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S1 Advection-dispersion equations of ADMS 5

ADMS 5 includes a plume rise model for point sources which uses a Runge-Kutta method to solve conservation equations to determine plume rise. It also accounts for the effect of plume buoyancy, momentum and penetration through a boundary layer inversion. The built-in dry deposition model accounts for spatially varying deposition velocity by assuming that dry deposition is proportional to the near-surface concentration. Wet deposition model uses the washout coefficient method, asuming irreversible uptake. The total rate of wet deposition per unit plane area per interval of time is determined by employing integration over a vertical column of air. A complex terrain model was used to calculate the 3D flow and turbulence field over the study domain to account for the effects of terrain elevation and surface roughness on the dispersion.

The simplistic form of the standard ADMS mathematical advection-dispersion equation governing the concentration distribution profile within the boundary layer is described by a Gaussian plume, accounting for reflections at the ground level and at the inversion layer: (CERC, 2012b).


	
	
	(1)


where  is the pollutant concentration as a function of downwind position ();  is the mass emissions rate; the height,=  (Škraba et al., 2012) and is the effective stack height including rise of the hot plume near the source, whereis the inversion height or atmospheric boundary layer.

The first exponential term of the E.q (5) is the distribution of the mass in cross-wind dimension () at a given downwind distance  and the last two exponential terms of the equation are the distribution of mass in vertical dimension () at a given downwind distance  (includes the effect of surface reflection). 
The dispersion parameter, is defined as the following:
	
	
	(2)


When considering the reflections of the Gaussian plume, the vertical dispersion parameter,, is defined as the following when it is much less than , and therefore the turbulence close to the emitting source defines :
	
	
	(3)


Obviously, Eq.5 becomes more complex and takes different forms when various other parameters, situations etc. are considered (CERC, 2012a).












S2 Amine atmospheric chemistry scheme ADMS 5

The amine atmospheric chemistry scheme can be described by a set of ordinary differential equations as shown in Table S1.
[bookmark: _Toc427093774][bookmark: _Toc427769678]Table S1: The differential equations used in ADMS 5 to solve the amine atmospheric scheme (after CERC (2012a)) .
	-1a[OH] [Amine]

	1a [OH] [Amine] + 5 hʋ [Nitrosamine]– 2 [Radical][O2] - 3 [Radical][NO] - 4a[Radical][NO2] 

	3 [Radical][NO] – 5 hʋ [Nitrosamine] 

	 4a [Radical][NO2] – 4b [Nitramine]






























S3 Monthly variability of MEA and oxidation products

Additionally, monthly MEA concentrations were obtained from ADMS for every month of the 2012 meteorological year using the maximum tolerable emission rate. Safety limits established in literature indicate that the monthly average concentration of MEA should be below 10 µg/m3 (Låg et al., 2009) in order to prevent health risks for the general public. Therefore, maximum monthly concentrations of MEA and its corresponding NS and NA, for the risk-limit scenario case for each month of the year were modelled to inspect the change in concentrations over time and to determine whether the obtained values exceeded the safety limit. The results for MEA and the degradation products are shown in Table S5. Additionally, Figure S7 a-b, shows the graphical representation of the monthly variation in the MEA and the NS and NA concentrations along with their respective box and whisker plots outlining their respective lowest, lowest quartile, median, upper quartile and highest concentration values.

Figure S7a shows that the monthly concentration for MEA ranges from 37 – 134 ng/m3 with the maximum occurring in January. The maximum MEA concentration is then observed to decrease from January onwards only to increase in September and decrease afterwards. The box and whisker plot for MEA monthly concentration indicates the lowest (37 ng/m3), the lowest quartile (52.2 ng/m3), median (72.3 ng/m3), upper quartile (89.3 ng/m3) and highest (134 ng/m3) values, respectively. An interquartile range of 37.1 ng/m3 is calculated which shows the spread of the values, whereas, the highest value of 134 ng/m3 laying outside the box and whisker plot is considered to be an outlier by the analysis.

The monthly concentrations for NS and NA resulting from MEA were in the range of 0.02 – 0.22 ng /m3, with the maximum monthly concentrations occurring in May (Figure S7b). The box and whisker plot for their monthly concentration indicates the lowest (0.02 ng/m3), the lowest quartile (0.04 ng/m3), median (0.12 ng/m3), upper quartile (0.14 ng/m3) and highest (0.22 ng/m3) values, respectively. An interquartile range of 0.10 ng/m3 is calculated and the highest value of 0.22 ng/m3 is considered as an outlier.

In January when there is little photochemical activity, MEA concentration was highest (134 ng/m3) and did not form the degradation products; therefore, these had their lowest concentration (0.02 ng/m3) during this period. Conversely, as the MEA concentration decreased until August, an increase in NS and NA concentration was found. This is in consistent with the fact that the parent amine determines the fate of its products. The maximum MEA concentration of 134 ng/m3 (i.e. 0.134 µg/m3) is 75 times lower than the safety limit of 10 µg/m3. Hence, no risk is posed to the environment or humans during any of the months of the meteorological year 2012, at Ferrybridge with respect to MEA even at the maximum tolerable emission rate of 20.8 g/s.

The obtained maximum NS and NA concentration of 0.22 ng/m3 does not exceed the 0.3 ng/m3 annual average safety limit, in line with the design of the risk-limit case. From Figure S7c, it can be seen that the total sum of NS and NA concentrations is dominated by the nitramines which are relatively stable in the atmosphere. 

When comparing NS monthly air concentrations to the monthly average NS concentration safety limit of 0.02 ng/m3 corresponding to a 10−6 lifetime cancer risk, as defined by the (USEPA)  (US EPA, IRIS database: http://www.epa.gov/IRIS/subst/0042.htm last accessed June 2015), this threshold was exceeded in May, July and September by factors of 1.2, 1.4 and 1.3, respectively.
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Figure S1: Typical diurnal profiles for OH and photolysis rate JNO2 for (a) 21st March (b) 21st June (c) 21st September and (d) 21st December, for Ferrybridge
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Figure S2: Atmospheric chemistry schemes with rate constants, k, describing the kinetics of each of the reaction describing the atmospheric chemistry scheme for (a) MA (b) DMA and (c) MEA. 
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Figure S3:	Wind rose plot for depicting the downwind flow vector (direction towards which the wind was blowing) in m/s for Ferrybridge (2012). In this polar plot, the angle of an element represents wind direction whereas the radial distance from the centre represents the frequency of wind speed occurrence. The frequency of each wind record is taken as 1(CERC, 2012b).
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[bookmark: _Ref434779834]Figure S4: Terrain elevation centred on Ferrybridge CCPilot 100+ on a 30 km by 30 km domain.
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Figure S5:	Amine emission rate versus amine concentration for Ferrybridge (2012).
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Figure S6:	Pie charts showing the maximum contribution to NS and NA from the three amines MA, DMA and MEA for the baseline scenario modelled at Ferrybridge.
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[bookmark: _Ref423958844][bookmark: _Ref434778687][bookmark: _Toc428275240][bookmark: _Toc429417227]Figure S7:    Monthly maximum average concentrations (ng/m3) for 2012: (a) time series of MEA and (b) a box and whiskers plot showing the lowest (37 ng/m3), lower quartile (52.2 ng/m3), median (72.3 ng/m3), upper quartile (89.3 ng/m3) and highest value (134 ng/m3) of the MEA concentration for every month of the year 2012 and (c) time series of NS and NA (d) together with their box and whisker plot showing lowest (0.02ng/m3), lower quartile (0.04 ng/m3), median (0.12 ng/m3), upper quartile (0.14 ng/m3) and highest value (0.22 ng/m3) of the sum of NS and NA concentrations resulting from the oxidation of MEA for the sensitivity testing on the risk-limit case on Ferrybridge. See text for more details.
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Figure S8: Histogram showing the frequency of wind speeds for (a) 2004 and (b) all the average years from 2004 to 2013

Table S2:    A summary of the rate constants (cm3 molecule-1 s-1) describing the atmospheric chemistry scheme for Monomethylamine (MA), dimethylamine (DMA) and monoethanolamine (MEA) studied using quantum chemistry theoretical methods and kinetic modelling established in Manzoor et al. (2015). 
	k /
cm3 molecule-1 s-1
	MA
	DMA
	MEA

	1a
	7.63×10-12
	2.38×10-11
	3.31×10-11

	 1b
	1.42×10-11
	3.88×10-11
	5.89×10-11

	2
	3.64×10-18
	3.64×10-18
	2.49×10-16

	3
	1.70×10-12
	8.37×10-14
	5.62×10-14

	4a
	9.70×10-13
	3.15×10-13
	8.40×10-15

	 4b
	2.02×10-13
	1.10×10-14
	4.14×10-15

	/s-1
	4.34×10-3
	7.51×10-3
	3.48×10-3




[bookmark: _Ref434779382]Table S3:    Source parameters for carbon capture facilities included in this study as reported in Manzoor et al. (2014).

	PCCC plant
	Stack height (m)
	Stack diameter (m)
	Stack exit velocity (m/s)
	Exhaust emissions temperature at stack exit (°C)
	Volume flow rate (m3) at emission temperature
	NOx emission rate (g/s)

	Ferrybridge
	198
	9.74
	20.0
	90.0
	1490
	5.06x102




Table S4:  Results from the worst-case simulations. Maximum amine concentrations (), maximum sum NS and NA concentrations and the amine concentration at the location of the maximum, percentage transformation of the parent amine to NS and NA at the unity emissions for Ferrybridge and their corresponding maximum tolerable amine emission rate estimates (). Note that  refers to the maximum yearly-averaged ground air concentration in the model grid area (30 km × 30 km).

	PCCC plant
	Emitted species
	[Amine] (ng m-3)
	Sum of NS+NA
(ng m-3)
	Transformation of amine to NS+NA (%)
	
(ng m-3)
	
(g/s)

	
Ferrybridge
	MA
	0.84
	7.82x10-4
	0.09
	2.58
	125

	
	DMA
	0.91
	7.82x10-4
	0.09
	2.52
	138

	
	MEA
	1.36
	4.85x10-3
	0.36
	4.03
	20.8

	
	NOx
	
	
	
	
	5.06x102







[bookmark: _Ref427089783][bookmark: _Ref434779939][bookmark: _Toc428275274][bookmark: _Toc429417257]Table S2 S5: 	Monthly maximum long term average concentrations of MEA, NS and NA (ng/m3) for the worst case emissions scenario for the meteorological year 2012.

	Month
	Monthly [MEA]
/ ng m-3
	Monthly [NS]
/ ng m-3
	Monthly [NA]
/ ng m-3
	[NS+NA]
/ ng m-3

	January
	134
	8.26×10-3
	1.91×10-2
	2.74×10-2

	February
	68.9
	5.63×10-3
	4.01×10-2
	4.57×10-2

	March
	62.1
	1.28×10-2
	1.24×10-1
	1.37×10-1

	April
	83.9
	1.49×10-2
	1.46×10-1
	1.61×10-1

	May
	75.6
	2.48×10-2
	1.99×10-1
	2.24×10-1

	June
	91.6
	2.01×10-2
	1.10×10-1
	1.30×10-1

	July
	87.0
	2.71×10-2
	1.13×10-1
	1.40×10-1

	August
	51.6
	1.67×10-2
	1.16×10-1
	1.33×10-1

	September
	97.7
	2.62×10-2
	8.51×10-2
	1.11×10-1

	October
	37.0
	7.06×10-3
	5.02×10-2
	5.73×10-2

	November
	42.2
	4.06×10-3
	2.09×10-2
	2.50×10-2

	December
	52.8
	4.23×10-3
	1.25×10-2
	1.67×10-2




[bookmark: _Ref427089874][bookmark: _Toc428275279][bookmark: _Toc429417262]Table S6: Sensitivity analysis for different meteorological years: Maximum long term average concentrations of the total NS and NA from the three amines at the maximum tolerable emissions and the percentage change (%Δ) from the baseline value of 0.29 ng m-3 in 2012.

	Year
	NS+NA (ng/m3)
	%Δ

	2004
	0.37
	28

	2005
	0.29
	0

	2007
	0.28
	-3

	2008
	0.27
	-7

	2009
	0.26
	-10

	2010
	0.31
	7

	2011
	0.30
	3

	2012
	0.29
	0

	2013
	0.27
	-7



Reference: 

[bookmark: _ENREF_1]CERC, (2012a) ADMS 5 Amine Chemistry Supplement.
[bookmark: _ENREF_2]CERC, (2012b) ADMS 5 Atmospheric Dispersion Modelling System, User Guide version 5, Cambridge.
[bookmark: _ENREF_3]Låg, M., Andreassen, Å., Instanes, C., Lindeman, B., (2009) Health effects of different amines and possible degradation products relevant for CO2 capture, p. 3.
[bookmark: _ENREF_4]Manzoor, S., Korre, A., Durucan, S., Simperler, A. (2014) Atmospheric chemistry modelling of amine emissions from post combustion CO 2 capture technology. Energy Procedia 63, 822-829.
[bookmark: _ENREF_5]Manzoor, S., Simperler, A., Korre, A. (2015) A theoretical study of the reaction kinetics of amines released into the atmosphere from CO2 capture. International Journal of Greenhouse Gas Control 41, 219-228.
[bookmark: _ENREF_6]Škraba, A., Stojanović, R., de Amicis, R., Berkowicz, S., Conti, G., Elhanani, D., Lekić, N., Dragović, M., Kofjač, D., (2012) Integrating Air-Pollution Dispersion Simulation Models and GIS for Urban Air-Pollution Emergency Management, Proceedings of International Conference, MATHMOD.
[bookmark: _ENREF_7]USEPA, Long-term limit value for N-nitrosodiethylamine (DEN) corresponding to a 10−6 lifetime cancer risk, US Environmental Protection Agency, IRIS database:http://www.epa.gov/IRIS/subst/0042.htm.

image2.png
JNO, /st

1.10E-03
1.00E-03
9.00E-04
8.00E-04
7.00E-04
6.00E-04
5.00E-04
4.00E-04
3.00E-04
2.00E-04

1.00E-04

* 21st June INOZ -
i e” Se=" \\
\ |
\
- \
\ -
_ \
\
| \ i
| l
[ -
0123 5 6 7 8 9101112131415161718192021222324

Number of Hours

2.00E+06

1.80E+06

1.60E+06

1.40E+06

1.20E+06

1.00E+06

8.00E+05

6.00E+05

4.00E+05

2.00E+05

[OH] / cm3




image3.png
JNO, /s

9.00E-04

8.00E-04

7.00E-04

6.00E-04

5.00E-04

4.00E-04

3.00E-04

2.00E-04

1.00E-04

0.00E+00

21st September -

JNO2

—=m=== [OH]

\ \ \ \ \ \ " —- o | . |

7 8 9 101112 13141516 17 18 19 20 21 22 23 24
Number of Hours

2.00E+06

1.80E+06

- 1.60E+06

1.40E+06

1.20E+06

1.00E+06

8.00E+05

6.00E+05

4.00E+05

2.00E+05

0.00E+00

[OH] / cm?3




image4.png
JNO, / s

9.00E-04

8.00E-04

7.00E-04

6.00E-04

5.00E-04

4.00E-04

3.00E-04

2.00E-04

1.00E-04

0.00E+00

21st December

[OH] -

1 2 3 456 7 8 9 10 11 12 13 14 15
Number of Hours

" |

16 17 18 19 20 21 22 23 24

2.00E+06

1.80E+06

- 1.60E+06

1.40E+06

1.20E+06

1.00E+06

8.00E+05

6.00E+05

4.00E+05

2.00E+05

0.00E+00

[OH] / cm3




image5.emf
NH

2

H

2

C

k

1

OH

k

4a

NO

2

k

2

O

2

k

3

NO

j

5

hv

H

3

C N

H

NO

2

H

3

C N

H

NO

k

4b

Methylamine

Nitramine

Nitrosamine

Imine

MA

H

3

C

NH H

3

C

NH


image6.emf
NH

H

2

C

k

1

OH

k

4a

NO

2

k

2

O

2

k

3

NO

j

5

hv

H

3

C N

NO

2

H

3

C N

NO

k

4b

Dimethylamine

Nitramine

Nitrosamine

Imine

DMA

N

H

3

C

H

3

C

N

H

3

C

H

3

C

CH

3

CH

3

CH

3


image7.emf
NH

2

HO

NH HO

NH

HO

k

1

OH

k

4a

NO

2

k

2

O

2

k

3

NO

j

5

hv

OH

N

H

NO

2

OH

N

H

NO

k

4b

Monoethanolamine

MEA

Nitramine

Nitrosamine

Imine


image8.emf
0

0

3

1.5

6

3.1

10

5.1

16

8.2

(knots)

(m/s)

Wind speed

0°

10°

20°

30°

40°

50°

60°

70°

80°

90°

100°

110°

120°

130°

140°

150°

160°

170°

180°

190°

200°

210°

220°

230°

240°

250°

260°

270°

280°

290°

300°

310°

320°

330°

340°

350°

100

200

300

400

500


image9.png
440000 450000 460000

Elevation / m

[J222-364
[ 184-221
[ 1e0-183
[ 144-159
[ 132-143
[ 121- 131
[ 109 - 120
[ 983 - 108
[ 80.7-982
[ 825- 896
I 76.7 - 824
B 709-766
Bl s52-70s
B co0s-65.1
B s65-607
B 522 - 56.4
I 478 -52.1
[ 435-477
[ 3902-434
[ 349-39.1
[J305-348
[J262-304
[J219-26.1
[J1e1-218
[ Jns-16
[Jem-17
[J735-878
[J591-734
[J447-59
[]302-446
[ 1.58-3.01
[ 42-157

440000 450000 460000





image10.png
[Amine] / pg m=

N
o

Y
o)

Y
N

y=0.3881x+ 0.122
R°=1

10 20 30 40 50
Emission rate / g s




image11.png
NS
formed
from:

formed
from:





image12.png
[MEA] / ng m3

160

140

120

100

80

60

40

20

5

6 7 8

Number of months

10

11

12




image13.emf
-0.5 0 0.5 1 1.5 2 2.5 3

40

60

80

100

120

140

[MEA] / ng  m-3

 

 

Median



25%-75%

9%-91%

outliers


image14.png
Concentration / ng m3

0.24
0.20
0.16
0.12
0.08
0.04
0.00

NS

-===-NA

@ N S+N A

N —

3

4 5 6 7 8 9 1011 12

Number of months




image15.emf
-0.5 0 0.5 1 1.5 2 2.5 3

0

0.05

0.1

0.15

0.2

[NS +NA] / ng m-3

 

 

Median



25%-75%

9%-91%

outliers


image16.png
Frequency

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%





image17.png
Frequency

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9
Wind Speed (m/s)




image1.png
JNO, /s

21st March

1.10E-03 INO2 2.00E+06
1.00E-03 - = === [OH] 1.80E+06
3.00E-04 1.60E+06
8.00£-04 1.40E+06
7.00E-04

1.20E+06
6.00E-04

1.00E+06
5.00E-04

8.00E+05
4.00E-04
3.00E.04 6.00E+05
2.00E-04 4.00E+05
1.00E-04 L | | | o h | | | | | 2.00E+05

1 2 3 45 6 7 8 91011121314151617 1819 20212223 24

Number of Hours

[OH] / cm3




