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single hour's emissions from
New York City: 6,204 one-
metric-ton spheres (one
sphere is 33 feet across).

a year's carbon dioxide
emissions from New York
City: 54,349,650 one-
metric-ton spheres
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Pre-combustion capture: Capturing Oxyfuel: Burning with pure oxygen,
CO, before combustion separation of CO, after combustion
eI e flue Qas 10 power genetation
Fsh T3
o .f“' nONCcoNdenLtie Gas
S ! otz
Post-combustion capture: Capturing Chemical looping: Using oxygen carrier
CO, after combustion particles for combustion

Courtesy of Vattenfall
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Challenges Post-combustion Capture
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OPEX reduction

» Lower energy demands solvent regeneration

» Improved flow sheet

» Improved integration
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High throughput screening versus computational
modelling
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Screening tests based on molecular properties and experience
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Conditions: Flue gas flow 5000 Nm3h, Optimal L/G, CO, removal »90% , Stripper pressure 1.85 bara

B MEA B CESAR 1 I CESAR 2

B
o
|

Lu
Ln
|
]

1

L
o
!

T
I

il
(]
|
T
I

2,0 +-

1,5 -

Specific steam consumption (GJ/ton CO,)

Standard ImprovedHx  Improved Hx+IC Improved Hx+LVR  Improved
Hx+IC+LVR

DONG

energy



Process

43,

J

234

s

22

16

m innovation
N for life e —

IntarConted Alisarber (ICA)

Inteetinutnd Abvsarteer (IHA)

Spin Flow Arrsngement (8FA]  Oouble Loop Absortiorn iy

(DLA)

IntarHoated Stripper (INSt

T o ¥y
L VN e
™

Hoat Intograted Stippar (¥85

T = 4 = =
- T 2 4 — 4 — ", 4 solied
08 . ) o ) o L . -
z ‘E) ot e i Tofit o ¥
| S , b4
3 | =t % T H b = Al 4% =y i
c ] & L | S W ] | T <
3 g - = = ! ——— s
\ { b | } i L
< Cc - [~ 5 - S < | F e 1 M |
@ - TS P
| IR i . ol L] Ll L] Lol o=
Viacuum Oporsted Improved Ecenamider Overhead Condenauts
Sinpper (V0S| Arrangamen (IEA) Strippes Spll Feed (83F) Dyposs (OCH
-— - s £ - - . - . IR . « Iat
<41 2 . A S+ g -
i . R .- I D P T N Y
2 = ; > Sodntb A :.. Yol 1o Tl om _; 'I |
' [ =4 bl | 4 = ‘ + f b=
& &
— 1 = 3 = =R F | |
Jmd | fmd b } \ {
- =~ - < 1 T2 <1 | 1 g T
Lo Lvse L —
o Lol o Lo ol LT | I Ry PN |
-~ Rich Solven! Rich Solvent Muttistage heated Flnsh
o Prafiating (RSN Flashing (RSF) Stipping (MF3
= g < i - -
g &= Y g i
o = 2 H L = (Il L
2 « Y oL v 4= '
c ) | = |
- L
‘6 | | by o T e |
¥ + ‘ » 4+ } ‘ = bes S
o -4 &y < s o { I —x
T “ S~ Lo, ]
[ I . I !

Ml Effuct Siripper (MES
1 =

Heat pumps

Lean Vapor

wpression (LVE)

R
. =
sis S NS toh
] |
=R
9 i it S
- Ll

ol o'

Mutti Prussore Stripper (MPE)
~

O
. I |
e fril
Pre— 1
gl
(21

Intagratacd Mot Pamp (IMP)




]

17
M m innovation

for life s —
Capture plant: Base Case

To stack

CO; to
compression

Stripper

Absorber

Compressor

Reboiler

Flue gas

Reboiler duty Heat Exchangers (HEX)  HEX total specific UA ®  Cooling duty

[GJw/ton CO,] [number] [(GIw/K)/ton CO,] [GJi/ton CO,]

3.54 1 0.62 4.57

Electricity use

Capture Compression Total Total including reboiler °
[GJe/ton CO,] [GJc/ton CO,] [GJe/ton CO,] [GJe/ton CO,]

0.09 0.32 0.41 1.29

U is the overall heat transfer coefficient; A is the contact area in the heat exchanger. If U is considered constant, UA is proportional to the

contact area.
> Assuming 1 Gl = 4 Gly,
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CO, to
compression

Stripper

>

Lean solvent
to absorber

< ~

A 4

Rich solvent
from absorber

Split flow: 8wt% —

Lean-rich heat

»

Condenser
pump

Q:

Lean solvent
pump

Reboiler duty Heat Exchangers (HEX)  HEX total specific UA 2  Cooling duty

[GJy/ton CO,] [number] [(GIw/K)/ton CO,] [GJw/ton CO,]

3.40 1 0.95 4.44

Electricity use

Capture Compression Total Total including reboiler
[GJ/ton CO,] [GJ./ton CO,] [GJ./ton CO,] [GJ./ton CO,]

0.09 0.32 0.41 1.26

U is the overall heat transfer coefficient; A is the contact area in the heat exchanger. If U is considered constant, UA is proportional to the

contact area.
® Assuming 1 GJ = 4 Gl
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Lean vapour compression (LVC)

To stack

b CO;to
compression

Stripper

Absorber

Flue gas

Rich solvent Lean solvent
pump pump

Reboiler duty Heat Exchangers (HEX) HEX total specific UA 2 Cooling duty

[GJi/ton CO,] [number] [(GIw/K)/ton CO,] [GJw/ton CO,]

3.07 1 0.53 3.96

Electricity use

Capture ° Compression Total Total including reboiler °
[GJ./ton CO,] [GJ./ton CO,] [GJ./ton CO,] [GJc/ton CO,]

0.13 0.32 0.45 1.21

* U is the overall heat transfer coefficient; A is the contact area in the heat exchanger. If U is considered constant, UA is proportional to the

contact area.
® For this case, the electricity use for capture also includes the L\VC compressor.
¢ Assuming 1 GJe = 4 Gly,
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Lean vapour compression and split flow

To stack

COyto
compression

Absorber Stripper

Split flow: 8wt%
Flash pressure: 1.2

Compressor

Reboiler

Flue gas

Rich solvent Lean solvent
pump pump

Reboiler duty Heat Exchangers (HEX)  HEX total specific UA #  Cooling duty

[GJi/ton CO,] [number] [(GIw/K)/ton CO,] [GJw/ton CO,]

2.94 1 0.74 4.16

Electricity use

Capture ° Compression Total Total including reboiler °
[GJ./ton CO,] [GJ./ton CO,] [GJ./ton CO,] [GJ/ton CO,]

0.13 0.32 0.45 1.18

U is the overall heat transfer coefficient; A is the contact area in the heat exchanger. If U is considered constant, UA is proportional to the

contact area.
® For this case, the electricity use for capture also includes the LVC compressor.

¢ Assuming 1 GJ = 4 Gly,
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Intermediate heat exchanger - Stripper

compression

Cooler

Lean solvent
to absorber Stripper

<
Heat

exchanger

"\ »

Rich solvent \‘
from absorber

Condenser
pump

Semi-lean
solvent pump

Q‘

'\;JJ

Heat
exchanger

Reboiler

Q:

Lean solvent
pump

Reboiler duty Heat Exchangers (HEX)  HEX total specific UA?  Cooling duty

[GJi/ton CO,] [number] [(GIw/K)/ton CO,] [GJw/ton CO,]

3.18 2 0.66 4.22

Electricity use

Capture ° Compression Total Total including reboiler °
[GJ./ton CO,] [GJ./ton CO,] [GJ./ton CO,] [GJ./ton CO,]

0.10 0.32 0.41 1.21

& U is the overall heat transfer coefficient; A is the contact area in the heat exchanger. If U is considered constant, UA is proportional to the
contact area. The UA is the sum of the two HEX used.

® For this case, the electricity use for capture also includes the extra semi -lean pump.

¢ Assuming 1 GJe = 4 Gly,




Overview Capture Plant (2)
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Integration philosophy STEAW
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43.0 435 440 445 45.0 455 46.0 46.5 47.0
| L | I L | L L

1. Power plant w/o Capture 46.3

2. Base case MEA no integration

3. Base case MEA low integration

4. Base case MEA high integration

5. MEA LVC no integration

6. MEA LVC low integration

7. MEA LVGssplit no integration 441
8. MEA LVCesplit low integration 44.2
9. MEA lrinermedtate HEX no 24.0

ntegration
10. MEA intermediate HEX low 442

integration
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Emission reduction

» Aerosol formation

» Mechanical entrainment

» Nitrosamine
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TNO'’s pilot
plant at the
Maasvlakte

Capacity:
250 kg CO2//hr
1000 Nm3 /hr flue gas
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Pilot campaign 2011
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Collaboration with Karlsruhe Institute of technology, Laborelec, E.on
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Effect of soot
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Effect of capture plant parameters

Effect of CO,/ capture rate/temperature bulge (Middle SO, conc.)
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MEA (mg/Nm3)
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Emission results (gas fired conditions)
MEA 866 | 1288 | 1569 | 1732 | 861 | 1586 | 1457 176,7 255,7
In BDU NDELA , 135 11,0 28,1 47,0
Gas conc. ng/Nm- dry
NDMA gas 73 9,9 8,3
NMOR 48 6,9 36,3 22,0
mg/Nm3 dry
MEA gas 1,2 1,0 1,2 2,1 4.4 1,3 1,9 4.0
3
Gas conc. NDMA gas 6,5 11,1
NMOR 2.4 4.0

NDELA is partly present in aerosols

Nitrosamine content in the order of 10 ng/m3

Measurements performed at TNQO’s pilot plant
Analysis performed by SINTEF SINTEF
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Nitrosamine from post combustion
capture plant = implications

Typically, treated flue gas will be emitted via stacks (> 150 meter height)
Dispersion factor 500.000 to 1.000.000

Concentration NA capture plant will be in order of 10-13 to 10-14 g/Nm3
NDMA recommended maximum limit is in the order 1011 g/Nm3

Caveat is amine degradation in the air
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Carbon capture:

from dream
via demonstration
to realization
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AND IMPLEMENTATION AT Uty ScALE

Demonstration activities within OCTAVIUS

TNO pilot plant / 0.25 tCO,/h
(Maasvlakte- NL)

EnBW pilot plant/ 0.3 tCO,/h
(Heilbronn - G)

ENEL pilot plant / 2.25tCO,/h
(Brindisi - 1)




36

. -,
____ ]

m innovation
for life s —

ROAD 1 Million ton/yr storage — from source to sink
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=~ One million tonnes

= LS

- of CO2 per year:
world’s first and
largest commercial
scale coal-fired
CCS project ($1.24
billion)
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Carbon capture, utilization and storage (CCUS)

CO, capture unit

Chemicals

Storage Greenhouses
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