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A B S T R A C T   

While CO2 capture is considered a key climate change mitigation option, we must ensure that global imple-
mentation occurs without causing harm to the local environment and the human health. The most mature option 
for capture is using amines, which however, is associated with a risk of contaminating nearby drinking water 
sources with carcinogenic nitramines (NAs) and nitrosamines (NSAs). Here we present the first process-based 
simulation of NAs and NSAs in a catchment-lake system with the input of previously modelled atmospheric 
deposition rates. Considering full-scale CO2 capture at the Oslo waste incineration plant in Norway, future (~10 
y) levels in a nearby lake approach the national drinking water limit. We further quantified the effect of hy-
drological and biogeochemical processes and identified those with the highest sensitivity (NA biodegradation). 
The uncertainty of the results is presented by a probabilistic distribution (Monte Carlo analysis), incorporating 
variability in catchment, lake, and literature NA and NSA parameter values. This modelling tool allows for the 
site-specific assessment of the abovementioned risks related to amine-based CO2 capture and aspires to 
contribute to the sound evaluation of costly amine emission reduction measures.   

1. Introduction 

The urgency of drastically reducing greenhouse gas emissions has 
never been clearer (IPCC, 2021). Nearly all emission scenarios relay 
heavily on CO2 capture to limit warming to 2 ◦C (Rogelj et al., 2018). 
Amine-based CO2 capture is the most mature option (Dutcher et al., 
2015; Leung et al., 2014) and has been the choice at the world’s first 
full-scale capture plants (e.g. Boundary Dam) (Stéphenne, 2014). One 
critical aspect of the technology, that has not been fully addressed, is the 
risk of forming carcinogenic NA1s and NSA2s from the amines used for 
the capture, and how these can impact nearby drinking water sources 
(Chen et al., 2018; Mazari et al., 2019; Yu et al., 2017). 

Through the atmospheric formation pathway, NAs and NSAs will be 
directly introduced to the nearby environment (Buvik et al., 2021; 
Nielsen et al., 2012). This occurs as volatile amines inevitably escape the 
capture plant with the cleaned flue gas (Gouedard et al., 2012). Inde-
pendent on the type of amine(s) used, degradation processes inside the 
capture plant will produce small and fugitive amines (Mazari et al., 
2015; Tan et al., 2021). Whenever atmospheric oxidants and NOx are 

present, NAs and NSAs are formed within days (Choi et al., 2021; 
Nielsen et al., 2012; Pitts et al., 1978). Following deposition on ground, 
the NAs and NSAs are expected to be transported with local water flow 
regime (e.g. overland flow, soil-water, rivers, etc.), resulting from their 
high water solubility (logKow: − 1.7 to 1.36) and low soil sorption po-
tential (Gundersen et al., 2017a; Gunnison et al., 2000). Natural 
drinking water sources (lakes, rivers, and groundwaters) are thus at risk 
of receiving NAs and NSAs. 

In Norway, a drinking water safety limit for the sum of NAs and NSAs 
has been set at 4 ng L− 1 (Låg et al., 2011). Similar low drinking water 
limits exist in other countries for NSAs only (2 and 10 ng L− 1 in USA/-
Germany and England/Wales, respectively) (Nawrocki and Andrze-
jewski, 2011). There is currently no sufficiently sensitive method 
available to enable monitoring of NAs and NSAs in water at the required 
low level (Gundersen et al., 2017b; Lindahl et al., 2014). However, 
advanced instrumentation enables quantification of the amines emitted 
directly from the stack (Zhu et al., 2013). In Norway, amine-based CO2 
capture operations must comply to amine emission permits set to protect 
nearby water sources against NAs and NSAs. The permits are estimated 
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with a conservative approach using atmospheric dispersion and depo-
sition modelling (de Koeijer et al., 2013; Karl et al., 2011, 2015), 
back-calculating from the safety limit in nearby drinking water sources. 
Shortcomings include the omission of key catchment 
hydro-biogeochemical processes with implications on NA and NSA 
water levels (Karl et al., 2014) and possible accumulation with time. 

A few studies are available describing the impact of catchment 
processing. For the NAs, no efficient degradation pathway has been 
identified and thus the question of accumulation with time is highly 
relevant (Chen et al., 2018). From the single biodegradation study 
available, low decay rates were found for a few of the NAs and NSAs 
tested (half-lives of 28–35 days) while no biodegradation was observed 
for most of the NAs and NSAs over the course of their essay (Brakstad 
et al., 2018). On the contrary, efficient degradation of NSAs has been 
established through photodegradation (10–35 min in summer and to 
60–220 min in winter) (Afzal et al., 2016; Plumlee and Reinhard, 2007; 
Sørensen et al., 2015). Additional complexity is added when considering 
catchment- and lake-specific processes such as local flow regime, lake 
stratification, diffusive air-water exchange, or sediment exchange, and 
how the local climate can impact the magnitude of the above-mentioned 
processes (e.g. lake ice-cover influences photodegradation). 

In the capital city of Norway, Oslo, the construction of an amine- 
based CO2 capture plant is underway at the nation’s largest waste 
incineration plant (Fortum Oslo Varme). Once realized, it will be the 
world’s first of its kind, and with the potential for proliferation at 
hundreds of similar sites across Europe. Atmospheric dispersion and 
deposition modelling has identified one nearby lake (Lake Elvåga), 
serving 10% of the Oslo population with drinking water, at risk of 
receiving NA and NSA at levels approaching the safety limit (Price and 
Borgnes, 2019). The work considered only simplified assumptions on 
catchment degradation processes (4.1% steady-state photo-decay of 
NSAs only). Costly emission reduction measures are considered, such as 
reheating the flue gas to reach higher altitudes, providing enhanced 
dispersion and dilution. However, the realistic need for- and potential 
positive impact of these measures remains to be quantified. 

Here we simulate future lake water concentrations of NAs and NSA 
following 20 years of full-scale CO2 capture operations at the waste 
incineration plant in Oslo using a fully integrated catchment-lake hy-
drological and biogeochemical model. We show that by combining local 
catchment descriptors, climatic data, and best available literature in-
formation on biogeochemical processing, a catchment model provides 
more realistic estimates of lake NA and NSA concentrations than current 
conservative approaches. This innovative method is a step towards 
providing the industry with more realistic emission permits. A model 
sensitivity analysis identifies the key remaining uncertain processes and 
helps assess the impact from the two different operational conditions of 
reheat versus no reheat. 

2. Materials & methods 

2.1. Case-study site: Lake Elvåga catchment 

Lake Elvåga (1.67 km2; Maximum depth of 51.3 m; 59.8772 N, 
10.9089 E) is located about 5 km “downwind” of the planned full-scale 
amine-based CO2 capture plant (Fortum Oslo Varme; 59.8401 N, 
10.8364 E) within a protected boreal forest catchment (17.1 km2; 
192–355 m above sea level; annual precipitation: 802 mm; average 
temperature: 4.3 ◦C). The lake is subject to strong seasonality including 
periodic ice cover, temperature stratification, and mixing. Lake Elvåga is 
relatively pristine, nutrient-poor, and moderately rich in organic matter 
(e.g., 8 mg L− 1 TOC (Isidorova et al., 2016)). For more information on 
the lake, see Table S1. 

Runoff data (1997–2002) was only available from the nearby 
catchment, Mariholtputten (NVE, 2006). Data of solar radiation, wind 
speed, air pressure, relative humidity, and cloud cover was obtained 
from ERA5 reanalysis data (Copernicus Climate Change Service Climate 

Data Store). Note that the wind-speed at Lake Elvåga may be signifi-
cantly lower than depicted in the gridded reanalysis since the lake is 
situated in a valley with sharp walls of 60–80 m. Precipitation and air 
temperature were averaged over the catchment based on gridded data 
obtained from the Norwegian Meteorological Institute (www.met.no). 

2.2. The modelling framework 

2.2.1. Catchment model 
INCA-Contaminant (Nizzetto et al., 2016) is a high-resolution and 

dynamic catchment model, building on the hydrology model PERSiST 
(Futter et al., 2014), that was used to simulate NA and NSA trans-
portation to the lake with soil- and groundwater runoff. Various key 
hydrological processes were considered, such as the evapotranspiration. 
By increasing the evapotranspiration, water is removed from the 
catchment resulting in increased levels of NA and NSA in the runoff to 
the lake. For a complete list of the hydrological processes see Supporting 
Information. The model was first calibrated, to best predict area-scale 
runoff from the nearby Mariholtputten catchment (NVE, 2006), giving 
values of hydrological parameters that are likely to be close to those for 
Elvåga. 

2.2.2. Lake model 
EasyLake is a lake model (Norling and Clayer, 2021), simplified and 

inspired from MyLake (Saloranta and Andersen, 2007), FLake (Kirillin 
et al., 2011), and GOTM (Burchard et al., 1999), used to simulate levels 
of NA and NSA in the lake with the shape approximated by a 
wedge-shaped volume. All NAs and NSAs entering the lake from the 
catchment and air were assumed to immediately dissolve into the upper 
water level (epilimnion). Lake stratification, the seasonal formation of 
distinct separate thermal layers in the water column, was described by: 
i) a top layer i.e., the epilimnion (top 4–8 m), which is always hydro-
logically connected to upstream and downstream waters, and ii) a lower 
section of the lake, i.e., the hypolimnion, which is isolated from the 
epilimnion when the lake is stratified. Drinking water is sourced from 
the hypolimnion. Ice cover formation during winter was also simulated 
since it impacts both photodegradation and water-air diffusive exchange 
of compounds. For details on computation of lake temperature, strati-
fication, and ice cover, see Supporting Information. 

2.3. Nitramine (NA) and nitrosamine (NSA) molecular properties and 
deposition rates 

The NAs and NSAs were treated as two distinct compound groups. 
Average values for key physiochemical parameters, governing the 
behavior of the compounds in the catchment, were computed from 
literature describing the most studied NAs and NSAs associated with CO2 
capture (e.g., di- and monomethylnitramine, monoetanolnitramine, and 
N-nitrosodimethylamine) as well as a few classified/patented NAs and 
NSAs. Note that the enthalpy of phase transfer between air and water 
was not available, and was instead set to vary within a range typical for 
semi-volatile substances (ΔH: 5–50 kJ mol− 1) (Schenker et al., 2005; 
Shen and Wania, 2005). See Table S2 for NA and NSA parameter values. 

NA and NSA atmospheric dry and wet deposition rates as well as 
atmospheric concentrations were made available by Norsk Energi (Price 
and Borgnes, 2019). The data represent a waste incineration capacity of 
410 000 tons per year, and with 95% CO2 capture by the reheat oper-
ational condition. This provided amine emission at 0.2 ppmv. The 
simulation was computed using the 2016 weather which provided the 
highest NA and NSA formation among their three-year simulations 
(2015–2017). The deposition rates and concentrations, which were of 
hourly resolution, were aggregated to daily averages and repeated 
annually for the duration of the simulation. Annual average deposition 
rates (dry + wet) were 8.241 and 4.139 ng m− 2 day− 1 for NAs and NSAs, 
respectively. There is a strong seasonal variation with higher rates in 
spring and lower in the autumn and winter. See Table S4 for monthly 
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aggregated NA and NSA deposition data. Deposition rates without the 
reheat emission reduction measure were about twice higher than with 
reheat. 

2.4. Key removal processes 

The NSAs photodegradation rate in the lake epilimnion (RNitrosamine
photo ; 

ng day− 1) was adapted from MyLake (Saloranta and Andersen, 2007) as: 
RNSA

photo = − OCNSA × QYNSA ×
fUV
eUV

× 86400× NSA× Qsw × (1 − Albedo)×
Attn, where NSA is the total mass of NSAs (ng), OCNSA is the average 
optical cross-section of NSAs around 340 nm (m2 mol Nitro − 1), QYNSA is 
the quantum yield (mol NSA mol photon− 1), fUV is the fraction of UV 
radiation in sunlight (unitless), eUV is the energy of a UV photon at 340 
nm (J mol photon− 1), Qsw is the incoming shortwave radiation at the 
lake surface (W m− 2), Albedo is the water or ice albedo (unitless), and 
Attn is the light attenuation coefficient in the water column calculated 
from Secchi depth (Table S1). The effect of winter ice-cover on photo-
degradation was considered by shadowing incoming radiation during 
the relevant time period through the Albedo. 

The biodegradation rate (Rbio; ng day− 1) was formulated as follows 
for both NAs and NSAs in the catchment and lake: Rbio = Compound×
kbio × θ(Twater − 20)/10, where Compound is the mass (ng) of NA and/or NSA, 
kbio is the biodegradation rate constant at 20 ◦C (day− 1), θ is the Q10 
temperature adjustment coefficient (unitless), and Twater is the (mean) 
water temperature (◦C). The parameter θ multiplies the biodegradation 
by 2 for each temperature change of 10 ◦C, i.e. for a θ value of 2, at 30 ◦C 
the biodegradation rate will be 2 times larger than at 20 ◦C. The NAs and 
NSAs were split into two groups of fast and slow biodegradation rates, in 
accordance with the literature (Brakstad et al., 2018), resulting in four 
modelled classes in total (fast NA, slow NA, fast NSA, and slow NSA). 
The pfast parameter denotes the proportion of compounds that are fast 
degrading. Since aerobic and anaerobic biodegradation of the com-
pounds is similar (Brakstad et al., 2018), the kbio for a given NA or NSA 
class was the same for all catchment and lake compartments. 

The diffusive exchanges between the lake surface and the atmo-
sphere are described by Henry’s law. It is dependent on the Henry’s 
constant and the gradient in concentrations between surface water and 
atmosphere. The mass transfer velocity is modelled as for the river 
surface in INCA-Contaminants. Given that Lake Elvåga is relatively 
wind-sheltered as mentioned above, we introduced a diffusive exchange 
multiplier that allows the diffusive exchange between lake and air to be 

reduced by a factor of up to 2. 
Aqueous loss of NAs and NSAs by sorption to solids was considered to 

be negligible due to their high water solubility and low soil sorption 
rates (Gundersen et al., 2017a; Gunnison et al., 2000). In the catchment 
compartments, partitioning between compounds that are dissolved and 
bound to soil organic carbon (including dissolved organic carbon) was 
simulated based on partitioning coefficients computed from the 
octanol-water partitioning coefficient (Table S2). In the lake, sorption to 
suspended solids was turned off. See Table S3 for parameter values. 

2.5. Sensitivity analysis (Monte Carlo simulation) and selection of 
parameter values 

The parameters to sample in the Monte Carlo simulation (Table 1) 
were selected for both having a high uncertainty and a significant 
impact on the lake NA and NSA concentration (sensitivity). For some of 
the parameters, a likely value, in addition to a range of values (minimum 
to maximum), were set based on the literature and our own experiences 
with modelling similar types of catchments. The likely value was used to 
compute the results presented in Figs. 1 and 2 while the ranges were 

Table 1 
Key parameters attached to catchment-, lake-, and aqueous removal processes with high uncertainty and sensitivity selected to be sampled in the Monte Carlo 
simulation. See Supporting Information for parameters not described in the text.   

Parameter name Unit Sampling distributiona Likely 
value 

Total effect 
index 

Catchment-Lake Properties Baseflow index 1 U (0.1, 0.6) 0.2 0.00083 
Degree-day evapotranspiration mm ◦C− 1 

day− 1 
U (0.09, 0.2) 0.14 0.09433 

Field capacity mm U (30, 150) 50 0.00325 
Groundwater time constant days U (50, 150) 75 0.00007 
Soil water time constant days U (1, 10) 5.7 0.01155 
Epilimnion winter thickness m U (4, 6) 5 0.00076 

Aqueous Phase Removal 
Processes 

OCNSA (optical cross-section for photodegradation of NSAs) m2 mol− 1 U (1.2, 5.0) 2.5 0.00021 
kbio,fast (at 20 ◦C) day− 1 M(0.02, 0.05, 0.08) 0.05 0.00022 
kbio,slow (at 20 ◦C) day− 1 M(0.0001, 0.0003, 

0.001) 
0.0003 0.43920 

pfast (proportion of fast-degradable contaminants) 1 M(0.1, 0.2, 0.3) 0.2 0.14479 
θ (Q10 temperature response for biodegradation) 1 M(1.2, 2.0, 3.4) 2.0 0.21452 
Diffusive exchange multiplier 1 U (0.5, 1) 1 0.02891 
Enthalpy of phase transfer between air and water kJ mol− 1 U (5, 50) 5 0.09511 
Fractional size of SOC participating in fast exchange with soil 
water 

1 U (0.1, 0.5) 0.2 0.00002 

Transfer coefficient for exchange between fast and slow SOC 
fractions 

m day− 1 U (0.1, 10) 1 0.00003  

a U signifies a uniform distribution, while M signifies a metalogistic distribution (Keelin, 2016) with the given (5%–50% - 95%) percentiles. 

Fig. 1. Modelled time series (2000–2020) of NA (A) and NSA (B) concentra-
tions in the epilimnion/top layer (orange) and in the hypolimnion/bottom layer 
(black) of the lake, using the “likely” parameter set. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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used to assess the combined effect of parameter uncertainties on the 
distribution of NA and NSA concentrations (Fig. 3). The Monte Carlo 
simulation was run once for each of the operational conditions of 
“reheat” and “no reheat”. Since we only had detailed time series data for 
the reheat scenario, the “no reheat” scenario was set up by multiplying 
the atmospheric concentration and deposition rates with a factor equal 
to the ratio between annual averages of the two operational conditions 
(Price and Borgnes, 2019). A large random sampling (10 000 samples) of 
the selected parameter space was conducted, while keeping all other 
parameter values constant (Table S1–3). The Monte Carlo simulation 
was run from 2000 to 2020 inclusive. The main result statistic was the 
mean concentration of NAs and NSAs in the hypolimnion (drinking 
water source) over the last 10 years of the simulation (2011–2020), 
which we consider representative of long-term concentrations in the 
water. Here follows a brief discussion on the choice of values for a few of 
the parameters. 

A degree-day evapotranspiration value of 0.14 gave the best fit for 
predicting runoff evaluated against area scaled Mariholtputten 
discharge. However, a value of 0.09 was needed to simulate an average 
2015–2017 runoff close to the 1961–1990 average runoff of 0.35 m3 s-1 

(NVE, 2006). Both these values are within the range included in the 
Monte Carlo analysis (Table 1). NSA UV-light absorption rates (OCNSA) 
typically varied within a factor of 2, and was dependent on the specific 
NSA considered (Plumlee and Reinhard, 2007; Shim et al., 2016). The 
minimum, likely, and maximum values selected (1.2, 2.5, and 5.0 m2 

mol− 1) corresponded to half-lives of 42.8, 85.6, and 178.4 min, 
respectively. This was in accordance with literature (Afzal et al., 2016; 
Plumlee and Reinhard, 2007; Sørensen et al., 2015). Biodegradation 
rates (kbio) for relevant NAs were only found reported by one study 
(Brakstad et al., 2018) from which the range of possible values for each 
sub-class of fast- and slow degrading compounds were averaged. 

To identify the most influential parameters to the results from the 
Monte Carlo simulation, the total effect index ST,i of each parameter i 

was calculated as follows: ST,i =
EX∼i (VarXi (Y|X∼i))

Var(Y) , where Y is the model 
output (in this case the mean combined concentration of NAs and NSAs 
in the lake water extracted during the last 10 years of the simulation), E 
and Var are the expectation and variance operators respectively, Xi is 
parameter i, and X∼i is the set of parameters excluding parameter i. We 
use a numerical approximation (Saltelli et al., 2010) to compute the 
indexes. It measures how much of the total variance of the result (over 
the given parameter space) that can be attributed to each of the pa-
rameters. We highlight the indexes that are higher than 0.05. Note that 
due to interactions between parameters, the indexes can sum to a value 
that is higher than one. 

The lack of measured NSA and NA concentrations rules out many 
methods for model uncertainty analysis that could otherwise have nar-
rowed down the likely ranges of the parameters. 

3. Results and discussion 

3.1. Modelled hydrological and lake physical processes 

Overall, the representation of hydrology and lake physical processes 
in our model appear realistic. In brief, the simulated catchment average 
flow at 0.28 m3 s− 1 (Fig. 2C) was only slightly lower than previously 
estimated runoff maps (0.35 m3 s− 1) (Naserzadeh and Svegården, 2006), 
likely resulting from the unusual low precipitation in 2016. Expected 
seasonality was observed in the lake inflow, with the highest flows 
occurring during autumn events, in accordance with similar catchments 
in this region (Vormoor et al., 2015). Strong seasonal patterns were also 
evident in the simulated lake temperature, ranging from 0 to 25 ◦C 
(Fig. 2D), agreeing with both previous observations from the lake (Isi-
dorova et al., 2016) and similar lakes in Eastern Norway (Clayer et al., 
2021; Couture et al., 2018). Two lake water mixing events were pre-
dicted to occur each spring and autumn, with a duration of 1–22 days, 

Fig. 2. Modelled time series (2010) of NA (A) and NSA (B) fluxes of lake inflow 
and direct deposition (blue), lake outflow (orange), lake diffusive exchange 
with atmosphere (green), lake biodegradation (red), catchment biodegradation 
(purple), and lake photodegradation (brown, NSA only); (C) lake water inflow 
(blue); as well as (D) epilimnion (brown) and hypolimnion (purple) lake water 
temperature and the presence of ice cover (blue), using the “likely” parameter 
set. Rates are in the in order of 0.1–1 g day− 1. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 3. Distribution of long-term combined average concentrations of NSAs and 
NAs in the drinking water extracted from the lake, resulting from the Monte 
Carlo sampling of the parameter space (Table 1). 
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similar to another well-studied Norwegian lake (Clayer et al., 2021). Ice 
cover lasts from late November/early December to late February/early 
March with an average duration of 98 days (52–147 days; Fig. 2D), 
consistent with local observations from small lakes in the region (Sol-
vang, 2013). 

3.2. Assessing NA and NSA lake water concentrations in relation to the 
drinking water safety limit 

Constant CO2 capture using reheat at the Oslo waste incineration 
plant for the duration of 20 years produced NA and NSA levels in Lake 
Elvåga below- but close to the safety drinking water limit (Fig. 1A and B 
and 2). Interestingly, levels of NAs increased with time for approxi-
mately seven years before stabilizing at 2.5 ± 0.5 ng L− 1 and at 2.6 ±
0.5 ng L− 1 in the hypolimnion and epilimnion, respectively (Fig. 1A). 
NSA levels were lower, but with strong seasonal epilimnion peaks during 
winter, reaching 0.8 ng L− 1. This indicated different response to key 
catchment- and lake processes between the two compound groups. NSA 
and NA lake water levels were lower than the estimates obtained using 
the atmospheric dispersion and deposition model (3.4 ng L− 1) that 
included steady-state photo-decay of NSAs, but without biodegradation 
and the possibility of accumulation with time (Price and Borgnes, 2019). 

The presented assessment does not consider the possibility of natural 
background levels of NAs and NSAs adding to the estimates. In the 
absence of a sufficiently sensitive analytical method the occurrence of 
these compounds in natural waters cannot be explored. However, their 
precursor molecule, the amine, is a natural component of environmental 
systems (Poste et al., 2014) and can also be emitted from other types of 
anthropogenic activities (Ge et al., 2011). While amines dissolved in 
natural waters cannot form NAs and NSAs through the atmospheric 
pathway, alternative NA and NSA formation pathways have been 
identified in other settings (Kemper et al., 2009; Walse and Mitch, 2008) 
and cannot be ruled out in natural water systems. 

3.3. Governing processes for NA and NSA fluxes in the catchment and the 
impact from seasonality 

The input fluxes to the lake were lower for the NAs than the NSAs 
(Fig. 2A and B), which contrasted to their lake concentrations. This 
mainly resulted from photodegradation of the NSAs during the ice-free 
season, efficiently reducing levels of NSAs towards zero. For the NAs, 
biodegradation in addition to diffusive exchange with the atmosphere 
were the most important losses but were insufficient at balancing the 
input rate. On average, photodegradation removes 82.5% of the 
incoming NSAs, while biodegradation (in-lake, soil, and groundwater) 
amounts to 11.3%. For NAs, biodegradation in the soil, groundwater, 
and lake removes 10.3, 1.2 and 15.2% of the incoming NAs respectively, 
and air-water diffusive exchange 23.8%. 

The peaks in NA concentration were associated with increased inputs 
to the lake during spring snow melt and to a lesser extent during autumn 
intense precipitation. For the NSAs, the corresponding higher spring 
input was mitigated by high rates of photodegradation. The peaking 
NSAs epilimnion levels are consistently simulated during winter 
(Fig. 1B), which coincides with the timing of an ice cover (Fig. 2D) that 
efficiently shields the NSAs from the weaker sunlight radiation occur-
ring during wintertime. This specific seasonal pattern places the snow 
melt season at higher risk of experiencing combined high NA and NSA 
concentrations. On the other hand, the highest NA concentrations in the 
lake epilimnion are found in late summer/early autumn as a result of 
summer accumulation and weaker removal processes compared to 
NSAs, just before mixing with the hypolimnion dilutes NAs again. 

As pointed out above, biodegradation is the main removal process for 
NAs and its parameters are loosely constrained due to the lack of 
knowledge on specific compounds biodegradability. Here our groups of 
NAs and NSAs have been dictated by the atmospheric dispersion 
modelling outputs, although biodegradability is compound specific 

(Brakstad et al., 2018). In fact, the –OH molecular group is believed to be 
more susceptible to biodegradation than the nitroso- and 
nitro-substituents (Brakstad et al., 2018). Hence, implementing a 
compound-specific biodegradation rate in the model would likely 
reduce uncertainty around the estimated NA concentrations. Thus, 
additional studies of biodegradation rates under a variety of environ-
mental conditions to represent soil, ground- and lake water as well as to 
assess the impact of bacterial communities and temperature are further 
required. 

3.4. Lake stratification causes delay in NAs levels 

In the lake, the seasonal thermal stratification appears to play an 
important role for the lake water levels of NA and NSAs. In the epilim-
nion, the concentrations show clear long-term, seasonal and shorter- 
term variations while in the hypolimnion the variations are most pro-
nounced during mixing events (Fig. 1A and B). This disparity highlights 
the relative isolation of the hypolimnion compared to the epilimnion. 
Seasonal and shorter-term variations are also evident in the various 
fluxes and process rates of NA and NSA, highlighting the response of 
these fluxes to, inter alia, hydrological and lake physical forcing. 

The impact of lake physical processes, snow melt on contaminant 
transport and distribution in the catchment has been previously 
acknowledged (Dueri et al., 2009; Meyer and Wania, 2008) and show 
strong seasonal variations (Williams et al., 2003). At first, the hypo-
limnion will act as a buffer for contaminants, diluting and storing the 
contaminants following mixing with the relatively more contaminated 
epilimnion. Based on our modelling, seven years are needed for the NA 
concentration in the hypolimnion reach a semi-steady state (Fig. 1A), in 
equilibrium with inputs and the various removal fluxes (Fig. 2A). On the 
long term, this accumulation of contaminant in the hypolimnion can 
cause further risks for the biota and water consumption. In addition, if 
NAs deposition within the Elvåga catchment is reduced or stopped, the 
lake will likely need a similar amount of time to recover. 

3.5. Implications of the parameter ranges (Monte Carlo) and the CO2 
capture operational condition (“reheat”) against the drinking water limit 

Using the range of values set for the most uncertain and influential 
parameters (Table 1) the Monte Carlo sampling gives a distribution of 
possible long-term average concentrations in the drinking water 
extracted from the lake (Fig. 3). This illustrates the probability for a 
parameter set to result in long-term concentration of NAs and NSAs 
exceeding the drinking water limit (4 ng L− 1) (Låg et al., 2011). By using 
the “reheat” operational setting, only 0.02% of the sampled parameter 
sets result in long-term concentrations exceeding the safety limit. Using 
the higher deposition rates of “no reheat” emission scenario, 85.03% of 
the sampled parameter sets result in long-term concentrations exceeding 
the limit. This demonstrates the effectiveness of this measure, providing 
enhanced dispersion and dilution of the emitted compounds. It should 
be noted that the sensitivity analysis is only carried out on the 
catchment-lake model. A more thorough approach would be to do a 
combined sensitivity assessment on the atmospheric- and 
catchment-lake models together. 

The sensitivity analysis shows that uncertainty in biodegradation by 
far accounts for most of the uncertainty in the model output (Table 1), 
followed by evapotranspiration and parameters related to diffusive ex-
change between the lake and the atmosphere. Thus, the most efficient 
way to reduce model uncertainty is to get a better understanding of the 
NA biodegradation rates and related parameters, as described above. 
Better constraints on catchment hydrology, especially evapotranspira-
tion, would also help reduce uncertainty through e.g., the availability of 
measured discharge time series for the inlet(s) to the lake. Another path 
to reducing uncertainty would be to improve analytical method detec-
tion limit in order to observe NAs and NSAs in the environment and 
construct a validation dataset. Furthermore, data on the plant uptake 
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rate of the nitrogen-rich NAs and NSAs, currently ignored but shown to 
be significant (Panz and Miksch, 2014), would help further improve the 
model. 

While the present modelling approach is perfectible in many ways, it 
provides more realistic lake NA and NSA concentrations unlike previous 
approaches. Importantly, while our modelling approach require local 
adaptations, it is transferrable to other locations with different types of 
sensitive water sources, e.g. groundwater, and our model has the po-
tential to couple directly to the output of different types of atmospheric 
dispersion and deposition models. 

Finally, this work aspires to improve the cost efficiency of amine- 
based CO2 capture through the presentation of a modelling tool able 
to quantify realistic NA and NSA levels in natural waters. Our tool can be 
used to assess the effect of costly amine emission measures and help 
establishing sound amine emission permits. This work further contrib-
utes to the environmental and health risk assessment of amine-based 
CO2 capture by predicting future NA and NSA levels in natural waters 
and identifying key influential and uncertain governing processes. We 
recommend, as also pointed out earlier (Chen et al., 2018), future work 
to establish biodegradation rates of the NAs under relevant environ-
mental conditions in order to improve risk and life-cycle assessments of 
amine-based CO2 capture. We also recommend the catchment-lake 
model to be run in conjunction with the atmospheric dispersion and 
deposition model to enable an overall sensitivity analysis. 
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