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Safeguarding drinking water in north-western
europe by modelling the fate of amines
from CO, capture

Francois Clayer, (2 ** Cathrine Brecke Gundersen,® Magnus Norling,?
Luca Pozzoli,“ Ashenafi Seifu Gragne® and Tore Flatlandsmo Berglen®

The European Union (EU) net-zero emission target for 2050 requires large-scale deployment of carbon
capture and storage (CCS). Amine-based CO, capture (CC) is the most mature CC technology but may
lead to the spread of nitrosamines (NSAs) and nitramines (NAs) in the nearby surroundings. These are
carcinogenic compounds that can persist in water resources. Hence, EU's ambition towards carbon
neutrality might pose risk of drinking water contamination as well as ecosystem and agricultural crops
pollution. We compiled a dataset of planned CCS projects in the Franco-Danish corridor, Europe’s future
CCS hub, where most capacity will be located by 2030, with at least 40% based on amine technology.
Spatial analysis indicates that up to 10.2 million inhabitants, large Natura 2000 reserves, and extensive
crop areas may be impacted by NA and NSA deposition, often in regions already under severe water
stress. Biogeochemical modelling shows that surface waters with short residence times are highly
sensitive to deposition rates, whereas groundwater concentrations depend strongly on the interplay
between NA and NSA half-lives and travel times, creating greater uncertainty in aquifers, especially small
systems with limited dilution. In both cases, MEA is the most environmentally friendly when emission
abatement measures are limited to water wash, compared to piperazine and other emerging solvents.
Main findings highlight the need for regional-scale modelling and harmonized regulation to safeguard
drinking water, ecosystems, and food security as CCS deployment expands.

Carbon capture and storage (CCS) is essential for meeting the EU net-zero climate target by 2050, yet its large-scale deployment raises new environmental

challenges. Amine-based capture, the most mature technology, can lead to the dispersion of nitrosamines and nitramines—carcinogenic compounds that may

contaminate drinking water, ecosystems, and crops. The problem addressed is how to quantify the spatial extent and cumulative burden of these emissions in

regions where multiple CCS plants will operate. By integrating atmospheric dispersion analysis with biogeochemical modelling of rivers and aquifers, this

benchmark study highlights that millions of people and large protected areas in North-Western Europe may be impacted or repeatedly exposed to overlapping
emissions. The novelty lies in a new framework combining industrial process data on plant capacity with environmental modelling, providing tools to better

quantify pollutant dispersion and fate. This represents a first step toward stronger integration between engineering, atmospheric and environmental science.
The findings highlight the need for harmonized modelling approaches, regulation, regional-scale risk assessment, and improved monitoring to ensure CCS

activities remain safe while contributing to climate neutrality. By advancing approaches to assess pollutant dispersion, this research supports both industry
and policymakers in balancing climate mitigation with water security and public health.

1. Introduction

The European Union’s (EU) ambitious goal to achieve net-zero
greenhouse gas (GHG) emissions by 2050 necessitates the

widespread implementation of carbon capture storage and
reuse (CCSU) technologies.™ Practically all IPCC emission scenar-
ios rely heavily on CO, capture (CC) technologies to limit warming
to 2 °C.% In the EU, net CO, removal should reach at least 50 Mton
per year by 2030 and 250 Mton per year by 2050.> Among CC,
amine-based CC is one of the most prevalent approaches due to its
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maturity for industrial use® and low cost, equipment demands
and relatively low environmental footprint.® It has proven success-
ful with a few retrofitted full-scale capture plants.
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A key concern with amine technology is the dispersion of
amines as well as carcinogenic nitrosamines (NSAs) and nitra-
mines (NAs) into surface and groundwater, posing a critical
human health risk.” These compounds form in the air during
degradation of volatile amines emitted by the CC plant with
the treated flue gas.>® This reaction occurs rapidly (within
minutes), generating NSAs and NAs whenever atmospheric
oxidants (such as hydroxyl radical OH®) and nitrogen oxides
(NOx) are present.'”" The fact that these substances form in
the atmosphere complicates the accurate prediction of their
formation and deposition rates, as several complex physical
and chemical processes must be considered.” In addition,
many nitrosamines undergo rapid photodegradation under UV
irradiation, whereas nitramines are far more photostable.'**?
Given their persistence and potential to reach surface and
groundwater, these byproducts may threaten critical drinking
water sources across Europe, posing significant public health
1415 1 addition, NAs and NSAs, being water-soluble
compounds,'® can enter the food chain through contaminated
irrigation and rainwater affecting water-rich crops such as
fruits and vegetables.

Norway has set recommended safety limits for the sum of
NSAs and NAs at 4 ng L' in drinking water and 0.3 ng m > in
air which are enforced locally when issuing amine emission
permits.’”'® The values represent a minimal additional life-
time risk of cancer (10° and 10>, respectively). These risk esti-
mates are based on the most potent nitrosamine, N-nitrosodi-
methylamine (NDMA). In contrast, NSAs and NAs are not
specifically listed in the European Union’s Drinking Water
Directive, allowing individual EU member states to establish
their own safety limits for these compounds. In Germany, for
example, a health-based control limit of 10 ng L™ for NDMA in
drinking water has been established by the Umweltbun-
desamt.'® In the Netherlands, this limit is set at 12 ng L™".*°
While some countries have set specific limits, most EU coun-
tries do not regulate these compounds explicitly, such as
Belgium, reflecting the absence of EU-wide standards. However,
the 4 ng L™ Norwegian limit and 10 ng L™ for NMDA are often
used as references in risk assessments.”*" Other environmental
limits can also be considered for wet ecosystems, although they
are typically higher but consider only specific compounds and
not the sum of NA and NSA.

NSAs and NAs can also originate from amines of both
natural and anthropogenic sources.”>** In megacities such as
London and Seoul, concentrations of NSAs and NAs were found
to exceed the Norwegian safety limit with up to three orders
of magnitude.>*** Daily concentrations in air (PM,s) in
Seoul were shown to span 0.06-54.72 ng m > for NSAs and
0.08-2.40 ng m > for NAs.”® Similarly, concentrations of NSAs
(15-26 ng L") above the safety limit have been found in water
draining a mixed industrial, urban and agricultural area,>” and
occasionally NSAs and NAs have been found at high levels in
drinking water and chlorinated swimming pools.>®**° These
findings underscore the limited understanding of existing
sources of NSAs and NAs in the environment. With CC emer-
ging as a potential new emission source, it is crucial to develop

concerns.
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robust tools for estimating NSA and NA pollution from amine-
based CC. Such tools are essential to distinguish CC-related
emissions from background pollution and to enable more
accurate and equitable source attribution.

Within the EU, more than half of the CC projects are
planned to be implemented along the south coast of the North
Sea, from Northern France through Belgium, Netherlands,
Northern Germany and Denmark.” This region, hereafter
referred to as the “Franco-Danish Corridor” (Fig. 1), is becom-
ing a key hub for CCS due to its high industrial emissions,
proximity to offshore CO, storage sites, and well-developed
infrastructure. The region’s industrial clusters, including those
in Rotterdam and Antwerp, contribute significantly to CO,
emissions, making CCS crucial for decarbonization. Supported
by governmental policies and investments, this region plays a
central role in Europe’s efforts to meet climate goals and
achieve net-zero emissions. However, this region also faces
water stress due to climate change impacts like droughts,
flooding, and sea-level rise and high extraction rates.*® While
these areas are not traditionally water-scarce, there are several
challenges related to water resources management for agricul-
tural, industrial, and domestic use, particularly in low-lying
regions like the Netherlands.” Coastal areas also face increased
risks of flooding, making water management a critical issue in
the region.

As Europe advances CC implementation, the widespread
deployment of amine-based technologies necessitates a com-
prehensive regional assessment to understand their cumulative
environmental and health impacts.***® Current permitting
processes predominantly address single-point emissions,**
which fail to capture the broader implications of large-scale
CC implementation. This gap highlights the need for a more
holistic approach for regulatory frameworks. Additionally,
regional assessments are crucial to evaluate the interaction of
these technologies with local ecosystems and communities,
ensuring sufficient access to natural resources and ecosystem
services such as clean air, land availability, provision of drinking
water, and energy.*

Given the potential health risks associated with NAs and
NSAs, and the analytical challenges for their detection in
environmental samples, it is crucial to develop robust models
that can predict their concentrations in water resources. Such
models can aid in assessing the impact of CC activities on water
quality and comply with amine emission permits set to protect
nearby drinking water sources against exceeding the NSA and
NA safety limit. This paper first presents a dataset on CC
implementation in Central EU, mainly within the Franco-
Danish corridor, with a focus on amine-based CC projects.
In addition, a catchment model capable of predicting the
concentrations of NAs and NSAs in surface waters and ground-
waters is used for two case studies in the region taken as
theoretical examples. The model results highlight the influence
of some key environmental parameters and processes on NAs
and NSAs concentrations. We further discuss how the model
tools can support the sustainable management of water resources
in the context of increased CC implementation.
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Fig. 1 Location map of the amine-based and other technology CC projects by 2030, water exploitation index (WEI) in river basin districts and 2019 NOx
emissions (adapted from ref. 36) across the Franco-Danish corridor. The blue star and blue dotted line indicate the groundwater and surface water case-
study, respectively. The green triangles within green squares amine-based CC projects indicate CC projects for which technology is currently unknown

but highly likely to be amine-based.

2. Material & methods

2.1. CC projects dataset

A list of CC projects publicly announced across the Franco-
Danish corridor was gathered through literature review and
targeted web searches, including artificial intelligent assisted
searches. Parameter values for the CC technology, tons CO,
captured per year (by 2030 and by 2050), tower height and flue
gas temperature for the identified CO, capture projects have
been searched online using Google, Google Scholar, and Micro-
soft Copilot. The temperature of the emitted flue gas and the
height of the absorber tower are two important parameters
for predicting the atmospheric dispersion and ground deposi-
tion of amines, nitrosamines, and nitramines.** Search words
included the project names or operator in combination with
keywords like “CO, capture technology”, “absorber height”,
“stack height”, “flue gas temperature”, “technical descrip-
tion”, etc. Exact parameter values for stack height and flue
gas temperature were only successfully retrieved for 8 projects.
For the remaining, parameter values have been estimated
based on information available for similar categories of CO,
emitters. Types of sources of information covered company
homepages, press releases, applications for emission permits,
Best Available Technology (BAT), reports, and peer-reviewed
journal articles.

The quantities of CO, planned to be captured in each project
were also validated against estimations from ref. 2. For 13 planned
CC projects, the information on CC technology was not avail-
able. For these projects, we assumed that the technology was

2924 | Energy Environ. Sci., 2026, 19, 2922-2937

amine-based only if the owner/operator is known to have other
projects with amine technology and if the nature of the plant
was compatible. Out of the 13 projects, 5 were marked as likely
based on amine technology, representing about 3% of total CC
capacity by 2030 in the dataset. In addition, 3 other projects
were kept as potential sites for amine technology representing
14% of total CC capacity by 2030.

Total CC capacity by 2050 in the EU should reach a mini-
mum of 250 Mton CO, per year.> Most existing and planned CC
projects in the EU are along the Franco-Danish corridor,
located in the study area. The conservative assumption that
50% of EU minimum target of 250 Mton CO, per year will be
captured within the study area, i.e., 125 Mton CO, per year, was
used to scale up the total CC capacity in the region. Since it was
not possible to include future new projects, existing projects
(or planned projects) were assumed to be scaled up with no
additional new projects.

2.2. Landscape characteristics

Landscape characteristics were aggregated by river basin dis-
tricts as defined by EEA.?” The Water Exploitation Index (WEI)
is a measure of pressures on renewable water quantity within a
river basin district over a season or a year due to human water
usage.*®*? WEI and data on population for each season were
gathered by river basin districts from the EEA Rest ArcGIS
services.”® When WEI > 20%, water resources are considered
stressed; WEI > 40% indicate severe stress and unsustain-
able use of freshwater resources.*® Monthly NOx emissions at a

This journal is © The Royal Society of Chemistry 2026
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resolution of 0.2° x 0.2° were used and aggregated over each
river basin district from satellite based NO, observations over
Europe.*! We used NOx emissions estimated by Van der A et al.
(2024) using the Daily Emissions Constrained by Satellite
Observations (DECSO) inversion algorithm applied to NO,
observations over Europe from the TROPOMI instrument*” on
board the Sentinel-5 Precursor (S5P) satellite. The extent area of
Natura 2000 protected sites was retrieved from EEA Rest API
services.’’ The gridded dataset on irrigated crop areas in
Europe*® was also used to estimate the total surface area of
fruit and vegetable crops in the study region.

To estimate the population and land area potentially
impacted by CC activities in the region of interest, an area of
influence was calculated for each CC project based on the
intensity of CC and dominant wind directions. Raster popula-
tion density data was taken from.** Wind direction data was
downloaded for each site from ERA5 data from the Copernicus
Climate Data Store over 2000-2020"° and the frequency of
downwind direction for each cardinal and intercardinal direc-
tion was calculated. The main downwind direction represented
at least 20% advocating for setting distinct distance of influ-
ence for each direction. Based on deposition rates used in
previous studies,”*® the deposition of NA and NSA is highest
within a 20-km radius of a small CC plant (< 0.5 Mton CO, per
year). For small plants, 20 km was thus taken as the maximum
distance of influence for the dominant downwind direction.
Under the least frequent downwind direction, the distance of
influence was set to 7 km, and for the other downwind directions,
the distance of influence was scaled linearly to wind frequency
between 7 and 20 km. To account for the impact of different plant
sizes, the distances of influence were multiplied by 2 and 3 for
intermediate (0.5 Mton CO, per year — 1 Mton CO, per year) and
large (>1 Mton CO, per year) CC plants, respectively. The
resulting area of influence for a given CC plant was a combination
of 8 octants for each wind direction with radiuses between 7 and
20 km, 14 and 40 km or 21 and 60 km for small, intermediate and
large CC plants, respectively. Even though flue gas temperature
and stack height can influence atmospheric dispersion,””*° the
current approach consider that the area of influence depends only
on plant capacity because of the lack of consistent data.

When reporting population and areas that are affected by CC
activities, a distinction is made whether the population and
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areas are affected by one or several CC plants. Impacted popula-
tion and area refer to the distinct population or area within the
influence of at least one CC plant. Each unit is counted once,
regardless of whether it is affected by multiple CC plants. This
metric therefore represents the unique footprint of CC activities
on surrounding populations and areas. In contrast, potential
exposure refers to the cumulative exposure count (ie., it
accounts for the load), in which entities are counted multiple
times if they fall within the influence zones of more than one
CC plant. This metric captures the burden of overlapping
exposures and reflects the intensity of potential risk in regions
where multiple CC facilities operate.

2.3. NA and NSA deposition and amine solvents

To estimate NSA and NA deposition in the zone of influence of
CC plants using four different solvents, we used a simplified
scaling approach based on published amine emission data and
solvent specific NSA and NA yields.

The composition of the amine solvent for CC is often restri-
cted information since many technology providers develop their
own solvent. Here we selected three common solvents and
included one mixture: monoethanolamine (MEA; C,H,NO),
2-amino-2-methyl-1-propanol (AMP; CH;C(NH,)(CH;3)CH,OH),
piperazin,1,4-diazacyklohexan (PZ; C,H,,N;) as well as CESAR1,
a mixture of 2/3 AMP and 1/3 PZ by mass (e.g.>°). MEA is known
to have an extremely low potential to form NSAs and a low
potential for NAs. It is thus considered the most environmen-
tally friendly amine solvent used for CC. AMP and PZ are
strongly considered for amine-based CC, separately or as mix-
tures, such as the CESAR1 solvent developed at Test Centre
Mongstad (e.g.>°). Selected atmospheric parameters for MEA,
AMP and PZ are given in Table 1. PZ has a large potential to
form NSA and NA. Calibration experiments performed by Tan
et al. (2021) established the yield of NA to be 6% after 10 min
and 7% after 30 min of reaction in their experiment. The
maximum amount of NSA was found to be 9% of reacted PZ
after 10 min dropping to 1% after 30 min because of photolysis
and decreasing NO content during the experiment.

To estimate NA and NSA deposition for MEA, we adopted
emission factors from,’"> representing a standard configu-
ration with water wash and yielding average emissions of
220 mg Nm 2 for a 2.2 kt CO, per year capture plant. Emissions

Table 1 Selected atmospheric parameters related to MEA, AMP and PZ atmospheric degradation to NA and NSA

Solvent Parameter Value ([range]) Ref.

MEA Rate coefficients at 295-300 K for reaction with OH radicals ko = 7.02 x 10" em® molecules ™ s~* 55 and 89
Lifetime midday (OH concentration Coy = 10° molecules cm™?) ~4h
NSA formation yield 0.01% [<0.02%] 90
NA formation yield 1.9% [1-2%] 55

AMP Rate coefficients at 295-300 K for reaction with OH radicals ko = 2.8 x 10~ em® molecules ™ s7* 91
Lifetime midday (OH concentration Coy = 10° molecules cm?) ~10 h
NSA formation yield 2.3% [0.6-2.3%] 92
NA formation yield 8.9% [8-9%] 55

PZ Rate coefficients at 295-300 K for reaction with OH radicals ko = 2.8 x 10 '° em® molecules ™ s™* 93
Lifetime midday (OH concentration Coy = 10° molecules cm™?) ~ 1 hr.
NSA formation yield 9.0% [1-12%] 93 and 94
NA formation yield 7.0% [6-7%] 93

This journal is © The Royal Society of Chemistry 2026
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for AMP, PZ, and the CESAR1 blend were derived from,>* who
reported 56 mg Nm > AMP and 30 mg Nm * PZ for a similarly
sized plant with a mixed solvent similar to CESAR1. These
values were scaled to emissions of 84 mgNm *, 90 mgNm
and 86 mgNm ® for AMP, PZ and CESAR1 solvents, respec-
tively, consistent with the ranges reported by>* for emissions
following water-wash. NA and NSA formation was then esti-
mated by applying the solvent-specific yields in Table 1
along with molecular mass conversion factors of 1.3-1.7.""
Following,>® we assumed that 90% of emitted degradation
products deposit within the defined zone of influence
(8 octants; see above), decreasing linearly from the stack and
following an atmospheric concentration ratio of 5 between the
source and the zone boundary (maximum distances of 20, 40,
and 60 km for small, medium, and large domains). For
surface-water (river) deposition, we further assumed 50%
photolytic degradation of NSA in the atmosphere or water
column in line with,” while only 20% removal was applied for
groundwater due to limited sunlight exposure. Photolysis
plays a minor role for MEA emissions, for which ~95% of
degradation products are nitramines, whereas PZ produces a
much higher proportion of nitrosamines (>50%), making
photolysis more relevant for PZ-based solvents. Case-study
unconfined groundwater.

In the EU members states, 65% of the urban drinking water
is coming from groundwater®® with about 40% and 65% for
Belgium and the Netherlands, respectively,’’ making it a valu-
able resource. Small unconfined sandy aquifers are common
in the North Sea region (Belgium, Netherlands, Germany,
Denmark and Sweden;’®). As a representative case of these
aquifers, we selected the Sint Jansteen sub-aquifer (Fig. 1;
51.247°N, 4.057°E), part of the larger NLGWSCO0002 aquifer in
the Netherlands, spanning 15-20 km?.>” This unconfined sand
aquifer, where water extraction has been active since 1936, is
primarily used for industrial water extraction but also serves as
a backup drinking water source. The aquifer, 10-15 meters
thick, allows for an annual extraction of up to 3.0 Mm?, though
actual extraction averages 2.8 Mm?® per year. Recent analyses
indicate that the aquifer’s water quality has faced challenges,
and travel time studies suggest a residence time of 5 to 15 years
for various chemical compounds.

The Sint Jansteen aquifer is representative of small, uncon-
fined, sandy aquifers that are common throughout the Belgian—
Dutch-German region.’® Similar systems—such as coastal
dune sands, paleo-tidal channels, and Quaternary sandy depos-
its—occur widely in Belgium’s Flemish coast and in the Nether-
lands (Zeeland, Noord-Brabant;*®*°), as well as in northern
Germany where glaciofluvial and coastal sandy aquifers display
comparable hydrogeological properties.®®®' Comparable beha-
viour is also observed in inland unconfined sands such as
the Brusselian Sands aquifer,®> which exhibits small recharge
zones and travel times ranging from months to a few decades.®?
Overall, these similarities indicate that Sint Jansteen provides
a realistic analogue for assessing NA + NSA transport in
many unconfined sandy aquifers across the Franco-Danish
corridor.

2926 | Energy Environ. Sci.,, 2026,19, 2922-2937

View Article Online

Paper

2.4. Case-study surface water

Surface water also contributes significantly to drinking water
production in the EU (35%,*° with about 60% and 35% for
Belgium and the Netherlands, respectively.’! As a representative
theoretical case of surface water, we selected the upper part of the
Schelde catchment® covering 5200 km? across Northern France
and Belgium, upstream of the discharge station Helkijn (Fig. 1;
50.729°N, 3.388°E; No# 6220204 from ref. 65). Although the
Schelde river is not used for drinking water, it is a representative
site for the nearby catchments, including the Meuse River supply-
ing over 7 million inhabitants with drinking water (514.5 Mm? in
2020;°°). The Meuse River could not be easily modelled because of
complex regulation patterns (abstraction, storage, retention;®’).

2.5. Surface and ground-water modelling

The semi-distributed catchment model SimplyTox,*® applied to
both the surface and groundwater cases, is a simplification of
INCA-Contaminant.”*® SimplyTox simulates NA and NSA trans-
portation through soil- and groundwater and river runoff
accounting for evapotranspiration, biodegradation in soil and
groundwater as well as NA and NSA partitioning between water,
air, solid and dissolved organic carbon. Key physio-chemical
parameters for NA and NSA such as the enthalpy of phase transfer
between air and water were taken from ref. 7 (see Table S1).
Biodegradation of NAs and NSAs follows a simple exponential
decay with a temperature-adjusted rate, 5% rate change per 1
degree change in temperature (equivalent to a Q10 of 1.63;).
Biodegradation half-life values are given for 8 °C.

For the surface water case, the catchment was represented as a
semi-distributed river network with associated catchment area and
shallow and deep soil connected to the river reach. Subcatchment
hierarchy including catchment area, river slope and length was
described by the hydrobasins level 12.”° The model is driven by
daily air temperature and precipitation (ERA5 from 1990 to 2023;*)
downloaded separately for each sub-catchment through the Open-
Meteo API,”" and constant NA + NSA deposition rates. The surface
case was then auto calibrated, following,*® over 2005-2022 against
daily discharge from the Helkijn station. In addition, the sensitivity
of long-term NA + NSA concentration in the river, ie., the mean
concentrations after a few years when the river has reached equili-
brium, to main hydrological parameters, i.e., baseflow index, soil
field capacity, soil and groundwater time constants, was estimated.

For the groundwater case, the aquifer was represented as a
layered basin (thirty 1-m thick layers with a variable water
content) with a fixed abstraction rate (2.8 Mm® per year; ref)
at the lowermost box and a variable infiltration rate based on
soil water content and scaled to sustain a stable groundwater
level with realistic seasonal and yearly variations (see Fig. S1).
The water capacity of the groundwater layers was calibrated to
obtain the desired average travel time (i.e., 5 or 10 years) given
the infiltration and extraction rates.

A range of realistic NA + NSA deposition rates of 0 to
15 ng m~> day " was taken from recent environmental assess-
ments of small CC plants (0.5 to 1 Mton CO, per year; %) as
input for both cases. In addition, the deposition estimated for

This journal is © The Royal Society of Chemistry 2026
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each solvent, as described in Section 2.2 above, were used to run a
sensitivity analysis assessing the impact of solvent type and
downwind distance to the amine-based CC plant on equilibrium
NA + NSA concentration in surface and groundwater.

3. Results & discussion

3.1. Amine-based technologies dominate CC ramping
towards 2050

The 45 planned CC projects located within the Franco-Danish
corridor (Fig. 1) will have a combined CC capacity of 46.2 Mton
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CO, per year by 2030 (Fig. 2a). Considering that EU CC capacity
will reach 58.9 Mton CO, per year by 2030,” 79% of the capacity
within the EU would be located within the Franco-Danish
corridor and 60% in Belgium and the Netherlands alone.
Within the Franco-Danish corridor, at least 43% of the capacity
will be based on amine technologies, i.e., 20.0 Mton CO, per
year. For 37% of the announced CC capacity, the technology is
unknown, but this includes 3% and 14%, respectively, that are
very likely and possibly amine-based considering the experi-
ence and in-house expertise of the plant owners (Fig. 2a). The
CryoCap® technology, based on cryogenic gas separation,’?
will represent 6% of the capacity while each of the other
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Fig. 2 Projections of CC capacity by technology in the Franco-Danish corridor over 2025-2050 (a) and population under water stress (b) and severe water
stress (c) over 1990-2015 in the 11 river basin districts (see Table 2) and proportion of population expected to be impacted by NAs and NSAs pollution.
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technologies, such as calcination,” oxyfuel,”* alkali absorp-
tion,”* HISORP®”* and carbonate fuel cells’® will be implemen-
ted in less than 4%. Further assuming that the Franco-Danish
corridor would host about 50% of EU’s CC capacity by 2050, at
least 50 Mton CO, per year would be captured with amine
technology in the region, and at least 36.5 Mton CO, per year in
Belgium and the Netherlands alone.

The widespread planned implementation of amine-based
technologies is consistent with the fact that this technology is
more mature, commercially viable and more easily retro-fitted
to existing CO, emissions sites compared to other techno-
logies.® In addition, the amine supply chain is well developed
in the EU with more than 4 Mtons of amine produced in 2023
and a 5% expected annual growth towards 2033.”” Considering
an amine requirement of maximum 1.0 kg per tonCO,,”®
additional production of 0.1-0.2 Mton per year of amine would
likely be sufficient to sustain 2050 amine-based CC in the EU.
In contrast, other technologies still require material optimiza-
tion and implementation of streamlined industrial processes to
decrease costs and equipment space requirements.”® Amine-
based materials have proven to be useful and polyvalent in CC
and CO, utilization, but several challenges related to cost and
regeneration remain to be overcome before they can be widely
and rapidly expanded.®**'

3.2. Environmental risks for drinking water, natural reserves
and crops

The Franco-Danish corridor is densely populated and hosts
numerous Natura 2000 reserves covering 19700 km” in Belgium

Table 2
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and the Netherlands, alone. Vegetable and fruit crops are also
abundant in this region with 25 650 ha cultivated across the two
countries.*® By 2030, Belgium and the Netherlands will account
for 60% of the CC capacity, but only the Netherlands have
planned to widely develop amine technology (Table 2). The
potential area impacted by amine-based CC plants within the
Franco-Danish corridor spans 33 600 km®, with nearly 20%
(6365 km?) falling within Natura 2000 reserves and hosting
about 15.2 million inhabitants. A significant portion of this
area will be impacted by two or more plants, especially in the
Netherlands. Accounting for multiple exposures, the total sur-
face area exposed is 43 950 km® of which 9520 km” of natural
reserve.

In line with high CC activities, the Netherlands shows the
highest potential for human exposure to NAs and NSAs.
Potential human exposure does not scale linearly with CC
capacity because of large transnational exposure. For example,
potential human exposure is lower in France than in Germany
due to the dominant North-East downwind direction in the
region and despite larger amine-based CC capacity in France
(Table 2). Similarly, Natura 2000 reserves exposure in Belgium
and Germany are potentially caused by NAs and NSAs from
France and the Netherlands, respectively. Regarding vegetable
and fruit crops, all exposure is due to domestic emissions,
except for Belgium which is a net receiver of French NAs and
NSAs emissions.

Water scarcity is widespread across Europe, up to 70% of the
population of several countries can be under water stress in
summer.*® In the densely populated Franco-Danish corridor,

Impacts of amine-based CC capacity in 2030 on population, Natura 2000 reserves and vegetable/fruits crops as well as potential exposure by

country. The CC capacity ranges in Belgium and the Netherlands are due to uncertainty in the technology for 3 of the announced CC projects. Potential
exposure refers to the cumulative exposure in which entities are counted multiple times if they fall within the influence zones of more than one CC plant.

n.a.: not applicable

Country Belgium Denmark France Germany Netherlands Total
Amine-based CC capacity (Mton CO, year ' in 2030) 1.1-3.1 2.1 2.2 1.1 13.5-18.0 20.0-26.5
Other CC capacity (Mton CO, year ' in 2030) 11.5-13.5 0.4 3.2 2.1 2.7-7.2 19.9-26.4
Human potential exposure (10° capita) 1.9 2.3 1.1 3.0 12.2 20.5
Population impacted (10° capita) 1.6 1.5 0.9 2.7 8.5 15.2
Fraction impacted of national total (%) 14 28 1 3 51 n.a.
Origin of impact (%): Belgium 89 8 3

Denmark 100

France 5 92

Germany 83

Netherlands 6 17 97
Natura 2000 reserves potential exposure (km?) 863 1716 1461 2870 6910
Natura 2000 reserves impacted (km?) 607 1396 967 1605 4575
Fraction impacted of national total (%) 14 7 1 3 n.a.
Origin of impact (%): Belgium 23 1 22

Denmark 100

France 76 99

Germany 5

Netherlands 1 95 78
Potential vegetable/fruit crops exposure (ha) 842 283 1242 364 8490 11221
Vegetable/fruit crops impacted (ha) 842 276 910 364 7134 9526
Fraction impacted of national total (%) 19 26 0.5 1 34 n.a.
Origin of impact (%): Belgium 53 14

Denmark 100

France 47 100

Germany 100

Netherlands 86

2928 | Energy Environ. Sci., 2026, 19, 2922-2937
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agriculture, industries, public water supply, and tourism
contribute to water stress (Fig. 1;°°). The highest potential
human-, Natura 2000 and crops exposure to NAs and NSAs
often co-locate with river basin districts showing high
WEI values (Table 3). In particular, the Meuse, Zealand and
Rhine Coastal: Lek districts show high average WEI values and
strong potential for NAs and NSAs exposure. A total of 68.5
million people is living within the 11 river basin districts
where amine-based CC plants will be located. Among these, up
to 32 million people have been under water stress (WEI > 20),
and up to 20 million have been under severe water stress
(WEI > 40) regularly over 1990-2015 (Fig. 2b and c). A signi-
ficant part of the population, up to 10.7 and 9.2 million
inhabitants for intermediate and severe water stress respec-
tively, will be also exposed to potential NAs and NSAs pollu-
tion (Fig. 2b and c).

Placing a CC plant within 100-200 km downwind of existing
plants will likely lead to flue gas plume interferences.*> Amines
and potentially NOx from neighboring plants will likely result
in positive feedback on the production rates of NAs and NSAs.
The potential interference between flue gas plumes suggests
that the current preliminary estimate of the area of influence of
amine-based CC plants, based on the upscaling of isolated
point source studies, is likely conservative. Additionally, we
assumed that no new CC plant would be established after 2030,
with only existing sites being scaled up by increasing their CC
capacity. However, among the top 100 industrial GHG emitters
in the EU - responsible for nearly 40% of industrial GHG
emissions®” - several key sites in Germany, Poland, and South-
ern Europe are not adequately represented in our dataset.
While considering sites in Southern Europe falls outside the
scope of this study, the Rhine-Ruhr region in Germany and the
Germano-Polish region, spanning from Brandenburg to L6dZ,
host several of the top 10 industrial sites in the EU, emitting
between 10 and 37 MtCO, per year.®> These regions would
represent additional areas of concern, potentially increasing
the regional load of NAs and NSAs in the Franco-Danish
corridor upon the implementation of amine-based CC. These
limitations underscore the need for advanced model tools to

Table 3
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better predict environmental impacts of multiple amine-based
CC plants within a given region.

3.3. Modelling concentrations in surface and groundwater

Catchment modeling is essential to estimate the NAs and NSAs
concentrations in surface and groundwater resulting from the
complex interactions between hydrological and biogeochemical
processes.” While some specific NAs and NSAs are known to
undergo biodegradation, considerable uncertainty remains
regarding the biodegradation potential of most of NAs and
NSAs with several compounds expected to persist in the
environment.**** In contrast, rapid photodegradation of NSAs
has been established.**** Here, a catchment model was set up
for the upper Schelde River upstream of Helkijn station.
Following calibration, the daily discharge was accurately simu-
lated with Nash-Sutcliffe (NSE) and Kling-Gupta efficiencies
(KGE) of 0.5 and 0.65, respectively (Table S2 and Fig. S2%°).
In addition, a groundwater model was set up for a shallow
unconfined aquifer to reproduce seasonal and long-term varia-
tions in water storage (Fig. S1). Both applications were used to
estimate the impact of NA + NSA deposition and NA + NSA half-
life on equilibrium concentrations in the river or the aquifer
(Fig. 3). In the river case, equilibrium concentrations show
mainly sensitivity to NA + NSA deposition, while NA + NSA half-
life only has significant influence when half-life is below 2 years
(Fig. 3a). In contrast, in the aquifer case, the NA + NSA half-life
has a strong influence on the equilibrium concentrations
(Fig. 3b and c), especially when the water travel time is longer
(Fig. 3c). Consistently, the river equilibrium concentrations
show little sensitivity to hydrological parameters (Fig. 4) while
the groundwater equilibrium concentrations are sensitive to
the travel time (Fig. 5). In fact, in the river, the travel time,
governed by the baseflow index, soil and groundwater time
constants, being below 2 years, is short compared to most of
NA + NSA possible half-lives. Biodegradation has thus a limited
impact on equilibrium concentrations because of time con-
straints. In the aquifer case, the travel time range overlaps with
the NA + NSA half-life range creating highly sensitive condi-
tions for NA + NSA equilibrium concentrations (Fig. 3b, ¢ and 5).

Impacts of amine-based CC capacity in 2030 on population, Natura 2000 reserves and vegetable/fruits crops as well as potential exposure by

river basin district. Countries are ranked following decreasing area coverage or number of capita. FR: France, BE: Belgium, DK: Denmark, NL: Netherlands

and DE: Germany

Impacts of amine-based CC plants

Human (10° capita) Natura 2000 (km?) Crops (ha)
River basin districts District code Countries Mean WEI Exposure Impact Exposure Impact Exposure Impact
Scheldt coastal WSB0000445 FR/BE/NL 6 1.9 1.2 230 191 3582 2332
Schelde WSB0000138 FR/BE/NL 22 1.1 1.0 147 147 502 502
Meuse WSB0000304 FR/BE/NL 67 1.2 1.1 143 117 1882 1870
Seine main Low WSB0000455 FR 4 0.5 0.5 16 20 60 59
Zealand WSB0000633 DK 27 2.4 1.5 316 268 189 189
Jutland Atlantic WSB0000202 DK 3 0.3 0.3 33 33 121 115
Ems WSB0000135 DE/NL 18 0.8 0.5 200 142 64 63
Rhine main Low WSB0000415 DE/NL 6 2.4 2.3 90 90 497 497
Main WSB0000291 DE 6 0.1 0.1 77 77 6 6
Rhine coast: Lek WSB0000414 NL/DE 39 9.7 6.6 400 400 4321 3865
Rhine coast: 1 WSB0000412 NL/DE 10 0.2 0.2 35 31 11 7
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Fig. 3 Equilibrium NA + NSA concentration in the upper Schelde River (a) and a shallow unconfined aquifer (b): with water travel time of 5 years; and
(c): with water travel time of 10 years) as function of NA + NSA deposition and NA + NSA half-life. The red line highlights the safety limit of 4 ng L%
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Fig. 4 Sensitivity of equilibrium NA + NSA concentration in the upper
Schelde River (NA + NSA deposition rate: 8 ng (m~2 day %) and NA + NSA
half-life of 2 years) to main hydrological parameters: soil water time
constant (a), baseflow index (b), soil field capacity (c) and groundwater
time constant (d). Red vertical lines indicate calibrated parameter values
used to produce Fig. 3a.

This sensitivity is particularly relevant for small unconfined
sandy aquifers—such as those represented by our Sint Jansteen
case study—where travel times typically span a few months to
10-15 years across catchments on the order of tens to hundreds
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Fig. 5 Sensitivity of equilibrium NA + NSA concentration in a shallow
unconfined aquifer (NA + NSA deposition rate: 8 ng (m~2 day™Y) to
groundwater travel time for different NA + NSA half-lives. Each red vertical
line indicates the parameter value used to produce Fig. 3b and c,
respectively.

of km?. Such small, unconfined aquifers are common through
Belgium, the Netherlands and Northern Germany (e.g.,>*™").
Since our analysis focuses on equilibrium (rather than transi-
ent concentration evolution), we deliberately selected travel
time as the primary governing parameter. While dilution
capacity influences how quickly equilibrium is reached, the
equilibrium level itself is controlled predominantly by the
balance between travel time and degradation half-life. Para-
meters such as aquifer depth offer limited quantitative insight
into this balance. Consequently, although the aquifer scenario
produces more uncertain but generally lower equilibrium con-
centrations than the river system, it also exhibits substantially
greater sensitivity to NA + NSA half-life due to the overlapping
temporal scales of transport and decay.

This modelling exercise suggests surface waters with short
residence times (<1-2 years) are prone to NA + NSA concen-
tration above the 4 ng L' Norwegian safety limit with rela-
tively modest NA + NSA deposition rate (~5-6 ng m > day ).
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While in shallow unconfined aquifers, the NA + NSA concen-
tration is slightly more uncertain and depends on the interplay
between groundwater travel time and NA + NSA half-life. Small
systems are particularly at risk, where the low potential for
dilution and short residence time for degradation create con-
ditions for high NA + NSA concentrations.

3.4. Influence of the amine-solvent on NA + NSA
concentration in water resources

The deposition values (5-15 ng m™ > day ') applied above
represent a realistic range for relatively small CC plants with
annual capacities of 0.5-1 Mt CO,. Comparable values and
modelling set-ups have been used in permitting and impact
assessments, where regional chemistry-transport models
coupled to catchment fate models predict low ng L™" drinking-
water concentrations under realistic amine emissions, while
emphasizing sensitivity to the biogeochemical processes and
meteorology.”**® Under large scale deployment of amine-
based CC, both the increased CC capacity and the possible
plume interactions can become prominent sources of variabil-
ity for NA and NSA concentrations in water resources.
Consistent with MEA’s lower atmospheric yields of NSA and
NA relative to several alternatives, our simplified scaling pre-
dicts the lowest equilibrium NA + NSA concentrations for MEA
in both groundwater and river-basin downwind of a large CC
plant (Fig. 6a and 7a). In contrast, despite lower parent-amine
emissions for AMP, PZ, and CESAR1, their higher formation
yields (Table 1)—particularly for PZ—lead to substantially

15 fo
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higher estimated equilibrium concentrations that are broadly
similar across these solvents (Fig. 6b-d and 7b-d). These
results should be interpreted as indicative since NSA + NA
deposition was estimated using a simplified approach and
detailed gas-phase chemistry, secondary aerosol formation, or
explicit plume-plume chemistry is currently missing. We also
adopt standard water-wash emission factors; while additional
abatement (e.g., acid wash, dry-bed) can significantly lower
parent-amine emissions.”* Other parameters, such as flue gas
temperature and stack height, are expected to strongly influ-
ence dispersion and thereby deposition in the surrounding
environment.*”*° Although process optimization can reduce
NA and NSA deposition, the expansion of CC facilities—including
large, closely spaced plants (2-5 Mt CO, per year; Fig. 1) — means
that cumulative interactions may offset gains from individual
optimizations, highlighting the need to assess combined impacts.
Trade-offs between cost/chemical process complexity and resi-
dual emissions should be evaluated at both the plant scale and
regional scales.

Under identical operational setups with water wash, MEA
consistently yields lower modelled NA/NSA risks than AMP/PZ/
CESAR1 (Fig. 6 and 7), reinforcing its status as a lower-risk
baseline solvent for local water-quality objectives. However,
considering the current limitations of our approach, future
permitting should (i) require regional modelling that resolves
NOx fields and multi-plume interactions, (ii) evaluate enhanced
emissions controls (e.g., acid-wash, dry-bed;**), and (iii) consider
stack design/thermal buoyancy to manage near-field deposition

Concentration (ng/L)

20 40 60 80

Fig. 6 Sensitivity of equilibrium NA + NSA concentration in a shallow unconfined aquifer to downwind distance to a large CC plant (1.5 Mton CO, per
year) for different NA + NSA half-lives following amine-based CC with different solvents: MEA (a), AMP (b), PZ (c) and CESARL1 (d). The red line highlights

the safety limit of 4 ng L™%.
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Fig. 7 Sensitivity of equilibrium NA + NSA concentration in a river basin (with soil water retention time of 8 days, groundwater retention time of 400 days
and baseflow index of 0.75 similar to the Upper Schelde river basin) to downwind distance to a large CC plant (1.5 Mton CO, per year) for different
NA + NSA half-lives following amine-based CC with different solvents: MEA (a), AMP (b), PZ (c) and CESAR1 (d). The red line highlights the safety limit

of 4ng L%

footprints.*” Beyond simple proportional scaling with capacity,
non-linear chemistry and plume dynamics at 1-5 Mt CO, year "
plants (and clusters thereof) can bias low first-order deposition
estimates—both by increasing near-field oxidant and NOx avail-
ability, and by overlapping plumes that prolong NA and NSA
production. These recommendations align with the need for
advanced modelling tools and multi-compartment risk transla-
tion, from CC plant operational design, atmospheric dispersion
modelling, deposition, and fate in surface- and groundwater®®
before consenting to large, clustered CC deployment and for Best
Available Techniques (BAT) selection.

3.5. Implications of the heterogenous EU regulation on
transboundary emissions

The heterogeneous regulatory landscape across EU member
states regarding NA and NSA emissions from amine-based CC
creates pre-conditions for ¢rans-boundary local water or envir-
onmental conflicts. Table 2 illustrates the multiple situations
where trans-boundary issues can arise. Uneven national stan-
dards can cause shifting environmental burdens to downwind
countries. For example, the Sint Jansteen aquifer in the Nether-
lands is already expected to receive an estimated ~10% of its
NA + NSA deposition from emission sources in Belgium
(Table 4); with continued industrial expansion around the
Ghent hub (Belgium) this transboundary contribution could
increase substantially. Notably, the Netherlands applies a much
stricter drinking-water limit of 12 ng L™ for NDMA,*° whereas

2932 | Energy Environ. Sci., 2026, 19, 2922-2937

Table 4 Maximum estimated deposition for the Sint Jansteen aquifer
(Netherlands) located 12 km, 18 km and 20 km downwind of one medium
and two small size CC plants, respectively. Deposition is estimated using a
simple scaling approach and including only water wash as emission
abatement measure. About 10% of the deposition originates from Belgium

Deposition (ng m™? day ')

Solvent NA NSA Total
MEA 5.7 0.3 6.0
AMP 10.2 1.9 12.1
PZ 9.3 8.5 17.8
CESAR1 9.9 4.1 14.0

in Belgium the risk assessment for CC implementation would
likely follow the WHO guideline value of 100 ng L™".%” These
dynamics underscore the need for harmonized, trans-national
regulation on NA and NSA to ensure that rapid CC deployment
does not create unequal or unmanaged risks for shared air and
water resources.

4 Conclusion

Amine-based technologies are projected to dominate carbon
capture across the Franco-Danish corridor, with at least 20
Mton CO, per year captured by 2030. While their maturity and
commercial viability make them attractive,® our analysis shows
that widespread deployment poses significant risks to drinking
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water (up to 15.2 million inhabitants impacted), Natura 2000
reserves, and agricultural crops. Belgium and the Netherlands,
already experiencing chronic water stress, are especially vulner-
able because of their high population density where several
million people could be affected by emissions from multiple CC
installations. While amine-based CC is mature and effective, it
carries specific environmental risks as outlined here. In contrast,
alternative technologies like the CryoCap® technology, solid
sorbents or membrane systems generally reduce solvent-related
emissions but introduce their own trade-offs, including material
production impacts and higher energy demands.®

Using realistic deposition ranges (5-15 ng m~> day ') repre-
sentative of small CC plants (0.5-1 Mt CO, per year) as well as
empirically estimated deposition, our modelling demonstrates
that surface waters with short residence times are highly
sensitive to deposition rates, whereas groundwater concentra-
tions depend strongly on the interaction between NA + NSA
half-lives and travel times. These dynamics make small aquifers
especially vulnerable due to limited dilution capacity. Overall,
MEA emerges as the lowestrisk solvent for nearby water
resources, unless additional emission abatement measures
are implemented (e.g., acid-wash). Downwind distance remains
a primary determinant of local risk in the present assessment.
The deployment of multiple large CC plants is likely to intro-
duce additional non-linear chemical interactions and plume-
dynamic effects that could substantially modify future exposure
and impact patterns.

Although emissions can be mitigated at the plant scale with
several operational optimization methods,®® the cumulative
effects of several neighbouring CC facilities could markedly
increase deposition and must be evaluated explicitly. Regional-
scale models integrating dispersion, deposition, and hydrolo-
gical fate are therefore indispensable. Without EU-wide safety
limits for NAs and NSAs, adopting such tools is critical to keep
overall risk at a manageable level as CC deployment accelerates.
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