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Preface

CO, capture and storage (CCS) has been proposed for two Norwegiiinedas
power plants as a measure to reduce, @@issions to the atmosphereugh
reducing the main contributor to global warming. A leading technology for CO
capture is through the use of amines. @, and AminesScreeningProject
began withPhase lin May 2008. The project was initiated by NILU based on the
results of an expenneeting in October 2007, and discussions with SHhe
expert meeting and the following Phase | project is based upon the cdimaern
the emissiongrom CO, capture using amines could petentiallyharmful to the
environmentand human health, aridatthe existing information regardinthese
subjects were quite limitethus demanding further examination and analysis.

The project was graciousgponsored bthe following:

e Gassnova SECLIMIT)
e Statoil Hydro ASA
e Shell Technology Norway AS

The following institutes participated in the project:

e Centre for Theoretical and Computational Chemistry (CTCC) Department
of Chemistry at the University of Oslo, responsible for the theoretical
study on the atmospheric degradation of selected amines (Task 3).

e The Norwegian Institute of Public Health (FHI), responsible for the
effects to human health (Task 7).

¢ Norwegian Institute for Nature Research (NINA), responsible for the
effects to terrestrial ecosystems (Task 8).

¢ Norwegian Institute for Water Research (NIVAgsponsible for the
effects on freshwater ecosystefiiask 9).

¢ Norwegian Institute for Air Research (NILU), responsible for project
management/coordinatipimcluding thechemical screening report,
models report, worst case study report, and the summaoyt (€ask4, 5,
6, and 10)

The project sponsors comprised the Steering Committee, which gave useful
guidance to the project and its administration. The project sponsors function
within the Steering Committee also gave them an active role in reviewing al
project reports and documentation.
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Executive Summary

Multiple effects of amine emissions from tHeO, capture plant on ecosystems
and human health have been identified and studied in this report. Emissions of
amines contribute to the nitrogen load in the atmosphere. Nitrogen loads to
ecosystems above the ccai load lead to eutrophication. The exceedance of a
critical load of 5 kg N/hal/yr may result in a decline in lichens, mosses, and
evergreen shrubs. A worst case scenario revealed that the yearly amine
emissions have to be 60 times higher than expectednipose a threat to
sensitive Norwegian ecosystemsas mires and arctic heath landHowever,
amine emissions add to already existing emission of reactive nitrogen and
increase the total load of airborne nitrogen locally. The worst case studies
revealed thatoxic compounds produced in the atmospheric oxidation of emitted
amines, like nitrosamines, nitramines and amides are a much more profound
problem than that of airborne nitrogen.

In the Worst Case studies a series of assumptions are made; the motnmpor
are 1) no photochemical degradation during transport, 2) no biodegradation in soil
and water, 3) no peak emissionSurrently, in Norway no regulations on
permissible levelof exposure via air and drinking water exist far amines,
nitrosamines, andther problematic compound$at could beformed in the
atmospheric oxidatianin order to prioritize the problematic compounds and to
rank them accordingly, recommendations on threshold valuepradittions of
critical loads are made in this repdrhe results in this report strictly apply for the
studied meteorological and geographic situation only, and loads to the
environment would be different (lower or higher) for other situations.

No quantitative experimental data for the formation of nitrosamor nitramines

by atmospheric degradation of MEA exist toddye report on atmospheric
degradation routes of ammaeaised in CO2 capturé¢ Progress report on a
theoretical study on the atspheric degradation of selected amimesby Br =t en
al., 2008) dentified aldehydes, amideshitrosamines, and nitraminess main

products based on quantum chemical calculatmastheoretical considerations

Exposure bynhalation

Predicted wrst caseMEA levelsin air for long term exposure are two orders of
magnitide below the threshold a0 pg/m® (for MEA) recommended in Lag et

al., 2008 Basedon this, long term exposure levelsMEA in air that can cause
adverse health effects apeedictednot to be exceededOn the short time scale
amine concentrations in raiin vicinity of the plant can be close to the
recommended MEA limit under worst case conditions. For aldehydes tolerable
inhalation threshold have been suggested (formaldel®yahey/nT; acetaldehyde:
0.3mg/nt) for longterm exposure. Howeverxgected leels of aldehydes in air
caused by the CQcapture plant are several orders of magnitude lower than the
given thresholds. The inhalation exposure risk to formamide, acetamide,
nitrosamnes, and nitramines could only partly besessed in this worst case
report due to missing reliable threshold informati®he long term risk threshold

for exposure of the general population by nitrosamines through inhalation is
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4ng/nt nitrosamines in air, corresponding to a®l@fetime cancer risk.
Calculated maximum niblsamine concentration in air for expected maximum
emissionfrom the CO, capture planis only a factor of two below this critical
level.

Exposure by dnking water

The exceedance of eecommendedritical load of 7 ng/Initrosamines od ng/l
nitramines m the precipitation to lakewaythreaten drinking water qualit@f the

total anount of amine emissions fromGO, capture plant, 2% argereassumed

to be nitrosamines and 7% nitraminB&sed on this assumptiom, order not to
exceed thecritical load for nitrosaminesin the precipitation to lakesthe
maximum tolerable amin@.g. MEA)emissions from the plant is calculatedo®

24 tonnes per yeafhis is 1/7 of theexpectedmaximum emissions of amines
from a CO, capture plantgiven in NEV (2006) This worst case calculation
assumes no degradation of the emitted nitrosamines in air, soil or water.
Nitramines, in contrary to the nitrosamines, do not photolyse and thus can be
expected to accumulate in the atmosphBased on the assumption that 7% of
the emitted amine (e.g. MEA) generates nitramineslrinking water exposure
levels ofnitraminesthat can cause adverse health effectspagedictednot to be
exceeded.

Aquatic organisms

In order to avoidisk of chroniceffects in algaghe maximum corentration of
nitrosamines in precipitations recommendedio be 25 ng/l. Based on the
assumption that 2% dhe emittedamine (e.gMEA) generates nitrosaminge
predicted maximum emissions of aminethus a factor of 2 above the
recommendedhreshold for guatic organismsBased on the assumption that 7%
of emitted amine (e.g.MEA) generates nitramingghe predicted worst case
nitramine levels in precipitatiowould not be problematic for aquatic organisms,
unless emission peaks occur for four weeks ogdon

Recommendations

Quantiative studies on the production of nitrosamines and nitramines from the
atmospheric degradation of amines, their atmospheric fate and their
biodegradation in soil and water should be given the highest priority. It cannot be
excluded that other toxic compounds may form in the atmospheric degradation of
amines. In addition, quantiative studies on the possible production of nitrosamines
or other substances of concern from reactions in therladrsanit of the plant
should also be cwidered. Further studies on the toxicity of nitrosamines,
nitramines, and amides to 1) differemb vitro (cellular) and in vivo
(animals/organisms) model systems to evaluate the human health impact, and 2)
to aquatic organisms are recommended.
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Amines Worst Case Studies

Worst Case Studies on Amine Emissions from
CO2 Capture Plants (Task 6)

1 Introduction

In this report effects of amine emissions from @@, capture plant & studied in

terms of worst case scenarios and possible range of emission rates. The concept of
critical levels and critical loads is applied to quantify the impact of amines and
degradation products on ecosystems and human health.

The term A&Crmeéacsal aLqmadntitative estir
one or more pollutants below which significant harmful effects on specified

sensitive elements of the environment do not occur, according to present
knowledge.

An exceedance of the critical level or loadyrthus have an adverse effect on a
specified organism, for example a species of fish in lakes, a species of moss in
forests, or on human health.

Air pollution abatement policies in Europe are intended to decrease human and
ecosystem exposure to sulphadanitrogen pollutants, particles and ground level
ozone. Countries have agreed on reductions of air pollutants as specified by
several protocols under the United Nations Convention on -Ramge
Transboundary Air Pollution (CLRTAP). The most recent prokocthe
Gothenburg Protocol, called for reduction of 4 pollutants,($€Dy, VOCs and

NH3) to abate 3 effects: 1) acidification; 2) eutrophication; and 3) the effects of
tropospheric ozone on human health and vegetation. These four pollutants will
also beemitted from the CQ capture plantin addition to amines. However,
reduction technologies will be implemented in @@, capture plant to reduce the
levels of these pollutants in the emissions. The emissions and environmental
impact of these four pollutasper se are therefore not studied in the frame of this
report. Instead, this report focuses on expected concentration levels and ecosystem
loads of amines and the toxic atmospheric degradation products from emitted
amines.

A power plant with C@capturewill have an estimated amine release ef apm.

This number is taken frorthe NVEr e p c€©2handtering pa Karste ( NEV,
2006) , where it iI's stated (in-4ppapter
amines, (46160 tonnes/year, for the Karstg plarijnissions of nitrogen from a
plant will originate from NQ emissions, Nklemissions and emissions of amines.

A typical emission rate will b&-10 ppm NG, 1-5 ppm NHsz, and 14 ppm
amines This means in tota#-20 ppm of molecules containing nitrogerit is
however not fully understood how these different processes interact, but it is
assumed that the emissions from,N@d NH will be reduced in the C{capture
process. Nitrogen emissions have plméential of causing acidification of surface
water and contribite to the eutrophicatioof terrestrial ecosystems
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In this report several aspects of the pollution from the, G@rage plant are
studied. This report provides an estimatdhe deposition of amingsecondary
products,and also of airborne nitrogen erosystems. Expected concentrations
and deposition fluxes are calculated with dispersion models for:

1. unity emissions;
2. maximum emissions;
3. maximum tolerable emissions

of the CQ capture technology.

The toxicity of emitted substances are normally charaeig by concentration in
air and by deposition. Acute effects are related to short éxpesure, which is
estimated using short timaverages (minute to 24 hour pefigdwhile cronic
effects relate to averages from months to yedepending on theecetor
organism (several days for algae, several years for humans)

In this report we will describe the following average times:

1. hourly averaged concentrations;
2. yearly average concentrations;
3. yearly deposition on different exposure areas.

2 Amines and degadation products
2.1 Amines

The toxicity of the amines used for the £albsorption towardaquatic organisms

in freshwater ecosystems is being investigated as in Task 9 pfdjeet Brooks

and Wright 2008;A Ef f ect s of ami nes ongasnuirsfnascee) ;wat er
effects of amines oterrestrial fauna and vegetation is being investigated in Task

8 of the projectAarrestad and Gjershaug008,A Ef f ect s w@ehetahomi nes on

and terrestrial faur@y. The health effects of amines are investigated in Task

report of Lag et al. (2008a) and the toxicity of degradation products in the Task 7

report of Lag et al. (2008b).

The indications on toxicity of the aminestudied in this project
(Monoethanolamine (MEA), -2mino-2methylpropanol (AMP), Methyl
diethanolanine (MDEA) and Piperazin (PR differ substantially. Depending on
the receptor orgasm, the effects range from low acticity to mutagenic and
teratogenic (Lag et al., 2008adfor MEA and PIPA there are indications of
reproductive and developmentakicity (Lag et al., 2008a). None of these amines
have been reported to be carcinogenic (Lag et al., 2008a).

Limit values for amine exposure in air are given in the repoiftask 7 (Lag et
al., 2008)and are used irthis Worst Case study. For MEA, a lest observed
effect level (LOAEL) of 12 mg/rhfor behavioural effects in rats seems to be the
best available basis for proposing an exposure limit for the populatgnet al.
suggest thathe general population, over time, should not be exposed to highe
ambient air levels of MEA than 10 pg/MmFor piperazine LOAEL for inducing
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occupational asthma has been estimated to be 8.6%dgting normal work for

an 8hour day.Lag et al. suggeghat the population should not be exposed to
higher levels than fig/m® piperazine baséTo propose an exposure guideline for

AMP a 90days inhalation study with monkeys was used. Based or_fiiset al.

suggest t hat the population should rfot Gte
AMP. For MDEA the lowest systemiwo observed effect level (NOAEL) (dermal
exposure) identified was 250 mg/kg bw, resulting in mild anaemia in dams in a rat
developmental studyLag et al. suggesthat the general population, over time,
should not be exposed to higher ambient air levield@EA than 120 ug/m

Information fromTask 8 indicates that amines (atlative high concentrations)
act as a growth stimulating medium and will probably contribute to eutrophication
of terrestrial ecosystemslask 8 found that MEA and MDEA can cause
moderately skin irritation, eye irritancy and allergic reaction to animals (mice,
rats, rabbits, dogs, cats, guinea pigs) depending on doseqAmmeestad and
Gjershaug2008. For MEA, MDEA, and AMP no data on carcinogenic effect on
terrestrial fauna watound. There are indications that piperazine could interact
with nitrosating agents in vivo to form nitrosamines with possible carcinogenic
risk in rats Aarrestad and Gjershaug008§.

In Task 9, NIVA carried out a review of the current literature on #oeite and
chronic toxicity of the selected amines and degradatiproducts to aquatic
organisms. A literature search of the known ecotoxicological effactste and
chronic toxicity)of these compounds to freshwater organisms (i.e. algae/bacteria,
invertebrates and fish) is presented in the report of TadBr@oksand Wright
2008)

Emissions of amines contribute to the nitrogen load in the atmosphere. Airborne
nitrogen is a threat to European biodiversity, as nitrogen is the limiting nutrient
for the gowth of vegetation in oligotrophic ecosystems. Increased nitrogen
deposition leads to eutrophication, increased biomass production and reduced
plant biodiversity.

2.2 Theoretical mechanism of the atmospheric degradation of amines

The atmospheric degradation the amines of interest following their use in the
CO, capturing process within a gas fuelled power station was calculated by the
University of Oslo inTask 3of this projectBased on the theoretical evaluation of
the atmospheric degradation of aminBsa¢en et al., 2008 major products from

the atmospheric reaction of MEA and AMP with the hydroxyl radical (OH) have
been identified based on a literature survey of similar amines and theoretical
chemistry. Main products from the atmospheric degradatioth@se amines
identi fied i n tPlogress repproan ta theofetical stuglkon the i
atmsopheric degradation of selected antnes( Br -t en et al .,
aldehydes, amides nitrosamines, and nitramined=rom the atmospheric
degradation oMEA and AMP, formamide is probably the amide with the largest
formation vyield.Other products, like organic nitrates, and R compounds
(compounds that have similar structure to peroxyacetylnitrate, known to be
thermally instable storage compoundd\),) can become important under high
NOy conditions. Experimental evaluation of the theoretical findings on the
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atmospheric degradation pathways for the-Ditated oxidation of amines is
pending.

2.3 Atmospheric degradation products from amines

The evaluabn of health effectsTask 7 of this project) assessed the potential
hazard of the threedentified compound classesamides, nitrosamines, and
nitramines,and found that they can have strong effects on human health and thus
should receive special atteni¢Draft status reportédmines, emissions to d@irA
screening project for environmental effeci June 2008However, éta on
health effects of the specific degradation products are sparse (Lag et al., 2008b).

Aldehydes
Formaldehyde is genotoxic, bomly in the presence of cytotoxicity it mayateto

cancer(COMEAP, 2000. In rodents and monkeys, a-nbservablesffect level
(NOEL) of 2.5 mg/m for inhaled formaldehyde has been suggesfedthe basis
of data on irritancy in humans, a tolerable comicgion of 2mg/n? has been
derived for acetaldehyde.h& mechanism of carcinogenicity observed with
acetaldehydehas been suggested to kery similar to the mechanism of
carcinogeniity of formaldehyde (Lag et al., 2008bWHO has suggested a
tolerableconcentration of 0.&g/nt for lifetime cancer risk (EHC 167, 1995).
The inhalation exposure risk to aldehydes from, C&pture plantss not included

in this worst case report because expeleeels ofaldehydesin air caused by the
CO, capture planére 3-4 orders of magnitude lower than the given thresholds.

Amides

Formamide is hazardous to health, can cause cancer and is a reproductive effector
(TOXNET, 2008). However,hiere are no appropriatsub chronic(90 days)
studiesto assesegffects byinhalation (Lag et al., 2008b)The inhalation exposure

risk to formamide from C@capture plants to humans is thus not assessed in this
worst case report.

Nitrosamines

Based on experimental data, there seems little doubt that some nitrosamines are
extremely ptent carcinogens, that can pose a serious hazard to humans if present
in the environmen{Lag et al., 2008b)Most nitrosamines are suspected to be
human carcinogens, but direct causal associations have not yet bee(l_foyiet

al., 2008b) The degradan products formamide and acetamide has been reported
to induce development toxicity and carcinogenicity, respectively, in experimental
animals(Lag et al., 2008b)

Nitramines

From the oxidation of MEA, different nitramines have been identified
theoretially (2-N-nitro amineethanol, Nnitro amineglycol). Nitramines are
structurally related to nitrosamines, with the nitroso group being replaced by a
nitro group. Compared to the nitrosamines, there are few studies on the health
effect of nitramines (Lagtel., 2008b). The metabolism of aliphatic nitramines in
the human body resemble that of the corresponding nitrosamine. The mutagenic
and carcinogenic activity of aliphatic nitramines seem in general to be much lower
than those of the corresponding nitnosaes (Lag et al., 2008bkeveral of the

NILU OR 78/2008



11

nitramines are mutagenic and carcinogenic in rodealthough they seem
considerably less potent thdre corresponding nitrosaminékag et al., 2008hb)

The compound groups that are investigated in this repart a

Amines

Nitrogen (from amines)
Nitrosamines

Nitramines

Amides (mainly formamide)

aokrwnE

Tablel provides an overview of the seledtcompounds (compound classes).

Tablel: Toxic compound groups/classes eettfrom CQ capture, expected
emission range, possible effects on exosystems. The current status of
the worst case studies is also indicated. Emission amount for amines
fromNVEr e por th inkdG2er i ng p- K=ar st Bo.

Compound Minimum Toxicity Possible effects Status worst
and max. (worst case) case study
emission
(thyr)

Amines 407 160 None to Human health, air Done
high Terrestrial fauna,

Aquatic organisms

Nitrogen * 971 37 Low Terrestrial fauna, Done
Aquatic organisms

Nitrosamines 0871 3 High Human health, air Done °
2 Human health,
drinking water,
Aquatic organisms

Nitramines * 3711 High Human health, air Done °
Human health,
drinking water,
Aquatic organisms

Formamide * 47 14 High Human health, air Done °®
Aquatic organisms

! Airborne nitrogen from amine emissions only.

2 Assuming an instantaneous formation yield of 2% fraction of the total amine
emissions (see section 7.2).

® Assuming an instantaneous formation yield of 7% fraction of the total amine
emissions (see section 7.2).

* Assuming an instantaneous formation yield of 9% fraction of the total amine
emissions (see section 7.2).

®> The risk of the uptake of nitrosamines, nitramines, and formamide via inhalation
is not studied in this report due to paucity of studies on acute and chronic effects
of inhalation and/or lack of corresponding limit values (NOAEL values) for human
health with respect to inhalation exposure.
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Table 1 includes expected minimum and maximum emission from the CO
capture plant, together with possible effects on ecosystems and human health. The
current status of the worst case evaluation is indicated for each compound.

3 Deposition

Deposition can be divided intwvo main mechanisms: 1) dry deposition, which
depends on the concentration at ground level and is caused by uptake on surfaces
and vegetation; and 2) wet scavenging by rainfall. To be available for scavenging
it is necessary that the substance is solublavater or that a sublimation/
condensation onto a particle causes the substance to be contained in the water
droplet.

3.1 Deposition of amines and nitrogen

Amines that are used for G@apture are easily sdble in water. This is a good
approximation becaesthe primary amines used in the capture process all need to
have this property. This means that amines are available for deposition through
rainfall.

Wet deposition (rain) will dominate the deposition of amines from a gas power
plant because of the higlsolubility of the applied amines and the high
precipitation amounts and frequencies in Norwdye amount deposited is
strongly dependent on simultaneous occurence of rain and transport of the
pollutants. This means, that a plant on the east coast aneg$heoast of Norway

will have a different impact on the environment. This is because the rain patterns
will be different. This means that the total deposition in this report have to be
estimated for a low impact zone and a high impact zone, with low &d h
estimates. We note, that the critical loads may also change with the geography of
the terrain.

3.2 Deposition of other substances

The input to the C®capture system is the primary amine. This amine ball
continously recycled, but a certain portionlwiégrade in the absorbtion process.
Further, some portion of the amine will evaporate and the minor portion not
recovered through the wash water process will escape to air through th@keack.
main emission will be of the primary amine, but it is likéhat there will be
emissions of secondary products (reaction and degradation swsstaot
removed in the purification process). The identities, properties, and quantities of
these substances are not known in detail. In addition to this, the emitted
subgances may react chemically and produce still other chemical compounds in
the atmosphere. The identities, properties, and quantities of these, as well as their
fate (stability and lifetime in atmosphere) are not known in detail.

The load of these compoundan be characterised as either short or long term
concentrations and deposition. The plumes will be emitted from a stack and the
stacks can be designed to satisfy the short term and the long term concentration
limits in the local environment.
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With respet to deposition, the substances that are evaluated in this report, can be
divided into two groups:

1. Soluble in water
2. Insoluble in water

Depending on the solubility of the compounds of interest (amines and degradation
products),these substancesill be transported and mixed on different spatial
scales. Soluble substances which undergo primarily wet deposiilbrhave
maximumconcentrationgloser to the source {BOkm) i depending on the plant
layout 7 than insoluble substances which mainly undergo deposition
Insoluble substances (if chemically stable) are more likely to have a longer
residence time and therefore a better mixing and lower load in a largeilheea.
chemical stability is dependent on the gas phase chemistry, which is different
from the water phase chemistry.

The substances that aelublein water will deposit more rapidly and the pattern

will follow the description on deposition of nitrogen. However the chemistry of
the substancesolublein water is more complexChemical reactios occur inthe

gas phase, particulate phase and the water phase. The plume will probably be at
saturation close to the source and some of the emissions ttsaliaskein water
willbe contained in the water dropnesets av
and Rainfall o;wilkeathel case & (dofga¥ the pumaisble.

After the plume becomes\iisible, the emitted substances will either be in the
form of gas or attached to the particles that formed the droplet. Then chemical
reactiors can either be in the gas phase or on the surface of the particle. Once the
plume has entered into a raining cloud, the emissions thabkrfgein water will

again be in the water phase and available for scavenging. The possibilities for
chemical tranfrmation of the different substances are therefore complex and
need to be studied in more detalil.
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4 Model Description

Model calculations are performed with the NILUhouse steady state Gaussian
dispersion models CONCX and CONDEPable 2 lists the paramters of the
emission source (stack parameragplied in the model run3he displayed data
is assumed to be representative for g Capture plant stack.

Table2:. CONDEP and CONCX input parameters fbetworst studies.

Stack Stack Building Plume Plume gas Ambient
height diameter height/ velocity temperature temperature
(m) (m) width (m)  (m/s) (K) (K)

60 7.14 25/50 15 328 280

Model calculation consider transport and deposition of the released codspoun
but do not take into account chemical degradation. Amines and the degradation
compounds are treated iagrt tracers in the model calculations. From the model
runs, distributions of concentrations in air (at surface) and in the deposition are
obtained.

CONDEP calculates annual concentrations based on average meteorological
conditions (wind,se¢ al | ed At ypical weathero) at
CONCX calculates concentrations and wet deposition fluxes with distance from
the plant (up to 10 lametres) for different meteorological stability conditions.

The domain for the CONDEP model has an extent ofx383 knf, with a
horizontal grid resolution of 2000 m. The source is located in the center of the
grid. The wind rose with four stability cless and four wind speed classes from
Mongstad (Norway) is applied in the calculatioBONDEP calculates long term
sector averaged concentrations for twelvé &hd sectors in a given grid. The
input consists of a meteorological joint frequency matrixfafr wind speed
classes, four stability classes and twelve wind secidrs.mixing height of the
boundary layer was set to 1000 fie output contains average concentrations in
air and in deposition in the specified grid.

For calculations with the dispgon model CONCX only results for
meteorological conditions that prevail in Norway are used:

e Unstable: wind speed 1, 2 and 3 m/s
¢ Neutral: all wind classes
e Light stable and stable:r@/s

CONCX calculates short term downwind concentrations at ground. [Efel
output contains concentration and wet removal flux for each downwind distance
and meteorological stability clas’SONCX treats wet removal of substances from
the plume, by applying a scavenging coefficient for the process of scavenging of
gases by filing rain through a Gaussian plumghe halflife of the substances
towards wet removal usually ranges from about two hours to one day.
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4.1 Sensitivity test on stack parameters

Two sensitivity tests were performed with respect to the parameterization
emissionsourcein Table2. The value of the plume velocity may overestimate the
actual plume velocity at the G@apture plant in Karstg. The carbon capture plant
at Karsta will be ten times larger than the largest exjgtiant of the same type in
the USA.The actual plume velocity is considered to more close to 10 m/s. The
CO, absorption towers will be operated atSC (Report of the Expert Meay

on October 18, 2007, Knudsen et al., 2008). The exhaust temperata
assumed to be the same. The actual exhaust temperaiifnestatis considered to

be more close to 4C€. The impact of both the changed values for plume velocity
and for exhaust temperatusa maximum short term concentrations inaill be
studied n a sensitivity test (see sectiord).

4.2 Description of deposition

The physical treatment of emitted compounds in the applied dispersion models is

the same as for NOWet and dry deposition cannot be eefed in thechosen

dispersion models. The deposition route of compounds largely depends on their
solubility in water, as outlined in ChaptrThe partitioningequilibrium of a

compound between the gas phase and the aqueous phasscribed with

Henr y o0 $le ha w0 showk thaithe concentration of a solute gas im a

aqueous solution is directly proportional to the partial pressure of that gas above

the solutionth e Henr y 6 s idrelatediatbensslubiatynaf thegaseus
compound in wateT he Henrybés Law constant of a
will be scavenged by precipitation; at values Batm wet deposition will be

the dominanprocess of removal from the atmosphétee nr y6s Law const
alkylamines vay from about 10 to several M/ at m, but the Hen
constantfor MEA is several orders of magnitude high6r2<10° M/atm at room
temperaturgSander, 1999)Amides andnitrosamines argery polar compounds

and in general more soluble than the pasentnesHe nr y6s Lafar const
these compounds could not be found in the compilation of Sander (1999).
However, it is known thatofmamide and\-nitrosodimethylamineNDMA) are

infinitely soluble in wateKsolubility: 10° mg/l) (TOXNET, 2008) For nitmmines

less is known, the solubility seems to be lowethan that of amides and
nitrosamines The solubility of Cyclotetramethylenetetranitramine (CAS: 2691

41-0), an explosive, is 1 40°mg/l at room temperatureFor simplicity,

deposition of nitramines treated in the same way as the deposition of the other
degradation product®oth parent amines and the expected degradation products

are polar and very soluble in wat#drcan be concluded, that wet deposition is the

main removal pathway for all stiedl compoundsThe different parameterisatisn

of thedepositionrmechanismn the two dispersion modeSONCX and CONDEP

are described in the following.

CONDEP calculate deposition of an emitted compound as kiegn average.

The deposition method usethi CONDEP i s t he Aparti al
summarized by Overcamp (1976). The deposition of the emitted compound is
parameterized usingadeposition velocity, vp, which isprescribedn the input to

the model runThe deposition velocity of S(ran vary fom 0.005 to 0.08 m/s
depending on the surface characterisb€she terrain(grass, crops, bare soil,

forest, etc.) according to McMahon and Denison (197®)was decided to use
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one (lower) deposition velocity value for amines and one (higher) depositi
velocity value for all degradation products in order to reflecir tdéfering
solubility in waterand biological/chemical activityrhus , adeposition velocity of
0.01 m/s is used for amines and nitrog€he value of 0.01 m/s corresponds to a
moderaely soluble gas A deposition velocity of 0.03 m/s is used for
nitrosamines, nitramines and formamidde value of 0.03 m/s corresponds to a
verysoluble gas

CONCX calculates wet deposition of an emitted compound on a short term basis.
Dry deposition $ not included in CONCX. The concentration of a released
compound is assumed to decrease exponentially with time:

C(t)=C,-exp™ (1)

Where is the scavenging coefficient lsandt is the time since precipitation
started. Thescavenging cefficient is theoretically a function of the droplet size
spectrum, physical and chemical characteristics of the gas, and precipitation rate.
The median scavenging coefficient value for, 8about 210° s™. A lifetime of

2.8 hours for wet removal is .gmed for all studied compounds in this report. A
scavenging coefficierdf 1x10* st is used in the model calculations.

4.3 Unity emissions

The model simulations are performed witity emission (1 g/s) of the
compounds of interes{parent amines or degraiibn product from amine
oxidation).

In order to get the resulting concentration and deposition formtagimum
emission of the compoundk, Enaxk (in g/s) from the plant, the model results
obtained for unity emission&,ni, are scaled with the respaai emissiorratio
Emax{Eunit- FOr instance, the maximum concentration of a compduid air,
Cmaxk IS calculated from the output maximum concentra@@gkk out 8S:

Emaxk
maxk,out E— (2

unit

C C

maxk =

In order to obtain th&vorst case estimatemodel reults using unity emissions
are scaled until the critical concentration levels in eitherGajk x, or deposition
are reached. From this timaxmimum tolerable emissipk;, from the plant is
obtained (back calculation of emissiongor instance, theoutput maximum
concentratiorCmaxk outin air (at unity emissionjs scaled until the critical level for
theair concentratiorC « is reached. By this procedure, the scaling factdrthe
emisson source strength is obtained:

C

f _ maxk,out
_ 3

crit,k
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A similar procedure is applied to obtain the scaling factor for the modeled
maximum deposition fluxThe unity emission (1 g/s) is then multiplied by the
scaling factoif to give the maximum tolerable emissjdfi,k, for a compound

from the CO, capture plantvith respect to the critical concentration in air:

Eox =B f (4)

The maximumtolerable emission of nitrogen, nitrosamines and other toxic
degradation products is finally translated into maximualerable amine
emissons(as will be described in sectigh?).

5 Limits
5.1 Amines

Amines released from the G©@apture plant are transported in the atmosphere and
removed by chemical reaction with the hydroxyl radicals, wet and dry deposition.
In the present of N@ nitrosamines and nitramines may form in the atmospheric
oxidation of amines in the first minutes of the moving pluh@ is emitted from

the power plant and will be affected by dry and wet deposition as Dl
depositionof amines andbdther gasesnvolves the adsorption to surfaces and
vegetation, whereas wet depositioihdissolved amines and other gaseslves
precipitation (including fog). With the deposition fluxes, amines are transferred to
the ground, i.e. lakes, soils and gtasd.

Task 8 found that concentrations of 1k§/ha MEA changes growth and grain
yield of cerealqreport of Task 8). However a critical load to agriculture is not
provided by Task 8. Assuming a MEA lifetime in soil and water &f @dys, the
critical load to the soil is 27 kg/halyr, which B.7g/m?/yr in a steady state
equilibrium between air and vegetation.

Thereport ofTask 7 on health effects of different amines from the G@pture
(Lag et al., 20083uggest limit values for the exposure to aminesrder to avoid
adverse health effects allergic reactions. For MEAsing an uncertainty factor
of 1200, Task 7suggests the populatioshould, over time, not be exposed to
atmospheric concentratiortsigher than10pg/m®. This threshold for human
hedth effects is used in addition in this study.

5.2 Airborne nitrogen

Soil microorganisms can transform amines to ammonia, acetate, ,arohdNin

turn the soil content of plant available nitrogen (N) can increase. Increased N
deposition leads to eutrophicatioincreased biomass production and reduced
plant biodiversity since nitrogen is the limiting nutrient for plant growth in
oligotrophic ecosystems. A critical load ofl® kgN/ha/yr to arctic heathands

and bogs (miresgnay result in a decline in lichegnsosses, and evergreen shrubs,
whereas there might be an increase of grasses. For this study a critical nitrogen
load is setd 500mg N/m%yr which corresponds to the lower limit of the given
range.
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However, the effect of nitrogen is strongly dependaenthe background load and

thus the effect of amine emissions from the ,CEpture plant on the
eutrophication of ecosystems cannot be fully assessed. Other tasks of this project,
Task 8andTask 9will provide a more comprehensive evaluation of the airbor
nitrogen from emissions of the G@apture plant in their project reports.

5.3 Nitrosamines

For Norwegian lakes with small catchments, surrounded by bare soils or sparsely
vegetated soils, the critical load is 7 ngtfosamines in precipitation (rain veayj,

given the assumptions that there is no degradation in soil and no degradation in
water.This value should not be exceeded in order to avoid harmful concentrations
of nitroamines for drinking water (human consumption). Toxic effects on aquatic
organisns like fishs and invertebratesccur at much higher concentrations
(several mg/l), howevdor algaechronic toxic effects occur already0.025 mg/l

(see report from Task 9 for detailspRimethyl and diethyl derivativeof
nitrosaminesare soluble in watr. In particular NDMA is very soluble in water.
NDMA has a solubility of 1x1Dmg/l at 25°C. Table 3 shows critical levels of
different nitrosamines in drinking water, as defined by Californian regulations
from 1 May 2007. The drinking water standard for NDMA is 10 rfgdtification

level, seelable3).

Table3:  Critical levels of different nitrosamines according to California (USA)
regulations fom 1 May 2007.

. . 10° Risk Notification ~~esPonse
Nitrosamine Level (ng/)® Level (ng)? V@
g g (ng/l) 3
N-Nitrosodiethylamine (NDEA) 1 10 100
N-Nitrosodimethylamine (NDMA) 3 10 200
N-Nitrosodi-n-propylamine (NDPA) 5 10 500
N-Nitrosodi-n-butylamine (NDBA) 3 b b
N-Nitrosomethylethylamine (NMEA) 15 b b
N-Nitrosopiperidine (NPIP) 3.5 b b
N-Nitrosopyrrolidine (NYPR) 15 b b

! Level of nitrosamines in drinking water that induce no more than one excess
cancer per 1 million individuals exposed over lifetime.

210 ng/l is the notification level of this nitrosamine in drinking water to US EPA.

® Level where the Californian Department of Public Health recommends to
remove the drink water source out of service.
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For Ontario the threshold for drinking water is 9 r{gbtification level). In order

to comply with a lifetime risk of no more than one excess cancer per 100,000
inhabitants (i.e. 10 lifetime cancer risk) the value must be reduced to 7 ng/l
(Richardson et al., 2007)

To conform to this drinking water threhold, the critical load of 7 ng/l
nitrosamines in wet deposition must not be exceeded and this limit value is
applied in the worst case study.

A similar regulation for nitrosamines in drinking water does not exist in Norway.

5.4 Nitramines

Nitramines have éen detected and identified in soil and water at military sites,
since they have been used as explosives by the U.S. Milltaeymutagenic and
carcinogenic activity of aliphatic nitramines seem to be much lower than those of
the corresponding nitrosammehowever it can beoncludel that several of the
nitramines are mutagenic and carcinogenic in rodéndg et al., 2008b). No
drinking water threshold for aliphatic nitramines exists. For aromatic nitramines a
drinking waterthreshold exists, but it isnglear how their carcinogenic potential

is compared to aliphatic nitramines formed in the atmospheric degradation of
amines.The report byWollin and Dieter(2005 providestoxicologically based
drinking water guide value foaromatic nitraminegRDX and HVIX) ranging

from 1 to 175ug/l. The lowest of these recommended limit values was chosen.

Due to lack of more appropriate limit values, the critical load of nitramines in
precipitation is set td g/l in the worst case study

5.5 Amides

For Formamide no recomendations on critical loads and levels are available at
the current time. When released into the soil, formamide is expected to leach into
groundwater (TOXNET, 2008). Formamide is not expected to significantly
bioaccumulate (TOXNET, 2008). When releasetb the air, formamide is
expected to be readily degraded by reaction with photochemically produced
hydroxyl radicals within hours (Braten, 2008). For formamide exposure at
working places a limit value of 10 ppmv is given (NIOSH, USA). HoweVaret

are no appropriatesub chroniq90 days) studieto assessffects byinhalation

(Lag et al., 2008b)

5.6 Aquatic organisms

Amines, amides, nitrosamines, and nitramines are toxic for freshwater aquatic
organisms. Ecotoxicological studies show that acute toxectsfof MEA may

occur at levels of 6 mg/l for algae and28t mg/l for fishes. The highest chronic
effect is found for certain nitrosamines in algae (at 0.025 mg/l nitrosamine) and
the highest acute effect for nitramines in invertebrates (at levels al@®wag/l).
Table4 provides an overview of the acute and chronic toxicity threshold values
for certain freshwater aquatic organisms.

For the risk assessment of the compounds with respect to aquatic organism
toxicity a safety factor is introduced safety factorranging from 561000 is
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introduced for thelifferent compounds based on the European Union Technical
guidance document on risk assessment (Brooks and Wright, 2008). The
ecotoxicological limit values givemiTable4 have to bemultiplied bythe safety

factor @ssessment factai obtain a safety thresholthesec al | ed A Predi cted
Ef fect Co n c e n tfar ahe iworst @¢ase( cal¢ulatidng,, safety or
assessnmd factor, often referred to as an uncertainty factor is typically applied to
ecotoxicity data to account for the level of uncertainty, and provide a safety
margin for environmental protection. Such safety factors are needed patrticularly
in cases where etaxicity data for the selected chemical(s) is limitedom the
review of ecotoxicological effects of ame and degradatioproducts carried out

by NIVA in Task 9 many missing knowledge gaps were identified. The
incomplete data for some of the amines aadondary products suggests a high
level of uncertainty. Under such circumstances a high safety factor should be
applied in order to provide an adequate level of environmental proteGtien.
assessment factor is 100 for MEA and MDEA, 1000 for AMP, andfdiOBIPA.

For amides an assessment factor of 50 is introduced, while a factor of 1000 has
been applied for nitramines and nitrosamines.

Table4: Summary of the worst case toxicity values for the four main groups of
compounds. Datancluded for both acute and chronic exposures to
fish, invertebrates and algae/bacteria. All data obtained from the
toxicity review carried out by NIVA in Task 9 (Brooks, 2008). (data

expressed as mg/L; b data not avail abl

Group Test MEA Formamide Nitrosamine Nitramine

Acute 20 5000 585 ! 36 °
Fish

Chronic b b 200 2 024

Acute 83.6 13 7.76 * 193
Invertebrate

Chronic b 1.2 100 *? 04 *

Acute 6-39 8000 b 323

Algae/bacteria
Chronic 0.75 b 0.025 2 b

! N-Nitrosodiphenylamine

2 N-Nitrosodimethylamine, NDMA
3 RDX

4 CL-20
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6 Worst Case
6.1 Worst Case calculation

Maximum tolerable levels in the environment for a certain compound are defined
according to current air quality regulations and standards. In these regulation
different averaging itervals, short term and long term averages, are defiroad.

the given compounds, such regulations are only in place for nitrosamines in
drinking water. For all other compounds and their effects on receptor organisms,
thresholds were derived from the infoation obtained in the related tasks of this
project (Chaptel5, A L i Witht tlee dude. ofatmosphericdispersion models,
maximum acceptable emissions can be calculated on the basis of the predefined
target levels for the resptive compounds. The unity emissions are then scaled
until the critical concentration levels (limits, Chaps¢in either air or deposition

are reached. By this back calculation procedure, the maximum tolerable emission
ratesare obtained. A further increase of the emission would then imply directly an
exceedance of the critical levels and loads of certain compounds that impact
ecosystems and human healffable 5 gives a summary of the accomplished
worst case studies and lists the effects, deposition velocity, time averaging
interval and critical loads for the problematic compounds.

The modeled maximum deposition flux level is taken as the reference level for
estimating the maximum tolerable emissidinis value is the reference level at
unity emissions. The reference value is scaled until the critical level for the
deposition flux is reached. By this procedure, the scaling factor of the emission
source strength is obtained. The unity emission (lig/#)en multiplied by the
scaling factor to give the maximum tolerable emission from G capture
plant. The maximum emission of nitrogen, nitrosamines and other toxic
degradation products is finally translated into maximum amine emissions.
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Table 5: Worst casestudies critical loads in deposition(no chemical reactions

consideredl
Worst case Depo_s. Average Critical
Effects velocity : S 12
compounds (mls) time deposition flux
Terrestrial 2
. vegetation damage 0.01 1 year 2700 mg/m*/yr
Amines Aquatic algae 2
chronic 0.01 1 year 300 mg/m*“/yr
. Terrestrial 2
Nitrogen eutrophication 0.01 1 year 500 mgN/m*/yr
Human health 0.03 1 year 0.3 mg/m?/yr
Nitrosamines i
Aquatic algae 0.03 1 year 1.0 mg/m?/yr
chronic
Human health 0.03 1 year 40 mg/m°/yr
Nitramines ~ Aquatic 2
fish/Invertebrates 0.03 1 year 8.0 mg/m*°/yr
chronic
Aquatic
Formamide invertebrates 0.03 1 year 960 mg/m2/yr
chronic

' Critical deposition flux for aquatic organisms based on safety factor given in section 5.6.
2 Critical deposition flux F; is calculated from given critical levels Ly in rainfall (given in
Chapter 5) as follows:

I:crit (mg/ m? /yr) = L

crit

(ng/1)-10°(mg/ ng) - 200 /m? / yr) %

Assuming a precipitation rate of 2000 mm and a rainfall and plume frequency v at
the target site of 0.05.

% Critical deposition flux F; of amines to terrestrial vegetation is calculated using
the critical soil or water area concentration of 1.5 kg/ha (150 mg/m?) assuming
steady state between soil and air (dC/dt=0) and a homogeneous distribution over
a length of 10m (depth of soil) in soil, and an amine lifetime of 200 days in soil:

Lcrit (mg/ mz) . 360dayslom
m

I:crit (mg/ m2 / yr) = 20Cdays yr

6.2 Worst Case scenario concept

Several simplifications have been made for the desigmorst case scenarios in
this report. The following list is intended to give a brief overview of the
conceptional simplifications:

1) Degradation products are formed instantanequshen they leavehe
stack of the C@ capture plantwith a fixed formatio yield from the
parent amine. The instantaneous formation yield translates into a direct
emission of the degradation product from the plant. The emissions of the
degradation product corresponds to a certain fraatfothe total amine
emissions.

2) Formation of the degradation products takes place in the gas phase under
atmospheric conditions.

3) Photochemical depletion of the degradation products and of the parent amine is
not taken into account.
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4) Liquid phase formation/depletion of degradation products isnotided.

The resilts from the calculations (sectiofisl and7.2) are valid for all kinds of
amines used in C{capture. However, the worst case study of the parent amine
focuses on MEAsince thanost reliable information about effects on ecosystems
and human health is available for MEA.

6.3 Worst Case assumptions

The Worst Case study calculations yedn two basic assumptions:1) estimated
stack parameters correspond to a rea} C&pture facility, 2)dominating wind
direction/speed and terrain of the location is similar to Mongstad, thed
simplifications mentioned in sectidh2 These worst case calculations addressing
the impact on aquatic organisms further involveres of assumptions:

1. We assume that emissions based on yearly averages also hold for shorter
periods (i.e. no peak emissions);

2. Chemical compounds are stabile in air, water and soil, with no degradation
or loss during transport through each medium;

3. Uniform dispersal and mixing within each medium (air, water, soil);

4. We assume that the lower limit for toxicity for each compound is as found

in the literature. This implies that there are no other organisms for which

toxicity is higher;

No adverse ecosystem @fts occur at lower levels;

We assume that the toxicity is not higher for other life stadgesaoh

organism. For example, we assume that the limit for fish also holds for

reproductive life stages;

7. No seasonal differences in acute or chronic effects.

o o

NILU OR 78/2008



24

7 Reslts
7.1 Concentration and deposition distributions at unity emission

Yearly averaged air concentration distributions and deposition distrilsuai@n
obtained from the model CONDEP for unity emissions (i.e. 1 §/sleposition
velocity of 0.01 m/s is used famines and nitrogen; a deposition velocity of 0.03
m/s is used for nitrosamines, nitramines torthamide(see sectiod.2).

From the CONDEP model run, the distribution of amine and nitrogen
concentrationsHigure 1) from the amine plumet ainity emissions are obtained.

Maximum amine and nitrogen concentrations in air at the surface can be found
in a distance of 4 to 8 kilometers north of the plant. The maximum air
concentration is 16.4 ng/fh

Yearly awraged amine and nitrogen deposition fluxes for unity emissions are
shown inFigure2. Maximum amine and nitrogen deposition fluxes can be found
north of the plant, in a distance of 4 to 8 kilometers from the plant. The maximum
deposiion flux is 5.18 mg/rwith unity emission on a yearly average.
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Figurel: Yearly averaged amine air concentration (nd/mand nitrogen
concentration (ng N/f) distribution for unity emissionDeposition
for amine and nitrogers treated identical, thus concentration values
given in the legend apply for both amine and nitrogen.
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Figure2: Yearly averaged amine deposition flux (mg/mand nitrogen
deposition flux (mg N/f distribution for unity emisen. Deposition
for amine and nitrogen is treated identical, thus deposition flux values
given in the legend apply for both amine and nitrogen.
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Figure3: Nitrosamine, nitramine andformamide concentration (ngfn
distribution fa unity emission.
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Figure4: Nitrosamine, nitramine andformamide deposition flux (mgfn
distribution for unity emission.

From the CONDEP model run, the distribution of nitrosamine, nitramines and
formamide concentration§igure3) and nitrosamine deposition fluxesigure4)

from the amine plume at unity emissions are obtained (deposition velociy is
0.03m/s).

Maximum concentrations and degition fluxes of nitrosamines, nitranes and
formamidecan be found north of the plant, in a distance of 4 to 8 kilometers from
the plant. For each of these compound$iet maximum deposition flux is
16.1mg/nf and themaximum concentration is X¥ng/nT at unity emission on a
yearly average.

To obtain hourly averaged (shaerm average) concentrations and deposition,
additional simulations were performed with the model CONCX using the
parameters given imable 2. With CONCX the wet deposition flux of the
compounds cabe calculated. A lifetime of 2.8 hours for wet removal is assumed
for all compoundsA scavenging coefficienof 1x10*s® is used in the model
calculation.Maximum hourly averaged concentrations in air and wet deposition
fluxes in a distance of up to ktn from the plant are shown iRigure 5 and
Figure6. Hourly averaged air concentration are highest in 1 km distance from the
plant. A maximum concentration of L@/m3 is found at unity emissionThe
maximum harly averaged wet deposition flux decreases almost exponentially
with increasing distance to the plait a distance ot1 km the maximum hourly
averaged wet deposition flux is Or@/mf/hr at most.The shown maximum
hourly averaged air concentrations amet deposition fluxes with distance from a
plant apply to each of the compounds (unity emission), assuming they are all
scavenged with the same rate.
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Figure5: Maximum hourly average concentrationg{nt) with distance from
the plant at unity emissior total scavenging coefficient of 1x1§*
is used for all compounds in the model calculation.

Figure6: Maximum hourly average wet deposition flux (nfgim with distance
from the plant at unityraission. The distribution is for the local field
around the plant and it is assumed that the editompounds are
highly solublein water. A total scavenging coefficient of 1X16" is
used for all compounds in the model calculation.
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