 2 and 4 was assessed across
different countries and benchmarked with scenario 5, and the
results are presented in Fig. 11. Across the energy sources
studied, the national electricity mixes recorded higher capture
cost, with the variability mainly driven by the emissions cost.
For Italy, Spain, and France, which have relatively higher
shares of renewable energy, the major cost component is the
energy cost for scenarios 2 and 4. The emission cost is the
major cost component for scenario 5, across all the energy
sources, due to the higher emissions that are often associated
with commercial NaOH production. Aside from the emission
cost, a slight variation in energy and labour costs was also

observed across the different countries. Chile recorded the
lowest energy and labour cost; however, its carbon-intensive
electricity nature resulted in higher emissions cost and overall
higher capture cost. However, these findings suggest that, if
the capture processes are operated with renewable energy in
Chile, the net capture cost will be significantly lower than in
the other countries under study.

Across all energy sources, the scenarios recorded relatively
lower capture costs under renewable energy, with scenario 2
exhibiting the lowest capture cost for all cost components.
Comparing scenarios 2 and 4, the difference in material cost is
basically due to the cost of procuring an additional unit, the
absorption column in scenario 4. In terms of energy cost, the
difference can be explained by the longer operation time of Sc.
4, due to the separate electrolysis and column absorption,
resulting in extra costs in labour and energy: Sc. 2 operates for
1.08 hours while Sc. 4 operates for 2.3 hours. Overall, the varia-
bility in emissions, energy costs, and labour costs across the
different regions studied resulted in variations in the net
capture costs of capture scenarios.

The lowest capture cost, 0.84 € per kg CO2 captured,
recorded for scenario 2 under the base energy source, is rela-
tively higher compared to the capture cost of the amine-based
capture process and the EU average carbon price, at 0.055 and
0.072 € per kg CO2, respectively.41,49 However, it is worth
noting that the studied processes (Sc. 2 and 4) are at a lower
technology readiness level (TRL4). As an emerging solution,
the processes are still undergoing optimization and scale-up
demonstration, which typically exhibit higher unit costs due to
limited economies of scale, experimental component configur-
ations, and less mature supply chains. Generally, low-TRL
technologies record high costs during early development
phases and achieve cost reduction through optimization,
process integration, and industrial scaling.50–52

It is worth noting that while the expansion of the system
boundary to include the commercialization of the co-products
(H2, Cl2, and Na2CO3) provided potential income, this income
could be limited by factors like market volatility and logistical
constraints. Under the assumed average market prices, scen-
arios 2 and 4 yield €1.06, while scenario 5 yielded €0.96 per kg
of CO2, offsetting the capture cost, resulting in a significantly
lower net cost, of which scenario 2 recorded a net negative
capture cost under the base energy source. However, the vola-
tility of the market price of these products could present a sig-
nificant uncertainty in the balance. Additionally, the realiz-
ation of these values in distributed, small-scale applications
may be subject to practical constraints. Hydrogen valorization
may depend on the availability of local storage, compression,
or utilization infrastructure, particularly in decentralized
systems such as wineries. Similarly, chlorine commercializa-
tion at small production scales may face logistical and regulat-
ory challenges related to storage, transportation, and safety
requirements. Consequently, the assumed co-product revenues
should be interpreted as theoretical maximum values, and the
economic feasibility of implementation may depend on site-
specific infrastructure and regulatory conditions.

Fig. 11 Sensitivity analysis of the CO2 capture cost to regional energy
source and cost, material cost, and labour costs for selected scenarios.
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Conclusions

This study comprehensively evaluates the integration of an
electrochemical-based CO2 capture unit into a winery and
assesses the environmental performance through scenario-
based LCA modeling. The study demonstrated that the EDEN
technology, which is based on the chlor-alkali electrochemical
process, can capture CO2 emissions from industrial processes
in a sustainable and cost-effective way, offering a promising
technique for climate change mitigation. The experimental
results also highlighted the designed system’s (EDEN® techno-
logy) multifunctionality, converting low-concentration waste
brine into hydrogen and chlorine while simultaneously fixing
CO2 in the form of sodium carbonate or sodium bicarbonate.

Regarding the CO2 capture potential, the technology
recorded high capture efficiency within the studied conditions.
Additionally, the efficiency of the technology in capturing CO2

directly from wine fermentation was comparable to its
efficiency in absorbing pure CO2, which highlights the applica-
bility of the technology in real-world carbon capture processes.

The environmental assessment and economic analysis
modelled four scenarios of the EDEN® technology and bench-
marked them against a fifth scenario (column absorption with
commercial NaOH). A net carbon saving at low or even nega-
tive capture costs was demonstrated for the EDEN-based scen-
arios under the study’s assumptions. Scenario 2 demonstrated
to be the most suitable implementation route, recording the
lowest impacts across all categories. The carbon reduction
potential of the technology was found to depend on its inte-
gration with renewable energy and the possibility of efficiently
recovering and commercializing the produced hydrogen, chlor-
ine, and sodium carbonate. The capture cost was highly influ-
enced by the emission cost, which is directly related to the
carbon intensity of the electricity source. The commercializa-
tion of the products (H2, Cl2, and Na2CO3) presents an oppor-
tunity to reduce the capture cost to net zero or negative
capture cost.

These results provide valuable insights into the sustainabil-
ity performance of the proposed electrochemical CO2 capture
system and its potential for industrial decarbonization. Future
work should therefore move beyond laboratory-scale proof-of-
concept toward targeted optimization and validation: reduce
specific energy consumption through cell and process design
improvements, and screen/develop more durable, lower-impact
electrode and catalyst materials to minimize lifecycle burdens.

The findings of this work underline the significant climate
mitigation potential of integrating electrochemical CO2

capture within industrial processes such as winemaking. By
combining CO2 capture with the co-production of valuable
chemicals and hydrogen, EDEN® demonstrates a pathway
toward environmentally and economically viable decarboniza-
tion. Furthermore, the technology’s capacity to efficiently
capture both pure and fermentation-derived CO2 suggests that
its application could extend beyond the wine sector to other
industries facing similar biogenic or process-related emis-
sions. This positions EDEN® as a scalable and versatile solu-

tion in the broader transition toward low-carbon industrial
systems.
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