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EXECUTIVE SUMMARY

Overview

The purpose of the GQOCapture Mongstad (CCM) Project is to plan anddaillarge
scale carbon dioxide capture plant. The facilityl We situated next to the Mongstad
refinery on the Mongstad industrial site, northBafrgen on the west coast of Norway.
The facility will capture carbon dioxide from thieié gas of a combined heat and power
plant (CHP). Amine-based solvent technology is mohnology option for C&capture.
The design basis is the capture of approximatedyniillion tonnes of C@ per year,
which will then be conditioned and compressed fielne transport, to be sent to
geological storage under the Norwegian Continelkadlf. An amine-based GQ@apture
plant may cause harmful emissions to the atmosphferenes and their degradation
products from reactions in the process and in thsphere are of particular concern to
Gassnova SF and Statoil ASA (who are jointly orgeng the CQ Capture Mongstad
Project, CCM), but there is limited knowledge abthg behaviour of such chemicals
when discharged from large scale industrial prags#\s such Gassnova SF has
launched several studies to be conducted duringdpture plant development in order
to improve understanding and knowledge of thesestanbes. One of the studies is
associated with the atmospheric dispersion and gilepo (and the ultimate fate) of
components from post-combustion amine-based cattoxide capture.

As part of Call-Off 01 conducted in 2010 DNV invigsted the available air dispersion
models and their suitability for simulating the gkssion and deposition of pollutants
(amines and their degradation products of conceamely nitrosamines and nitramines),
from post-combustion amine-based carbon dioxidéucagrom the facilities associated
with the CCM project. The scope also included gaelision case study using one of
these existing models as well as recommending naeatlopment work (short and long
term) for meeting the study objectives.

This report constitutes part of Call-Off 02 whidima to achieve a better understanding
of the role of different deposition routes, and h@g precision in predicting the

concentrations of harmful pollutants (specificaljtrosamines and nitramines) in

drinking water from a known concentration of thpsdlutants in air.

For the simulation of dry and wet deposition theLBANFF Modelling System, Version
6.4 has been used because:

* For alignment with the atmospheric chemistry madglstudy which was undertaken
in parallel to this study (incorporating simple amichemistry in CALPUFF). DNV
believes it is beneficial to use the same modeldispersion (including chemistry)
and dry / wet deposition, since these phenomehzeimie each other.

* The “time” parameter is an important factor in thienulation of amine chemical
reactions. It should be emphasised that ADMS [i@nreative model to CALPUFF) is
a steady-state plume model, where the parametee™tis not considered (i.e. the
“history” of the pollutant from the source to theceptor is not simulated).
CALPUFF is a time-varying model, where the polldutean be followed step by step
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provides a good base for a more accurate implertiemtaf an amine chemistry
model using CALPUFF. Even though amine chemistry hat been considered for

(minimum time step is 1 second) from the sourceht® receptor.

the purposes of this study (all em

is in para

DNV

CALPUFF DNV Report No. PP011013/1The amended model can be used at a

later stage of the deposition study

n

concentration of nitrosamines and nitramines im

ing amine ¢

lud
* CALPUFF also allows for more accurate simulatiorpoliutant transport in complex

Inc

terrain areas. Within this context, the use of I3AM data as meteorological input

would max

specifications.
provides deposition fluxes of nitrosamines andaniines for these. The Centre for

Ecology and Hydrology (CEH) has provided the nemgsspecialist expertise for the
better understanding of the transport and reterdfahe pollutants after they have been

deposited to ground. Their analysis was conductsimiguthe EQC (EQuilibrium

Criterion) Level Il fugacity model.
A high-level flow-chart of the methodology useddstimate the long term nitrosamine

The CALPUFF Modelling System identifies the impottavater bodies affected and
and nitramine concentration in drinking water sesris provided in Figure-1.

« Wet and dry deposition are also

Figure 0-1

water sources

Physico-chemical

properties of

pollutants

A deposition case study was run (based on emissionmat

by the CEH analysis investigating transport anéngbn of the pollutants after they
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nitrosamines and nitramines in a water body (incgdensitivity analysis in order to
address uncertainties in the modelling).

Conclusions
The key conclusions from the study are as follows:

* The methodology developed for estimating the cotma&on of pollutants (amine,
nitrosamines and nitramines) in a drinking watairee from a known concentration
in air appears robust and can be readily used fora@ual emission scenario,
including more accurate information for the drirkkwater source. The methodology
can also be easily modified if more accuracy ingrealiction of the results is required
(i.e. account for atmospheric amine chemistry enrtiodel).

* Wet deposition is the driving deposition mechanisaiereas dry deposition is
negligible in comparison in this relatively humiddawet study area (over an order of
magnitude lower for equivalent deposition fluxes).

» Effectively, all the mass emitted for pollutants ofterest (nitrosamines and
nitramines) will be deposited via the wet depositinechanisnduring precipitation
hours.

* Peak deposition fluxes are observed in the nedd (@ few kilometres from the
emission source).

* The base case model (after deposition) was notcamlareal case; it was run
primarily to test out the methodology for estimgtipollutant concentration in
drinking water sources and not to explicitly draanclusions in relation to the
currently available criteria. However, predictiosisggest thatif( the case was real,
the assumptions correct, and the emissions anctlek@cteristics accurate):

0 assuming that primary degradation (degradatiomefpiarent molecule to
a first metabolite) removes any carcinogenic effda¢ nitrosamine and
nitramine concentrations in the lake water willgseater than the strictest
suggested protective level for lifetime exposuredligh drinking water (4
ng/l, representing a negligible lifelong risk ofiriLa million of acquiring
cancer), but less than the higher level of 40 (rgffresenting a minimal
lifelong risk of 10 in a million of acquiring cange

o |If complete mineralization (ultimate degradatior) the molecule is
required to remove the carcinogenic effect them lmtels are likely to be
exceeded.

o Given that the case study is not based on actuasen data and the
selection of the lake for detailed analysis doescoorespond to the lake
receiving peak flux, the results presented relativecriteria should be
considered in this context.

* It should be noted however that because the nitrmsss or nitramines might be
expected to form less carcinogenic compounds giteanary degradation to a
metabolite, consideration of the primary degradatiate may be justified for the
purposes of this study (with ultimate degradatibmterest as a sensitivity test).

DNV Ref. No.: PP011015
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* The model results were also shown to be sensibivbe size of the lake with respect
to the size of the catchment: the larger the lake lower the predicted lake
concentrations. This was because of the increaseéer wolume in which the loading
was diluted.

* The model results were rather insensitive to alltted other parameter variations
assessed. This included the organic carbon coatehe soil, which was unimportant
because of the low Koc values (partitioning coéfit normalised for organic carbon
content of soil or sediment) estimated for theséemdes. Given that the Koc values
were estimated, it would be very useful to make sueaments of the Koc in suitable
representative soils.

However, it should be noted that there are somenifgignt uncertainties and
conservative assumptions related to the above gsiodis.
The uncertainties are as follows:

* The degradation rates used in the modelling weith, thhe exception of NDMA, all
estimated from the structures of the moleculesguaim adaptation of a method that
was really only supposed to be gualitative. Thedaes are therefore rather uncertain
and the model was sensitive to them as was showhebgignificant difference in the
results found when primary and ultimate degradaties are compared.

* Any change in the criteria could dramatically affée results of the analysis relative
to the comparison against these criteria.. Theertaitis currently based on NDMA
which is considered a conservative estimate as NO#18ne of the more potent of
this group of pollutants. However, it is again emgibed that the purpose of this study
was to develop a methodology for estimating potititeoncentration in drinking
water sources and not to explicitly draw conclusion relation to the currently
available criteria. Given that the case study isbased on actual emission data, the
criteria have not yet been confirmed and the seledf the lake for detailed analysis
(i.e. not corresponding to lake receiving peak Jfiine results presented relative to the
criteria should only be considered as indicative.

* Further refinement of the physico-chemical progsriiiescribed above will provide
more robust estimates and more confident predictoaid then be made.

* The predicted deposition fluxes are highly depehaenthe assumptions related to
the pollutants scavenging coefficients, and orsthdy area weather.

The conservative assumptions are as follows:

» All degradation reactions of nitramines and nitros®es in the atmosphere have been
neglected for the purposes of the deposition modektudy (once formed these
pollutants do not react further, which is a conagwe assumption).

* The nitrosamine and nitramine deposition flux pded by DNV and utilised in this
report is likely to be overestimated because it e&gnated prior to the development
of the simple atmospheric amine chemistry moduliwiCALPUFF (as mentioned
previously).

DNV Ref. No.: PP011015
Revision No.: 2
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Recommendations

The key recommendations from the study are asvistio

» Given that the nitrosamine and nitramine deposifliax predictions are likely to have
been overestimated because the analysis was ceddpicor to the development of
the simple atmospheric amine chemistry module wi@ALPUFF, further deposition
case study analysis should be conducted utilidegamended model. This would
increase the accuracy of the study results.

* The assumptions related to the pollutants scavgngoefficients used for the wet
deposition modelling should be confirmed. The daa be best confirmed through
literature review, and if no information is availalexperimental investigation may be
required.

* Improved estimates of degradation rates shouldobeareed through experiments with
soil and water samples, and at temperatures tymtaites where deposition is
expected. It would be useful to identify the degitawh mechanisms, the metabolites
and their potential carcinogenicity. This wouldrease the level of confidence in the
modelling after deposition results. It is emphasiskat because nitrosamines or
nitramines might be expected to form less carcinmgeompounds after primary
degradation to a metabolite, consideration of ghenary degradation rate may be
justified for the purposes of this study (with oltite degradation rate of interest as a
sensitivity test).

* The modelling after deposition results were ratimsensitive to variations in the
organic carbon content of the soil. This was ururtemt because of the low Koc
values estimated for these molecules. Given thatkibc values were estimated, it
would be very useful to make measurements of the iKosuitable representative
soils. It is noted that some of the chemicals mayweakly positively charged at
neutral pH and therefore the estimates made hegbtmnderestimate the actual value
and therefore lead to an overestimate of lake aura®ons. Experimental
determination of the Koc values would show if tigisn fact the case.

DNV Ref. No.: PP011015
Revision No.: 2
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1 INTRODUCTION
1.1 Background

The purpose of the GOCapture Mongstad (CCM) Project is to plan anddaillarge
scale carbon dioxide capture plant. The facilityl We situated next to the Mongstad
refinery on the Mongstad industrial site north afr@en on the west coast of Norway.
The facility will capture carbon dioxide from thieid gas of a combined heat and power
plant (CHP). Amine-based solvent technology is mohnology option for C@capture.
The design basis is the capture of approximatedyniillion tonnes of CQ per year,
which will then be conditioned and compressed fqelne transport, to be sent to
geological storage under the Norwegian Contineitelf.

The CCM Project is currently at the early plannargl development phase, organised
jointly by Gassnova SF and Statoil ASA, with furglinom the Norwegian government.
This report is submitted to Gassnova SF.

An amine-based CQOcapture plant may cause harmful emissions to theosphere.
Amines and degradation products from reactionsemprocess and in the atmosphere are
of particular concern to Gassnova SF / Statoi ARA,there is limited knowledge about
the behaviour of such chemicals when dischargeu tesge scale industrial processes.
As such Gassnova SF has launched several studlss ¢onducted during the capture
plant development, in the period up to the projanctioning, in order to improve
understanding and knowledge on these substancesofQhe studies is associated with
the atmospheric dispersion (and the ultimate fatejomponents from post combustion
amine-based carbon dioxide capture §CRCOy, NHs;, amines, aldehydes, alkylamines,
amides, nitrosamines and nitramines). The first pathe study (Call-Off 01DNV No.
EP024442, Revl,"5October 2010, E-Room No. FM07-ADZ00-S-RA-0001,3)Rev
performed by DNV in 2010, investigated the air éigion models available and their
suitability for the CCM project, conducted a dispen case study using one of these
existing models, as well as recommended short @mgl term model development work
for meeting the study objectives.

This report constitutes part of Call-Off 02 whidima to achieve a better understanding
of the role of different deposition routes, and h@g precision in predicting the

concentrations of harmful pollutants (specificaljtrosamines and nitramines) in

drinking water from a known concentration of thpsdlutants in air.

1.2 Scope and Objectives

1.2.1 Objectives

One of the main findings from earlier studies, uthg DNV’s call-off 01 work,
was that wet deposition and the transport of pafitd (amines, nitrosamines and
nitramines) from air by uptake in rain drops, depms on land and run-off to
drinking water sources were important, and curyemdit very well understood.

DNV Ref. No.: PP011015
Revision No.: 2
Date : 4' November 2011 Page 6 of 41
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As such, the key objectives of this study are:

1. Understand the role of the different depositiontesu(specifically dry and wet
deposition) in emission dispersion modelling.

2. Assess the relative importance of deposition asad pf the atmospheric
processes occurring when amines, nitrosamines aaghines are emitted,
formed and dispersed from G©@apture plants. The influence of precipitation —
intensity, frequency and probability — as well aatevshed estimation and
retention of pollutants in soil/ground are impottéactors that need to be better
understood.

The key goal is to propose a methodology for edtirgathe concentration of
pollutants (amine, nitrosamines and nitraminesa idrinking water source from a
known concentration in air.

1.2.2 Scope

The scope for this study involves developing a metfogy for evaluating the long term
concentration of nitrosamines and nitramines (palits of interest) in one drinking
water source in the vicinity of the Mongstad fdm@k (case study).

This was achieved via wet and dry deposition maugif pollutants of interest in order
to understand the key deposition mechanism andetative importance of different
influencing factors based on best available infdroma Once deposited, the subsequent
run-off of those pollutants within a watershed tad@nking water source, and the
retention/destruction in soil or water bodies withihe watershed area was estimated
using a fugacity model. In summary, fugacity can described as the “escaping
potential” of a compound from a particular media(soil, water, air).

This study does not involve any software developimieut is focussed on developing a
methodology that is specific and relevant to thibupents of interest.

DNV understands that this study is not concernedti acidification and eutrophication

resulting from the deposition of amines, nitrosagsirand nitramines, but is focussed
specifically on the concentrations of these potitda and their potential for human

health impacts.

It is noted that a case study considering bothefifects of deposition and atmospheric
amine chemistry (using the modified atmospherigealision modelling software) is
outside the scope of this study.

1.2.3 Project Organisation

All the work was conducted in DNV’s London officegth the deposition modelling
performed using the CALPUFF Modelling System.

The Centre for Ecology and Hydrology (CEH) in th& Was provided the necessary
specialist expertise for the better understandifighe transport and retention of the
pollutants after they have been deposited to ground
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CEH is part of the National Environmental Resedatduncil NERC and is a science-led
organisation, carrying out scientific research, rappeg three Science Programmes:
Biodiversity, Water and Biogeochemistry.

1.3 Report Layout
The remainder of this report is structured as fedp

» Section2 outlines the model descriptions for the modeiksatl to achieve the
objectives of this study. This is also supportedbpendix 1.

* Section 3 summarises the results of the deposition casay.stlihis is also
supported by Appendix 2.

* Section4 summarises the results of modelling after dejwsitThis is also
supported by Appendix 3.

» Section5 summarises the conclusions from the study.

* Section6 provides the study recommendations.

» Section7 includes the references.
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2 DEPOSITION MODEL DESCRIPTION

2.1 Introduction

This section provides a summary description ofdépersion modelling tool used for
conducting this analysis (i.e. CALPUFF ModellingsBm Version 6.4) and the reasons
for its suitability and selection.

The above are discussed in further detail withipéydix 1, which also summarises the
state-of-the-art in Air Quality Dispersion Modeljin

Furthermore the different deposition routes (drgt amet) and how these are modelled in
CALPUFF are also briefly discussed.

2.2 Model Selection and Description

The general conclusion from the work conductedaas gf Call-Off 01 was that either a
Gaussian plume model (e.g. ADMS) or a Modified Gaars Puff Model (e.g.
“CALPUFF Modelling System) can be considered sugdbr the purposes of the next
stages/phases of the project.

DNV considers the CALPUFF Modelling System is prabde for this study because:

* The “time” parameter is an important factor in thienulation of amine chemical
reactions. It should be emphasised that ADMS steady-state plume model, where
the parameter “time” is not considered (i.e. thesttry” of the pollutant from the
source to the receptor is not simulated). CALPUS-B time-varying model, where
the pollutant can be followed step by step (minimiimre step is 1 second) from the
source to the receptor. This capability providegoad base for a more accurate
implementation of an amine chemistry model usingt.BWFF. Even though amine
chemistry has not been considered for the purpo$ethis study (all emissions
assumed to occur at source), it is noted that D&M parallel also conducting a study
for implementing simple amine chemistry in CALPURBNV Report No.
PP011013/). The amended model can be used at a later stdge deposition study
when more accuracy is required in predicting theceatration of nitrosamines and
nitramines in drinking water sources (i.e. by imthg amine chemistry in a
deposition case study).

* Further to the above, CALPUFF also allows for maxeurate simulation of pollutant
transport in complex terrain areas. Within thisiteat, the use of 3D LAM data as
meteorological input would maximise this capability

« Wet and dry deposition are also included in the EBEF model design
specifications.

The CALPUFF modelling system has been proposedhbyUS EPA as a Guideline
model for regulatory applications involving longnge transport and near field
applications, where non steady state effects (factoch as spatial variability in the
meteorological fields, complex terrain, calm wind&migation, recirculation or
stagnation and coastal effects) may be important
(http://www.epa.gov/scram001/dispersion_prefrec)htm
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The CALPUFF Modelling System includes three maimponents which are briefly
outlined below, and described in more detail witAppendix 1:

* CALMET is a meteorological model that develops pwind and temperature fields
- as well as turbulence parameters - on a threestsional gridded modelling
domain. It includes a micro-meteorological modal the characterization of the
turbulence in the lower level of atmosphere.

* CALPUFF is a transport and dispersion model thasusuffs of material emitted
from modelled sources for simulating dispersion &madsportation processing along
the way (including chemical transformations, dryd amet deposition). The model
uses, as input, the 3D meteorological field gereerdty CALMET, which allows the
spatial / temporal variations in the meteorologfat to be accounted for.

* CALPOST is used to process the CALPUFF output filed permits the generation of
concentration / deposition plot files which can dieectly read by GIS tools and
compared with Air Quality Standards.

2.3 Dry and Wet Deposition Modelling

2.3.1 Dry Deposition

Many complex processes are involved in the tranaifer deposition of pollutants on a

surface. The most important factors that influetigedeposition are:

* Properties of the depositing materials (size, shapd density for particles;
diffusivity, solubility and reactivity for gases).

* Characteristics of the surface (roughness, type vefetation, amount and
physiological state).

» Atmospheric parameters (stability, turbulence isii).

In terms of dry deposition mechanisms, depositibpaoticles is mainly controlled by

gravitational setting and inertial impaction whexredeposition of gases is driven by
turbulence and molecular diffusion. Depositiorsofall particles is complicated by the
fact that they may be influenced by the procesHestag both gases and large particles.

Although it is not practical to fully include alhé parameters mentioned above in a
dispersion / deposition model, CALPUFF parametsriseny of the most important
effects based on atmospheric, surface and pollptapierties.

The CALPUFF dry deposition module is based on thealed “resistance deposition
model”, which evaluates the deposition velocitydahen the deposition flux) as the
inverse of a sum of resistances plus, for particdegravitational settling term. Each
resistance represents the opposition to transpahteopollutant through the atmosphere
to the surface. The “resistance deposition modelbased on a multi-layer structure
which includes the layer aloft, mixed, surface, @@fpon and vegetation layers. These
are discussed in detail within Appendix 1 alonghwihe model input information
requirements.
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2.3.2 Wet Deposition

Many studies have shown that, during rain even&t,ssavenging of soluble or reactive
pollutants can be of the order of tens of percenthyur (Barrie, 1981; Slinn et al., 1978;
Levine and Schwartz, 1981; Scire and Venkatram,5198Gaseous pollutants are
scavenged by dissolution into cloud droplets aratipitation. For some pollutants (e.g.
S(O,) aqueous-phase oxidation can be an important rehpathway. Particle pollutants
are removed by in-cloud scavenging (rainout) anldvbecloud scavenging (washout).
For receptors located tens of kilometres from tharce, wet scavenging can deplete a
substantial fraction of the pollutant material fréime puff.

The wet deposition module in CALPUFF is based @ndtavenging coefficients, which
depends on the characteristic of pollutants (mastyubility and reactivity), as well as
the nature of precipitation (liquid / frozen).

Wet deposition flux at the ground (typically expes in mg/rrhr) is calculated by the
model through the scavenging factor and the prtipn rate.
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3 DEPOSITION CASE STUDY

3.1 Introduction

This section:

* Outlines the case study, the various input datas@an, terrain and meteorological
data), and presents the agreed drinking water tgualteria used for the assessment.
The physico-chemical properties of pollutants eéiast are also discussed.

» Presents the key results from the deposition cagh/,sas well as the results of the
sensitivity analysis conducted on key influenciagtérs.

The aim of the deposition study was to identify theposition flux of pollutants at

sensitive drinking water receptors, where moreildetaanalysis will be conducted (see
Section4). This forms part of the methodology developed dealuating the potential

long term nitrosamine and nitramine concentratiodrinking water sources.

The dispersion case study was conducted using #ePOFF Modelling System,
Version 6.4, a Gaussian puff air dispersion model.

Detailed information regarding the deposition cstseely is provided in Appendix 2.
3.2 Deposition Case Study

3.2.1 Emission Sources

One scenario for the CCS facilities was considdoedhe purposes of the deposition
case study. The main emission source from the CTaitpat Mongstad (the CHP
absorber stack) is considered to be the key sowofrgrterest. This is because amine
emissions will only occur from the absorber.

As the key for this study is to examine the behawigf amine by-products as they are
deposited onto the ground or onto water bodiehénvicinity of the Mongstad area, it
was not necessary to include other emission soasssciated with the CCS facilities or
the refinery.

Amine chemistry has not been considered for th@gmes of this study (all emissions
assumed to occur at the source based on literatiwes for maximum rural yields for
nitrosamines and nitramines). It is noted thattexgsMongstad refinery sources involve
significant emissions of NKand SQ . These may be included in the dispersion case
study at a later stage if more accuracy is requiredelation to the deposition flux
evaluation (if the amine chemistry calculation asirid to be very sensitive to the exact
values for NQand SQ).

The data for the CHP absorber stack emission sa@seribed above are summarised in
Appendix 2 based on information provided by CCMeTdeposition case study also
makes certain assumptions on the maximum yieldyial areas) of nitrosamines and
nitramines from the different starting amines (MEAMA and MMA) based on the
information provided. The nitrosamine / nitraminelg varies from 0.3% to 2.5% of the
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corresponding amine emission rate. All emissioesaasumed to occur at the source (i.e.
no amine chemistry is explicitly modelled).

Figure 3-1 illustrates the location of the CHP absorber stagint emission source (in
the green circle) included in the CALPUFF modetetation to other emission points at
Mongstad refinery that are not considered in thgod#ion case study.

Figure 3-1: Location of CHP Point Emission Source for depsition case study
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3.2.2 Literature Review of physico-chemical properties

This section provides details of the key influelgchactors for dry and wet deposition
modelling conducted with the CALPUFF Modelling S3rst More detail is provided in
Appendix 1.

The CALPUFF model requires the following inputs fieposition modelling for each

pollutant:

* Wet deposition: Scavenging coefficient (measuredrnits of ‘/s’). This relates the
solubility of a gaseous pollutant in a liquid (wate this case) with the ‘speed’ at
which the pollutant is washed-out of the plume bsgcppitation.

* Dry deposition: Various parameters for each indiaidpollutant such as diffusivity,
reactivity, resistance to vegetation.

Given that from the available information to daa@d experience from call-off 01) wet
deposition is expected to be the key driving depmsimechanism for amines and their
degradation products, the emphasis was on idemgifguitable values for scavenging
coefficients in the literature.

3.2.2.1 Wet Deposition

The solubility of a gas in a liquid can be expresbg Henry’'s law constant (H). There
are various sources in literature (some based perarental data) for the pollutants of
interest of this study, namely amines, nitraminss @itrosamines.

As part of the scope of this work the CEH condu@dierature survey on the physico-
chemical properties of pollutants of interest (#gpendix 3). One of the properties
investigated was H. Information related to thisgemy was also included in the CTCC
report Theoretical evaluation of the fate of harmful connpds post emission, H&E
TQP Amine, 256430116 — extracts from CTCC Re¢pord the CERC call-off 01 report
(Modelling Atmospheric Dispersion for Componentsnfréost-Combustion Amine-
based CO2 Capture, CERC NBM867/R2/10, 19 October 2011 The H constant

values from different sources for the pollutantsndérest are summarised in TaBld.

The H values from the CEH literature survey havenbased for the purposes of the
deposition study. This is mainly because the indrom from the CEH review is more
comprehensive and covers the full spectrum of patits of interest. In addition the H
values are generally similar to the other inforimatsources (where data are readily
available to DNV). High H values would result irghisolubility of pollutants in water
though it should be noted that this property isepua thermodynamic constant (and is
dependent on pressure and temperature). As suctlus@mns based only on this
parameter with regards to the partitioning of pwlii between the gas and aqueous
phases can be misleading.

DNV Ref. No.: PP011015
Revision No.: 2
Date : 4' November 2011 Page 14 of 41



DETNORSKEVERITAS i

Report for GASSNOVA SF
Deposition and Soil Transport Modelling of Compatsenom post-combustion amine-based,CO

capture MANAGING RISK  [=)i04%

Eo

Table 3-1: Henry’s Law Constants for Pollutants of interest

Source of Henry’s Law Constants
cTCcCH CERC Report | CEH Literature Survey
Pollutant (M atm™) (Mole / L atm) OR 2/2011
or (Mole / L atm)
(M atm™) or
(M atm™)
MEA 3.1x10t06.2x 10 6.2 x 10 3.1x10
DMA 31 to 60 N/A 5.65 x 10
MMA N/A 90to 1.4 x 10 9x 10
Methylnitramine N/A N/A 1.43 x 10t0 2.33 x 10 | Dry experiments only
Dimethylnitramine N/A N/A 3.13 x %0 8.33 x 16
Ethanolnitramine N/A N/A 2.86 x 2@o 1.41 x 10®
NDMA* 5.5t09.6 x 10 N/A 2.78 t05.49 x 10

Notes:

* No “stable” yield of nitrosamines from MMA and ME

## Theoretical evaluation of the fate of harmfulnpmunds post emission, H&E TQP Amine, 2564301 18traets from CTCC
Report.

1 Different values reported for other nitramineétierature (primarily lower).

2 H values generally expressed at 298 K and 1 atsspre.

For comparison the Henry law coefficients for carlioxide and oxygen are 3.4 x40
and 1.3 x 18 M atm® respectively. This indicates the very high solit§pibf amines,
nitrosamines and nitramines in water.

As discussed previously CALPUFF requires a scavengoefficient for each pollutant
for the purposes of modelling wet deposition. Tiaktes the solubility of a pollutant
with the ‘speed’ of removal from the plume by thainr droplets / precipitation.
Experimental data for NCand SQ (which are included as default values in the mpdel
indicate that their H constant values are factopgd10* to obtain the scavenging
coefficients.

As such, and in the absence of experimental dagasame approach was used for the
pollutants of interest for this study. It is emplad however that this approach is only
an assumption and should ideally be verified throwxperiments involving these
pollutants.

It is also noted that sensitivity cases examinimg effects of factoring the H constants
values have been performed in order to understamdthis affects the wet deposition
mechanism (two orders lower than™@nd, if appropriate, two orders of magnitude
higher). In summary, for the purposes of this sttiayH values for each pollutant have
Eeen multiplied by 106 (for the Base Case), PSensitivity 1) and if appropriate by 10

The results from this sensitivity analysis are preéed and discussed in SectiB.2.
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Table 3-2: Scavenging Coefficients used for deposition & study

Henry’'s Law
Constant Scavenging Coefficient (/3)

Pollutant g/latm Base Case Sensitivity 1
MEA 1.88E+06 1.88E+02 1.88E+00
DMA 2.54E+03 2.54E-01 2.54E-03
MMA 2.79E+03 2.79E-01 2.79E-03
Methylnitramine 1.77E+07 1.77E+03 1.77E+01
Dimethylnitramine 7.50E+05 7.50E+01 7.50E-01
Ethanolnitramine 1.49E+09 1.49E+05 1.49E+03
NDMA 2.06E+03 2.06E-01 2.06E-03

Note: 1. Scavenging coefficients as estimated byDN
3.2.2.2 Dry Deposition

It is not anticipated that dry deposition will beignificant mechanism for the pollutants
considered in the scope of this study based onnrdtion available to date because of
the high solubility of nitrosamines and nitramirsesd the relatively high humidity and

precipitation in the study area. As such the folmssthis study was obtaining the best
available information for wet deposition parameters

For modelling dry deposition various parametersrarpiired for each pollutant. These
include diffusivity, reactivity, resistance to véggon, aqueous phase dissociation
(which refers to water bodies and not rain dropletsrecipitation). Most of this
information is based on experimental data for ddifé pollutants.

CALPUFF has default values for N@nd SQ which cover a large range of values for
diffusivity, resistance to vegetation and aqueduasp dissociation. Different model runs
where the parameters for N@nd SQ were used for each of the pollutants of interest
have been simulated to investigate the importafideeodry deposition route (i.e. one
model run where the parameters for ,Ntave been used for all pollutants, and one run
where the parameters of S®ere used).

The results from this analysis are presented asmlidsed in Sectiah3.2.
3.2.3 Area of Interest

On the basis of the coarse / preliminary simulaipreviously performed as part of call-
off 01 with a simple “plume model”, the maximum emnt of the potential “area of

interest” for concentration / deposition effectsswastimated to be 25 km from the
release sources. On this basis, the extent afdhgputational domain for this study has
been set to 35 km in each direction from the relesmirces, because of the following
reasons:

» It is general good practice to work on a “compwtadil” domain slightly larger
than the “area of interest”

* The need to include two key weather monitoringictat (observational data)
into the domain. These are discussed in Se&iPrb.
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This computational domain is shown in Fig®€, and has been characterised in detalil
in terms of terrain features and land use (see @eR12.6).

Figure 3-2 - Computational Domain
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3.2.4 Sensitive Receptors in the Mongstad Area

The specific receptors included in the CALPUFF r@res locations at which long and

short fluxes are provided separately as model asifpare based on locations where
NIVA has conducted aquatic monitoring in the Momglsarea. These are illustrated in
Figure 3-3

Figure 3-3: NIVA Sampling Locations for Aquatic Monitoring

Sampling locations where NIVA has performed aguatic monitoring in the Mongstad area. Circles indicate
distance from Mongstad in 10-km increments.

The sampling locations in the blue circle in thgufe above indicate the areas where the
peak deposition fluxes are anticipated to occuris T due to the prevailing wind
direction in the Mongstad area which is from theitBeEast.

It is also noted that the two locations at the Nidktest of the blue circle also correspond
to water bodies that CCM have indicated are ofi@adr interest (Yndestal and
Frayset).

3.2.5 Meteorological Data

For the purposes of this study, the prognostic Lécaa Model (LAM) meteorological
model CALMET (part of the CALPUFF Modelling Systerhas been initialised with
meteorological data from the prognostic model MM#&jch in turn has been set up with
the three-dimensional meteorological input aridnogn Global Circulation Model (GFS
- NOAA). Figure 3-4 describes the “model chain” used for the metegical
characterisation of the area of interest aroundvtbegstad area.
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MMS5 has been run twice. The first run refined tasolution from 120km (GFS output)
to 16km; the second run refined the resolutionkm4The LAM output, for this study,
is the 3D wind field for a 150x150km domain, witkrd horizontal resolution. The
LAM model has been run by a third party (the mettagical data providers, Trinity
Consultants Inc.). The LAM output is then usedrgmit by CALMET, which allows for
further refinement. In this case, a mesh of 50@svolution has been used, in order to
allow the local terrain features to be properlydeted.

The dispersion case study was performed for ay@dt of data (2009, 8764 hours). This
allows all the Air Quality Parameters to be evadddior “long term” effects.

The meteorological data and the approach followsdréfining these is described in
more detail in Appendix 2.

In addition, local observational data have beeroduced into the CALMET, in order to
increase the “quality” of boundary conditions andake sure local phenomena
(particularly the precipitation rates) are adegyataptured in the final 3D wind field.
The surface station data for 2009 have been supfiethe National Oceanic and
Atmospheric Administration (NOAA) for various mooitng stations in the vicinity of
the Mongstad site. Among the available data, tileviing stations have been selected,
based on the quality and completeness of datasassded in Appendix 2:

» Takle

* Bergen Florida
Precipitation data from the analysed meteorologitations, used as local observational
data in the meteorological model, are given in €868. The rainfall / snowfall in 2009
match the historical data, which indicates an ayenaer year in the range 2500-3000
mm. This confirms that 2009 is a robust choicetfa simulation of pollutant rainout /
washout (wet deposition).

Table 3-3 - Precipitation Data

Annual Historical
precipitation 1960-1990
Station Year (mm) (mm)
Takle 2009 2670 2500-3000*
Bergen Florida | 2009 2930 2500-3000*

* Source:http://met.no/?module=Articles;action=Article.puthow;|ID=804
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Figure 3-4 - Meteorological Simulation — Approach
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3.2.6 Terrain Data and Land Use

Terrain data is one of the main inputs of the medegical model. Terrain influences
local wind field and micrometeorological conditiomghich in turn affect the cloud path,
atmospheric turbulence and, ultimately, pollutaspdrsion.

The computational domain has been divided into 140x19600 cells (cell size 500m),
each of them associated with a terrain elevatiee @Egure3-5). This level of detall is
considered to be adequate to properly reproductethesn effects on local scale.

Figure3-5 also highlights that the area is characterisecklatively complex terrain. In
particular, the presence of important reliefs dmel water bodies are deemed to have a
strong influence on local winds.

Figure 3-5 - Terrain Features
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In addition to the terrain data, land use is aik@yt to the meteorological model. Land
use influences local micrometeorological conditjonghich in turn affect local
atmospheric turbulence and, ultimately, pollutaspdrsion.

The following land-use categories have been us&ANbMET:
* Large water body
» Small water body
* Agricultural land
* Urban land
» Forest land

 Barren land / Tundra

The computational domain has been divided into 140x19600 cells (cell size 500m),
each of them associated with a land use categ@eesFigure3-6).

Figure 3-6: Land Use map — One value for land use per eaghid cell of 500x500m
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3.2.7 Drinking Water Quality Criteria

This study only considers deposition of nitrosarsia@d nitramines and their potential
long term concentration in drinking water sourcAmines have not been explicitly
considered in this study given that the drinkingexariteria associated with them are
much less stringent than the criteria for nitrosssiand nitramines.

The drinking water quality criteria against whid¢tetresults are judged are based on the
Norwegian Institute of Public Health (NIPH) recommded values. The basis for this is
the evaluation study conducted by NIPH as per tieafe and Pollution Agency (KIif)
request Kealth effects of amines and derivatives associateth CQO, capture:
Nitrosamines and nitramingsThe NIPH study is based on evaluation of exggtisk
estimates related to N-nitrosodimethlyamine (NDMAJ) air and drinking water, and
included an evaluation of the EPA / IRIS risk estigs.

The NIPH evaluation has calculated the concentradfanitrosamines (NDMA) in water
associated with risks (to humans) in the range0¥tb 10°. This means that life-long
exposure at the indicated levels would result ineaness life-long risk of cancer of
either 10° or 10° The recommended tolerable nitrosamine conceatrsitiare
summarised in Tabl&-4. As limited information is available on healdffects of
nitramines, NIPH has suggested that the risk estiniar NDMA is also used for
exposure to nitramines. This may be conservativRBIA is likely to be more potent
than any of the nitramines.

These values correspond, in DNV’s understanding lmng term annual criterion. The
emphasis for this study is the long term resulemgithat the criteria refer to the life-time
risk of cancer.

DNV also understands that results from other studigrently ongoing are utilised in

order to help establish air quality as well as kirig water criteria relevant for

environmental studies. These values are consideseglidelines and criteria have not
yet been officially set by KiIif.

Table 3-4: NIPH recommended tolerable drinking water quaity criteria

Drinking Water Quality *
Pollutant Long Term (Annual) — ng/I
Nitrosamines/Nitramine 40°/ &°
Notes:

1 The cumulative nitrosamine and nitramine conediain (in drinking water) is judged against the
recommended criteria.

2 Corresponds to a life-long risk of cancer leviel®>.

3 Corresponds to a life-long risk of cancer leviel®°.

However, it should be emphasised that the purpdsti® study was to develop a
methodology for estimating pollutant concentratiordrinking water sources and not to
explicitly draw conclusions in relation to the camtly available criteria. As such, given
that the case study is not based on actual emisitmy the criteria are early in their
development and the selection of the lake for tegtaanalysis (i.e. not corresponding to
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lake receiving peak flux) the results presentedtined to the criteria should only be
considered as indicative.

3.3 Results

3.3.1 Overview

This section summarises the results from deposdéase study as well as the sensitivity
to the key parameters. The aim of the depositicayars is to identify the pollutant
deposition flux at a water body in the vicinity thfe Mongstad facilities to conduct
detailed analysis of the potential long term coti@ion of nitrosamines and nitramines
in drinking water sources.

The results are presented as follows:

» Section3.3.2 summarises the influence of the key assumgiio relation to the input
data for dry and wet CALPUFF model input parametershe pollutants considered.

» Section3.3.3 summarises the results of the deposition stasly in terms of long and
short term deposition flux results.

» Section3.3.4 summarises the details of the water bodyefrtee) selected for further
analysis in terms of deposition fluxes for eachlygaht of interest as well as area,
depth, inflow, outflow etc.

3.3.2 Influence of dry and wet deposition inputs

3.3.2.1 Wet Deposition

The key input in the CALPUFF model for wet depasitis the scavenging coefficient
for the pollutants of interest (i.e. amines, nitnmgnes and nitramines).

The results from the analysis conducted using mdiffe values for the scavenging
coefficients, as discussed in Sect®.2.2, indicate that:

« The results indicate that for coefficient valuestia region of 2 to 3 x I/ s almost
complete wash-out (100% of the mass emitted) apdsigon of the pollutant occurs
during precipitation. This is irrespective of thalptant and is illustrated by

* Figure 3-7. Given that the assumed -coefficient values Mmirosamines and
nitramines are much greater than 3 1@, full deposition (i.e. 100% washout) of
the emitted mass is expected for all pollutantsnduprecipitation.

* The above is further illustrated for NDMA where theng term wet deposition
results indicate that around 50% of the mass etdnd@teéhe source is deposited via the
wet deposition mechanism. The precipitation datenftwo monitoring stations in
the area (Tackle and Bergen Florida), which aredtiinputs to the CALPUFF
model, indicate that around 50-55% of the hour2009 include precipitation (i.e.
rainfall hours). This is discussed further in Sat8.2.5.
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Figure 3-7: ‘Wet’ Mass deposited against Scavenging Coeffent

i
=
=
&

|

{

|

I

¥ A

L

Mass scavenged % (wet dep.)

N 2to3x 102 S

Scavenging Coefficient

As such the deposition base case run was condusted the scavenging coefficient for

NDMA for all pollutants of interest (primarily niisamines and nitramines) which

results in complete deposition of pollutant durprgcipitation hours. This is considered

conservative for the purposes of this analysisrgivat it is based on experimental data
for other pollutants (NQand SQ) and only on literature data for the pollutants of
interest (nitrosamines and nitramines).

3.3.2.2 Dry Deposition

As discussed previously, it is not anticipated ttat deposition will be a significant
mechanism for the pollutants considered in the sadpthis study based on information
available to date (i.e. high solubility for nitresmes and nitramines and high humidity
and precipitation in the study area).

As discussed in Sectidh2.2.2, different model runs where the CALPUFF glatefault
parameters (diffusivity, reactivity etc) for NGand SQ were used for each of the
pollutants of interest have been simulated to itigate the importance of the dry
deposition route. Note that these are based orriexgretal data.

The results from the analysis indicate that:

* Long term deposition results (for NDMA and ethammoémine) indicate that 0.6% to
2% of the emitted mass is deposited when using\itig and SQ dry deposition
parameters respectively.

» The dry deposition route is considered negligibempared to wet deposition
equivalent (over an order of magnitude less in seofrdeposition fluxes).

The above results confirm that dry deposition igligéole compared to wet deposition.
However, this is highly dependent on the scavengwmefficient assumptions made for
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the purposes of the wet deposition analysis, thathves in the study area, and also the
use of NQ and SQ default parameters for the dry deposition analysis

3.3.3 Deposition Case Study Results

The deposition case study results are presentedrmms of long term results (ground
level deposition flux contours) for NDMA for wet @iry deposition, as follows:

* Figure3-8 illustrates the ground level long term wet dafion results for NDMA.

* Figure3-9 illustrates the ground level long term dry dgpon results for NDMA.

Figure 3-8: Long term wet deposition NDMA fluxes at groundevel, g / nf/ s
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Figure 3-9: Long term dry deposition NDMA fluxes at groundlevel, g/ nf/ s
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From the results presented above it can be seen tha

 The peak long term wet deposition flux anywheretten grid is around 5 x 18 g /
m? /' s and occurs within a few kilometres from theismion source. The effects of
wet deposition are relatively localised in the inthag¢e vicinity of the CCS plant
(around 15 km from the source). This is highlighbgdthe fact that deposition fluxes
of up to two orders of magnitude lower are obsemwtlin 15 km from the release
source. This means that the wet deposition medmaisdast (though note that this
result is heavily influenced by the scavenging toeht assumptions made, as well
as the weather in the study area). Note that thg ferm ground level concentration
contours for NDMA (as illustrated in Appendix 2)dinate that concentration levels
that differ by two orders of magnitude are withir3 km from the release sources.
This further indicates that the effects of wet dapon are relatively localised.

 The peak long term dry deposition flux anywherettmngrid is around 2.3 x 8 g /
m? / s. These occur within a few kilometres from #mission source. In general it
can be seen that the dry deposition fluxes areanders of magnitude lower than wet
deposition equivalent values. This indicates thgnificance of the wet deposition
mechanism compared to dry deposition which is gégé in comparison.

* The deposition flux results for the other pollusamtf interest (i.e. nitramines) are
similar, and the values are directly related torete of emission rate of the pollutant
against the emission rate of NDMA assumed at theP Gidsorber source. For
methylnitramine the ratio is approximately 1 (ilee equivalent deposition fluxes will
be the same as for NDMA), for dimethylnitramingiand for ethanolnitramine is 10.

It should be noted that no conclusions can be difasn the above results in relation
to the potential long term concentration of nitrogaes / nitramines in drinking water
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sources. The aim of the deposition case study wadentify potentially affected
water sources that would be carried forward forembetailed analysis (see Appendix
3 for modelling after deposition results).

Based on the long term deposition results presemtede the water bodies indicated in
Figure 3-10 have been identified as receiving the peakeBu(only wet deposition has
been considered as this is the main depositiore)yout

Figure 3-10: Receptors receiving highest long term wet depition fluxes

16 " +

1r

Mongstad site

Sampling locations where NIVA has performed aquatic monitoring in the Mongstad area. Circles indicate
distance from Mongstad in 10-km increments.

Based on time-series plots (short term resultsgémh of the above receptors (which are

provided in Appendix 2) indicating the wet depasitiflux for every hour of the

simulation (i.e. 8764 hours in 2009), the followican be said:

* The highest short term wet deposition flux occurdake’ 1 and is at least twice as
high as for any of the other receptors (aroundk118°g / nf / s).

» ‘Lake’ 1 also receives the highest number of hauite wet deposition flux.

* No patrticular time of year appears to dominatewteedeposition mechanism.

In summary ‘Lake’ 1 receives the highest wet dejpmsifluxes and the highest number
of ‘wet flux’ hours in 2009, and as such this receshould be considered for detailed
analysis in order to evaluate the worst case cdrat&n of nitrosamines and nitramines
in drinking water sources.
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In order for the detailed analysis to be conductexdain lake characteristics, as well as
the wet deposition fluxes for all the pollutantsioferest will be required. The lake
characteristics have been sourced from NVE, asisissd below.

3.3.4 Receptor for detailed analysis after deposition

The Norwegian Water Resources and Energy Direeohats developed a national
Norwegian lake database for lakes (Innsjgdatabasét) surface area larger than
2500nf. The necessary lake information for the detailedlysis has been sourced from
this database hftp://nve.no/en/Water/NVEs-geographic-databasesiNational-Lake-
Database-Innsjodatabasen/

The NIVA sampling locations for which results halveen presented in the previous
section have been investigated in order to obtaiarmation such as lake area size,
depth, inflow and outflow.

The lakes for which NVE information is availabla, the vicinity of the Mongstad area
are illustrated in Figur@-11. The figure also attempts to match these lakés the
NIVA sampling locations (Lake IDs as indicated iiguie 3-10). Note however that the
NVE database does not appear to correspond tolth& sampling locations.

Figure 3-11: NVE Lake Locations

#

Despite the apparent discrepancies between the df&base and the NIVA sampling
locations, an attempt was made to match the rexeeptmsidered in the deposition case
study and the available information on lake chanastics. This is summarised in Table
3-5.
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Table 3-5: NVE Lake Information

Lake ID Name NVE Identification No.| NVE REGINE No.”
1 Midtbgvatnet 068-25961-L 068.2
2 Langevatnet 068-26006-L 068.17
6 Svardalsvatn 068-25912-L 068.1Z
16 Mjgmnevatng 068-25939-L 068.3

# REGINE is the Norwegian National Catchment Dasabét divides Norway into major and subordinafenence units along river
systems, basin boundaries and the coastline.

Further investigation of the information on the N\atabase indicates that the lake
characteristics required for the purposes of thayssis are only available for Lake ID 6
(Svardalsvatnet).

CCM have indicated that it is not necessary to egact information for lake
characteristics for the purposes of this studytheskey aim of the study is to test a
methodology for evaluating the long term concerarabf nitrosamines and nitramines
in drinking water sources. As such it was decideduse the lake characteristics for
Svardalsvatnet and the peak wet deposition flunltes$or receptor ‘Lake’ 1 in order to
evaluate potential nitrosamines / nitramines cotraéon in drinking water sources.

The lake characteristics used for the purposeh@fdetailed evaluation and the long
term wet deposition flux (i.e. annual average) samyrare provided in Tabl8-6 and
Table3-7 respectively.

Table 3-6: Svardalsvatnet lake characteristics (NVE infomation)

Parameter Value
Lake Area (krf) 0.8
Depth (m) 25-49
Inflow (I / s knt) 92.8
Catchment Area for inflow (kP 3.4
Outflow (I / s knf) 83.1
Catchment Area for outflow (kin| 9.8

Note that flow data is based on the period 19610199

Table 3-7: Peak Long Term Wet Deposition Flux summary atselected Receptor
(‘Lake’ 1)

Cumulative Wet Deposition Flux (g / ni / Average Wet Deposition Flux (g /
Pollutant
year) /s)
Methylnitramine 9.66E-05 3.06E-12
Dimethylnitramine 3.58E-04 1.13E-11
Ethanolnitramine 1.01E-03 3.21E-11
NDMA 1.06E-04 3.36E-12
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The above information was supplied to CEH for peniog the modelling after
deposition in order to evaluate the long term s#érnine and nitramine concentration in
a drinking water source.

The results from this analysis are presented aswldsed in Sectich
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4 MODELLING AFTER DEPOSITION

4.1 Introduction

This section describes how the deposition fluxrmugd of nitramines and nitrosamines
(as determined in the previous section) was sulesglyuused to estimate the potential
contamination levels in lakes that are used farkding water.

CEH were subcontracted to DNV to lead this parstafly, and their report is provided
in full in Appendix 3, and summarised briefly below

The study was conducted in the following stages:

* The physico-chemical properties of the nitrosanainé nitramine pollutants were
determined by literature review where possibleasda on the chemical structure
of the compounds.

» These polluting compounds were then investigateabsess their potential fate in
the environment using a modelling approach.

* A case study catchment was used to assess thent@timns of nitramines and
nitrosoamines in a specific drinking water suppkd, based on an estimate of
pollutant deposition flux to ground as providedyV.

* The modelling also investigated the sensitivitytlod predicted drinking water
concentrations to various model parameters usedinmlate the case study
catchment.

4.2 Physico-chemical data used for modelling

The data used in the modelling (e.g. water solybilapour pressure, Henry’'s Law
constant, partition coefficients) came from two rees:

» firstly from a review of the published literature;

» secondly from the EPISuite™ software (United St&agironmental Protection
Agency 2003). EPISuite™ allows the calculation a$io physico-chemical data
from the structure of the chemical compound of regg through a series of
independent sub-models. In addition, it has a dabof physico-chemicals
parameters which has been assembled from publatebthdustry sources.

Degradation rates are obviously important in deteimg the fate and persistence of
compounds in the environment as represented byaheus model compartments. It is
important to note that most of the degradationsrateed in this study were estimated
from the EPISuite™ software. Two values are given:
» Ultimate degradation (i.e. complete mineralizatafrcompound, usually to GO
and water)
» Primary degradation, in which the compound is deggeo its first metabolite or
by-product.
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Detailed data collected for these compounds and us¢he modelling assessment are
provided within Appendix 3.

4.3 Modelling

4.3.1 Model Description

A level Ill fugacity model was used to predict tthistribution and concentrations of the
selected nitramines and nitrosamines in the lakehozent. The model is briefly outlined
below.

Fugacity (f, units of Pa) can be described as #scdping potential” of a compound
from a particular media (e.g. soil, water, air).idtlinearly related to the chemical
concentration (C, mol/m3) in the media through fingacity capacity (Z, mol/fiPa) of
the medium for that chemical such that C= fZ. Thevdlue quantifies the relative
affinity of the chemical for a particular mediumt @quilibrium all the fugacities in the
system are equal and the ratio of the Z valuesvior media is equal to the partition
coefficients of that chemical in those media. Forample the air-water partition
coefficient (Kaw) equals the concentration of therical in air to the concentration of
the chemical in water which at equilibrium equal¢Zy (Mackay D. ,2001Multimedia
Environmental Models: The Fugacity Approa@nd edn. Lewis Publishers, Boca Raton,
USA).

There are four types of fugacity models call level¥ because they are of increasing
complexity. Level | are steady-state, equilibriunodals with a fixed quantity of
chemical introduced into the system: Level Il agld, but with a continuous discharge
of the chemical with inputs and outputs of the cizaiin balance: level Il a non-
equilibrium version of level Il because it includeser media transport and level IV a
non-steady-state version of level Ill.

The level 1ll model is generally considered appiatgr for the initial assessment of
potential environmental concentrations at particldaations. This calculation is of the
steady state distribution of a chemical, in an emment not at equilibrium. The
chemical is continuously discharged at a constatg mnto the chosen environmental
media, and achieves a steady-state condition athmihput and output rates are equal.
This involves calculating the rates of degradatmd advection, from half-lives or rate
constants, and advective flow rates and considehagemission. Inter-media transport
processes (e.g. wet deposition, evaporation, amssdation) are included. The media
receiving the emissions are very important and haveontrolling influence on the
overall fate of the chemical. When applied to secstudy the level Ill model will give
predictions of chemical concentrations in the wasionedia, the dominant losses by
reaction and advection, the inter-media transdacsan estimate of the residence time of
the chemical in the environment being modelled.

The model enables the environment into which thenubals are released to be
completely defined by the model user.
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The model considers four main compartments: aif, a@ater and sediment with three
sub-compartments: suspended sediments, fish andad®@s illustrated in Figurel.

Figure 4-1: Configuration of model compartments in Level Il fugacity model & the
main transport pathways between compartments. Adamgd from Cabhill et al (2003).
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Emissions of chemicals can be made into one or rabthe three main compartments
(air, soil or water). The chemical is then disttda between the sub-compartments in a
manner defined by the physico-chemical propertige@chemical and the environment.

The chemical is transported between compartments toymber of advection processes
(indicated by the arrows labelled in blue on Figdrd). Some of these advection

processes (outflow from the lake, bulk mass of @ar) remove the chemical completely
from the modelled environment. Within the model pamments/sub-compartments the
chemical can be removed by a first order degradapoocess characterised by a
degradation half life. The combination of the achian of the chemical through the

model environment and the degradation of the ch@mithin the environment gives an

estimation of the clearance rate for the chemiwahfthe modelled environment.
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4.3.2 Model Parameterisation

4.3.2.1 Base Case

The model was parameterised to calculate envirotaheoconcentrations in the
Svardalsvanet catchment located to the North Hddbagstad (latitude 6079 longitude
5.07). Long term annual deposition flux data was predichy DNV (using CALPUFF)
for four compounds that could potentially be defakion the Svardalsvanet catchment;
Methylnitroamine, N,N —Dimethylnitroamine, 2-(nimmino)ethanol and NDMA. The
deposition fluxes in g/fts were converted into loadings to the lake and soi
compartments based on their surface areas; 0°8dtrthe lake in a total catchment area
of 9.8 knf (see SectioB.3.4).

The environmental values used in the modelling. (@ke parameters, rainfall, soil and
sediment data) were based on measured data whaitabde, otherwise model default

values were used. The depth of the lake was cadoifeom data supplied to ensure that
the lake volume calculated in the model matchedattteal lake volume. The median

rainfall (provided by DNV) was 2300 mm/y, but sinites resulted in a flow less than

the median outflow from the lake of 83.1 I/skneven assuming 100% runoff, the
rainfall (called rain rate in the model) was seb&equal to a value that would produce
this runoff amount, 2628 mm. The soil water runatie was also set to this value. The
residence time for water in the lake was estimétach the lake volume divided by the

outflow, and the residence time of the air in thhecampartment overlying the catchment
to a height of 1000 m was suggested by DNV basegpproximate calculations.

Soil organic matter data was obtained by inspectibrihe Harmonised World Soill

Database, from where the dominant soil group wasithic Leptosols (40%) a

moderately well draining sandy loam soil with amamic carbon content of 1.4% by
weight and a pH in water of 7.5.

4.3.2.2 Sensitivity Analysis

Because of the uncertainty about some of the emwviemtal parameters used to describe
the catchment, the sensitivity of the model resaltgariations in some of the parameters
was explored (e.g. change in lake size, rainfaie,ralegradation rate, soil organic
content). This was done using a simple approaethich each parameter to be changed
was increased or decreased by a certain amournthanuodel run again with only that
parameter changed with respect to the baseline Imblae exception to this was that for
some environmental parameters the changes werdoruboth primary and ultimate
degradation rates.
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4.4 Results

Full details of the model results and the sensjtitests are provided in Appendix 3, but
are summarised briefly below.

4.4.1 Base Case

Results were obtained for two degradation ratesesemting:
* Primary degradation to the first metabolite or bgeuct (fast).
» Ultimate (complete) degradation of the compoundsdeer process).

It is clear that the slower degradation rates tasuh higher proportion of the polluting
compounds being in the lake water and higher cdrateons in the potential drinking
water supplies.

The total nitramines and nitrosamines concentrafiioiake water was predicted to be
81.3 ng/l when considering ultimate degradatiord &A.6 ng/l when the rate was taken
for simple degradation to the first metabolite.

Two risk criteria levels have been derived for spadfiutants in drinking water: 4 ngl/l
and 40 ng/l depending on whether a safety factdah (reference to the lifetime cancer
risk level) of 10° or 10° is used.

Neither of the simulated base cases met the mongent standard, but when the faster
degradation was considered the calculated totakimedess stringent standard. However,
it should be noted that the base case modellingyasinot an actual real case; it was run
primarily to test out the methodology for estimgtipollutant concentration in drinking
water sources and not to explicitly draw conclusionrelation to criteria, particularly as
emissions, lake parameters etc. are not yet fgfindd.

4.4.2 Sensitivity Analysis

Sensitivity analyses were conducted on a numbeadmeters and the model run again
with only that parameter changed with respect ® llhseline model. The sensitivity
analyses and the outcomes are summarised in tleebi@liow.

Table 4-1: Summary of the results of sensitivity testin@f the case study model

Parameter Altered Effect on resulting Nitrosamine Reason for Effect
& Nitramine Lake
Concentrations

Increased lake size by 300% in
same catchment size

Decrease of 62% and 64% for
ultimate and primary degradation
respectively

Greater dilution of nitrosamine &
nitramines as a result of increased wate
volume.

Decreased lake size by 50% in
same catchment size

Increase of 73% and 84% for
ultimate and primary degradation
respectively

Lower dilution of nitrosamine &
nitramines as a result of increased wate
volume.

Increase rainfall and runoff by
50%

Increase of 1% and 10% for ultimat
and primary degradation respectivel

More of the nitrosamine & nitramines ar
moved from the catchment to the lake

Decrease Rainfall and Runoff
by 50%

Decrease of 0% and 14% for ultima
and primary degradation respectivel

Less of the nitrosamine & nitramines ar
moved from the catchment to the lake

Increase Rainfall by 50% no
change in runoff

No effect

Water flows through the catchment are
unchanged

Increase in degradation half life

41% decrease under primary

More of the nitrosamine & nitramines ar
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Parameter Altered Effect on resulting Nitrosamine Reason for Effect
& Nitramine Lake
Concentrations
in soils by 75% degradation (ultimate degradation n{ removed in the soil compartment
tested)

None of the nitrosamine & nitramines has
a high Kow, so there is only a small
interaction with the soil even at high

2% decrease under primary

INETEEED CEETIE G20 20 Ceme degradation (ultimate degradation n

of soils by factor 24.3

tested) )
organic carbon contents.
Little or no interaction with the lake
Increase lake suspended suspended sediment due to the low Kow
sediment concentration by No effect (octanol-water partition coefficient for
factor of 10 pollutants) of the nitrosamine &
nitramines
Decrease height of air column No effect Air compartment is not an important sink
above the catchment by 70% of nitrosamine & nitramines in the model|
Increase residence time of air
No effect As above.

over catchment by 100%

In summary, model results were found to be semsttivthe lake size (because changing
the water volume changes the degree of dilution§i # degradation rates, but were
relatively insensitive to the other parameters aranh(such as rainfall rate, soil organic
content, lake suspended sediment concentratiaderese times).
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5 SUMMARY AND CONCLUSIONS

This section provides the summary and conclusioms the deposition case study as well as the
analysis after deposition. These are included below

Deposition Case Study

Wet deposition is the driving deposition mechanisrhereas dry deposition is negligible in
comparison in this relatively humid and wet studyaa(over an order of magnitude lower for
equivalent deposition fluxes).

Effectively, all the mass emitted for pollutantsimtierest (nitrosamines and nitramines) will be
deposited via the wet deposition mechanisming precipitation hours.

However, it should be noted that the above arelhidépendent on the assumptions related to
the pollutants scavenging coefficients, and orsthey area weather.

Peak fluxes are observed in the near field (a fidowietres from the emission source).

It should also be noted that:

The deposition fluxes are likely to have been ostameated given that amine chemistry has
not been considered for the purposes of this aisalgsd all emissions are assumed to occur at
source based on maximum nitrosamine and nitramietlsy (for rural areas) from the
available literature (as provided by CCM).

All degradation reactions of nitramines and nitroBees in the atmosphere have been
neglected (once formed these pollutants do nottréather, which is a conservative
assumption).

Modelling after Deposition

The base case model (after deposition) was nottalareal case; it was run primarily to test
out the methodology for estimating pollutant corication in drinking water sources and not
to explicitly draw conclusions in relation to therrently available criteria. However,
predictions suggest that the case was real, the assumptions correct, andrthssions and
lake characteristics accurate):

o0 The base case model predictions suggest that asguhat primary degradation
(degradation of the parent molecule to a first Inelite) removed any
carcinogenic effect, the nitrosamine and nitrantioecentrations in the lake water
will be greater than the strictest suggested ptiodevel for lifetime exposure
through drinking water (4 ng/l, representing a rgggle lifelong risk of 1 in a
million of acquiring cancer), but less than theh@glevel of 40 ng/l (representing
a minimal lifelong risk of 10 in a million of acqung cancer).

o If complete mineralization (ultimate degradatiori)tloe molecule is required to
remove the carcinogenic effect then both leveldikedy to be exceeded.

o Given that the case study is not based on actuigsen data and the selection of
the lake for detailed analysis does not corresgorttie lake receiving peak flux,
the results presented relative to criteria shoel@ddnsidered in this context.
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» It should be noted however that because the nitimg&ss or nitramines might be expected to
form less carcinogenic compounds after primary agggion to a metabolite, consideration of
the primary degradation rate may be justified fog purposes of this study (with ultimate
degradation rate of interest as a sensitivity test)

* The degradation rates used in the modelling weité, tiwve exception of NDMA, all estimated
from the structures of the molecules using an adimpt of a method that was really only
intended to be qualitative. These values are tbhexefather uncertain and the model was
sensitive to them as was shown by the differencéhénresults found when primary and
ultimate degradation rates are compared.

* The model results were also shown to be sensitiibe size of the lake with respect to the
size of the catchment: the larger the lake the tdive predicted lake concentrations. This was
because of the increased water volume in whichoidding was diluted.

* The model results were rather insensitive to athefother parameter variations assessed. This
included the organic carbon content of the soilictwhwas unimportant because of the low
Koc values (partitioning coefficient normalised finganic carbon content of soil or sediment)
estimated for these molecules. Given that the Kalaes were estimated, it would be very
useful to make measurements of the Koc in suitapeesentative soils.

* However, it should be noted that there are soma&fgignt uncertainties in the study:

* Any change in the criteria could dramatically affde results of the analysis relative to
the comparison against these criteria. The critsriaurrently based on NDMA which is
considered a conservative estimate as NDMA is dritbeomore potent of this group of
pollutants.

e The nitrosamine and nitramine deposition flux pdad by DNV and utilised in this
report is likely to be overestimated because it estgnated prior to the development of
the simple atmospheric amine chemistry module witRIALPUFF (as mentioned
previously).

* Further refinement of the physico-chemical progsridescribed above will provide more
robust estimates and a more confident predictiamdctihen be made.

* The lake used in this case study does not actuatlgive the peak flux, but was used for
methodology development purposes only.

The key conclusion from the study is that the metihagy developed for estimating the
concentration of nitrosamines and nitramines imking water sources, based on a known
concentration in air, appears robust and can be fasean actual assessment (i.e. based on ‘real’
emission data and water body characteristics) hEurtore, the methodology can be expanded to
account for amine atmospheric chemistry if moreugacy is required.
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6 RECOMMENDATIONS

The following recommendations are made:

» Given that the nitrosamine and nitramine depositior predictions are likely to have been
overestimated because the analysis was conducied tprthe development of the simple
atmospheric amine chemistry module within CALPUftfther deposition case study analysis
should be conducted utilising the amended modek Would increase the accuracy of the
study results.

« The assumptions related to the pollutants scavgngpefficients used for the wet deposition
modelling should be confirmed. The data can be ¢@stirmed through literature review, and
if no information is available experimental invesiiion may be required.

* Improved estimates of degradation rates shouldobeareed through experiments with soil and
water samples, and at temperatures typical of sitese deposition is expected. It would be
useful to identify the degradation mechanisms, thetabolites and their potential
carcinogenicity. This would increase the level ohfidence in the modelling after deposition
results. It is emphasised that because nitrosantn@itramines might be expected to form
less carcinogenic compounds after primary degradat a metabolite, consideration of the
primary degradation rate may be justified for the purpostdhis study (with ultimate
degradation of interest as a sensitivity test).

* The modelling after deposition results were ratimsensitive to variations in the organic
carbon content of the soil. This was unimportatduse of the low Koc values (partitioning
coefficient normalised for organic carbon conteftsoil or sediment) estimated for these
molecules. Given that the Koc values were estimaiteavould be very useful to make
measurements of the Koc in suitable representatils. It is noted that some of the chemicals
may be weakly positively charged at neutral pH Hredefore the estimates made here might
underestimate the actual value and therefore leaghtoverestimate of lake concentrations.
Experimental determination of the Koc values wahdw if this is in fact the case.
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