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Context

+ Dual global challenge
» Greenhouse gas emissions N
» Sustainable energy supply

=

Power Plants

O Elec.+heat l y

O Transport CO, Fossil fuel
O Industry emissions depletion
Residential .
= Alternatives ?
B Other
Conversion Less C Renewable
Efficiency 2 intensive resources

Bridging to
the future ?

World CO, emissions from
fuel combustion by sector
in 2010 (IEA 2011)
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Context

¢+ CO, emissions N & energy supply
» Carbon capture and storage (CCS)!

it
L Capture =0
e CO, removal from flue gas by

gas separation technologies 2. Transport l_

l “L l
Mineral Coal _
carbonation  EOR  beds Saline  Qcean

aquifers

2. Transport

e CO, compression to 110bar

Geological
e Transport by ship or pipeline formations £ SilolEE s
3. Storage
e Geological formations
e (Ocean

e Mineral carbonation
1 TPCC Report 2005, ZEP Report 2011, IEA 2011
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Context

+ CO, capture concepts

« Post-combustion
End of pipe CO, removal

« Oxy-fuel combustion
Pure O, combustion

 Pre-combustion
Syngas intermediate, H, route
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Coal CcO Co,
Gas

. Exhaust storage
Biomass gas

Air

Coal CcoO CO,
Gas H,0 storage
Biomass ? CO,

0O,

Air '
Air separation N,

HzO

?AII’
H, rich fuel

Reforming
WGS  syngas storage

H, +CO

Air/O,
Steam

Coal ™= GaS|f|cat|on
Biomass
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Context

¢ (CO, separation technologies

» Chemical absorption /R

» Physical absorption

» Physical adsorption e R | X

» Membrane processes =~ ~

Absorber Desorber
ting /puriﬂcatlon y
ccc))nz':ion Separag::adty ' rquu?gﬂent ? Costs ?
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Context

+ Drawbacks of CO, capture & compression

» Large energy requirement:
o Up to 10%-pts efficiency penalty
(~2%-pts from CO, compression)
» Additional investment:
o 20-30% production cost increase

+ Challenge:
» Competitive power plants with CCS

co, \

e
s ? €hp .
Resource Energy %%og/es 2
.. Systems
Efficiency /7 L Costs \
Y

Operation ?
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Objective

+ Systematic optimisation of CO, capture processes
» Thermo-environomic optimisation methodology?

Technologies

P
Resources -@ smdf‘Cts
ervices

Enwronmental Process
impact configuration &
Costs Energy int ti
efficiency integration

» Thermodynamic, economic & environmental aspects
e Trade-off between efficiency, costs and CO, capture rate!
e Assessment of fuel decarbonisation competitiveness

2 Gassner et al. 2009, Tock et al. PSE 2012
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Methodolo

¢ Thermo-environomic optimisation methodology
> Uniform and systematic platform?3

Obj2
‘\ Xi=xi<x  _ _ _ ____ _ _Global problem
o ( Physical model \'
sical mode
Pareto st (. Physicalmodel R
| Model preprocessing |
| e R |
| RITTTTTPTTPIPPRPPRPPRPPRPPS l |
| . Model (external software) : I
Multi- : ........................... l ....................... :
objective I \ ...... Model post-processing j I
optimisation I l
| (& del | | |
L S nergy integration mode
min fei(x.2) : g(IVVllLP : lution) :
h(X,Z):O L resolution J |
g(x,2)<0 ; !
I Economic model I
(. & LCA model )
B N - -
fobj(xaz)

3Tock et al. PSE 2012, Bolliger et al. 2009/2010, Gassner et al. 2009, Gerber et al. 2011
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Methodologx

¢ Process models

Global Eroblem
—————— )T Lo — — \

Physical model

e Process units operation

o Physical & chemical
transformations

o Heat transfer
requirement

Model preprocessing

Model (external software)

Model post-processing

» Coherent representation

of existing technology
» Accurate and flexible
« Avoid needless complexity

Lt
N EE O O O O S S S S S S S S S . ..

Level l°7f Accuracy ?p o pustness 7
detall ‘
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Methodologx

¢ Superstructure of candidate technologies
» Conceptual process design of fuel decarbonisation

Cozstored
T 110bar
Natural —_— = = = 1 H20
0as | Chem. abs. | >
. E MEA N2
Post-combustion —_—— |
air | CCAPL |
Power Plant coz CORUE
ﬂcozstored N2
T 110bar H20
e | Chem. abs. |
. Biomass Gasification —
Pre-combustion | Phys. abs. |
Natural gas S_' - e
. .\'Illg’tl.\'
Generation CO2 capiure FPower Plant
pecision
S .
Proces ariables *
esS . jon ?2v
Prrolfts ? configurat!
u -
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Methodologx

¢ Process models

June 10, 2013

!

N\

Level of Accuracy ?Robustness ?

detail ?

e Process simulation:

Connection between different flowsheeting software

ESCAPE 23

7
Technology
............................... Physical model ic
: (" Belsim Vali: el \: Thermo-dy"a"l'
: | Generic reheat 0 H- : erty mode S
GT model 59 g : prOp
5%y | .
% Lo erating
s —— 17 opditions
: ~, XM con
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Methodologx

* Energy integration: Pinch analysis

Hot/CO'd

streams 7 jntegration 7 opyork 7 pump 7

June 10, 2013

_Global problem

N\

X;
( /" Physical model

~| e Optimal integration of
alr process units
| o Maximal heat recovery?

. o Optimal combined heat &
power production

utility o Steam

> Waste heat valorisation

' ement
tial impr
P(:)tfegrocess tec nology
e Resolution

t . .
Hea o Linear programming

minimising operating cost

4Maréchal and Kalitventzeff 1998
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Methodologx

¢ Performance evaluation

________ , _Global problem
I{ r Srreioal rodal ~ | e Economic performance>
| D Modelpreprocessing ;|| 1 o Equipment sizing
| |
' [ l ....................... I size=f(T,P,mV,...)

I Model (external software) |
3 b ! o Capital investment
: \ ...... Model post-processing ) : estimation
| ! |
v Ces = f (T, P, material, size,...)
| | GR
I Energy integration model | ]
. (MILP resolution) . o Production costs
| | |
| | Cp=C, 4 +Cy +Co +Cyr +Ciy
I Economic model I '
1 & LCA model 1
ST s - e_evaluatlon
_ . ferent
size?  material 7 gperation ?  gconomic for dlff- .
conditions ? oper atio

plant siz€ !
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Methodologx

¢+ Performance evaluation

_Global problem

e ol = N :
I( [ e — ~ | e Economic performance?
[t a Uniform approach
I I = =
| ez || 2 Uniform assumptions
| |
D -
: \ ......................... I .................... j : Marshall ad Swilt index 11733
I ¥ I Dollar exchange rate 1.2$/€
|| Energy integration model | | | Expected lifetime 25 years
| (MILP resolution) |
I . I Interest rate 6%
: Economic model : Yearly ope:ation 7500[1{y
: & LCA model | Operators 4%./shift
S s s - Operator’s salary 91’070 % 1y

_ Wood price (0 00a=50%wt) 1398 /Glgm

size ? material ? operation ? Ec;onf_Jm'c 0 Electricity price (green) 75% /Gl
conditions MEA price 0.970 $/kgrrea

Natural gas price 9.7 $/Glng
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Methodology

¢ Performance evaluation

boundary '

_______ | _Global problem
[ g ¥ e Environmental impacts®
: ( Physical model \ : P
AR Modelpreprocessing  © || 1 o Life cycle assessment (LCA)
| | . . . .
U] e }{/};;Z:;i'ié;}'t};}'ﬁjf;':';};}i;;;};j ------ | Life cycle inventory considering
: ........................... l ....................... : SpeCIfIC Operatlng Condltlons
|\ Modelpostprocessing )| | e T
I I X rcte dions oducts | [——
I i | : W : Aco,™ 4E4 ??CozprByp d4= i ' CO, storage CO_‘;
I Energy integratio'n model | i FeedlsttIJck Feedlstcl)ck Convlerlsion Upgrlading i} O] E
| (MILP resolution) | ,  production * transport H, prod. Capture \ product Py
| | | : I ¥ 1 1 - Heat & power :
| 1 ner; aterials nfrastructure '“V conversion P
| & LCA model | i S '
~ -
————————————— ture
cO, Ca?i ¢
. ? .
system Functiondl jmpact  contribution® ! tential ben®
it ? ? ing pote
unit method Global warm 9 letion ? rsus
urces dep . ass vé
ResO stem ? Biom
ECOSy atural gaS .
n 6Gerber et al. 2011
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Methodologx

¢+ Performance evaluation

________ | _Global problem
( X ¥ e Performance indicators
/" Physicalmodel "\
| sy || identify optimal process design
| . .
Nl S o Energy efficiency
| . Model (external software) : I 0 . s _
S l ....................... : . Ahfuel ot mfue|+E
I RITTTrers M Odelpost-processn,g, I tot Ah?eed m;»eed + E+
I \ .............................................. j |
| I |
. v . a CO, capture rate
I Energy integration model |
| [ (MILP resolution) ] | CO, capture [%]=—=""=-100
| | | Cin
| . | .
. . a €O, avoidance costs
1 & LCA model 1 C.C
N e e === - - $/t = Pcc ™ Pref
¢al Fonao mCOZemtef mCOZemit,CC
Therm_O' Economlc E V|ronmen a . . .
dynamic ? mm) Competing indicators

Trade-offs assessment !
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Methodology

¢ Multi-objective optimisation

jsion
Obj2 Decl les ?
variables ‘
\ xi=<xi<x  _ _ _ _ _ __ _ _Global problem
Obj1 { - 2 \I
Paretg set (.. Physicalmodel A\
\ | Model preprocessing |
B R :
I | e, l ....................... |
I Model (external software) |
Multi- : ........................... l ....................... '
objective I \ ...... Model post-processing j :
optimisation [ I
I r . . 1 I
Y mint xz) | Energy integration model |
h(x Z)OEO ’ | (MILP resolution) ) |
objective7 o(x.2)<0 : :
function I Economic model :
1L & LCA model )
N e o e e e m b Em E e e o o= -
fobj(X’Z)
June 10, 2013 ESCAPE 23

pecision

e MINL problem?
o Evolutionary algorithm

o Optimal values of
decision variables

o Pareto optimal frontier

Trade-offs 7

_making ?

’Molyneaux et al. 2010
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COz caEture oEtimisation

Cozstored
T 110bar
Natural — = o = 1 H20
oas | Chem, abs. | —
. E MEA N2
Post-combustion e =t | 02
air I _eap |
Power Plant CO2 capture
_Cozstored
T 110bar
TR | Chem. abs. |
Pre- busti Biomgss Gasification = e
re-combustion | Phys. abs. |
Natural gas e

Syngas
Generation CO2 caprure Power Plant

¢ Detailed modelling
» Chemical absorption
» Physical absorption

+ Decision variables
» Operating conditions (T, P, S/C,...), cogeneration system
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COz caEture oEtimisation

Cozstored
T 110bar

Natural — = o = 1 H20
gas I Chem. abs. I e
- E MEA N2
Post-combustion e =t | 02
air | CCAPL |

Power Plant CO2 capture

_Cozstored N2
T 110bar H20

\Ghom s | |

| Phys. abs. |

Biomass ; ;
=¥ Gasification

Pre-combustion

Natural gas

Syngas
Generation CO2 capiure Power Plant

¢ Multi-criteria comparison
» Thermo-dynamic
» Environmental

» Economic
e Sensitivity to resource price, carbon tax, etc.

June 10, 2013 ESCAPE 23 L. TOCK 19



COz caEture oEtimisation

T 110bar
Natural — = o = 1 H20
gas I Chem. abs. | —
- E MEA N2
Post-combustion _ ——— | 2
air I_cap |
Power Plant CO2 capture
_Cozstored N2
TllObar “50
Biomass IE_hem:abEI |
- —> asificati = helir=
Pre-combustion Casification | Phys. abs. |
Natural gas S‘w'”;'m' e
(l'l‘;l;"l‘(.llil.lll CO2 caprure Power Plant
¢ Multi-objective optimisation o
Ahfuel,out ) m;uel +E

» Maximisation of energy efficiency “o~ a0 m TE
» Maximisation of CO, capture rate .o cpure pe= "% 100
n

Cin

ESCAPE 23 L. TOCK
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COz caEture oEtimisation

+ Pareto-optimal frontiers

Natural gas Natural gas
100 I 100 [ = ) . -Pre-comb. ATR TEA
- H e . .: - " Biomass Pre-comb. ATR Selexol
90 | B'OTaSS % 90 ¥ N - Pre-comb. BM TEA
“8‘0 ' [ - ) A t ABO | f ‘ \ Fre-comb. BM Selexi
"&“ﬁ"% 2 % : % ~ «Post-comb. MEA

=] 70 1 o - - = " g *NGCC
s - & - S B
o]0 A o] 80 c
5 :‘s\. ‘,: . — 0 T &
&|s0 . %» L B]so- g 2. :
9 2 - s 0] = bal
o ad S é - Q - & y =
o 40 | —h Ay of 40 & o - 5
8 tg < s~ 8 » -

30 | — 4 - 30 - - - -

b, - » - - 47

20 — : 20 | - n

10 | — - 10 -

0 — * 0 & " :

20 30 40 50 60 15 25 35 45 55
Energy Efficiency [%] Production cost [$/GJe]

» CO, capture 2 — g, N & COE 7
Energy & cost penalty of CO, capture and compression

Economic scenario base: 9.7$/Gl,., 7500h/y, 25y, 6%ir
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CO, capture oEtions comparison

¢ CO, capture energy and cost penalty

» Different process configurations
e Natural gas fed processes 90% CO, capture, biomass 60% capture

System NGCC Post-comb  ATR ATR SMR BM BM
no CC MEA TEA  Selexol TEA TEA  Selexol
Feed [MW ;| 559 587 725 725 7125 380 380
CO; capture [%] 0 89.5 _89.7 89.1 89.3 59 59
Eoc %] 58.75 49.6 56.8 52.6 533 I 34.8 34.8
Net electricity [MW, ] 333 296 412 381 386 132 132
Power sieam network [MW,.] 1134 101 82.5 671.7 55.6 45.7 45.7
Power GT IMW, | 2105 227 368 3600 350 132 132
COE [¥/Gl,] 18.31 23.17 22.67 24.5 24.1 66.1 49.5
Annual Invest. [$/Gl,] 1.1 2.1 2.2 24 23 21.4 11.2
Avoidance cost [$/co2 avoid] - 538 458 66 61.9 1736 11353
CO, emissions [kgrnn/Gl, ] 105 149 10.1 11.5 1.2 - =
IPCC GWP [kgcoz .4/GIe ] 120 34 30 31.9 36.1 }1396 -134.2
EI99 [pts/GJ, | 7.48 1.7 1.7 8.1 9.0 6.2 6.1
EI199 Resources Contr.[ %] 78.41 89.22 8235 8336 7949 17.44 17.23
EI199 Health Contr.[%] 19.30 0.25 13.67 1336 1495 665 6.95
EI99 Ecosystem Contr.[%] 2.29 1.53 3.99 3.28 556 7592 75.82

» Competition between post- and pre-combustion

Economic scenario base: 9.7$/GJ,.., 7500h/y, 25y, 6%:ir
June 10, 2013 ESCAPE 23 L. TOCK 22



CO, capture oEtions comparison

¢ CO, capture energy and cost penalty

70

OMaintenance

B Resources

()]
o

®m Annual Inv.

Prod. cost build up [$/GJe]

» Economic competitiveness highly influenced by

e Resource price & carbon tax
&
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CO, capture oEtions comparison

+ Economic conditions sensitivity analyses

» Natural gas price influence » Carbon tax influence
Carbon tax 35%$/to; Resource price 9.7$/Glyg, 5$/Glgy
30 ~NGGC 30
28 —— __ Post-comb - — BM Selexd
2% 5 28
'__:5‘ 24 — AR Selex £ 26
Q 22+ e [P
2 20- S ?* 7 postcomb
8 18 - O 294 e
O £
16 =
14 w 297 Nece
12+—% - 8 (e~ e e e s e —
- '/, NGCC o
g4 < | | 16 : : , — ~ ; : |
3 5 7 9 11 13 0 10 20 30 40 50 60 70 80
Natural gas price [$/GJna] Carbon tax [$/tcoz]
» COE strongly dependent » With increasing carbon tax
on resource price! CO, capture becomes

competitive!
Economic scenario base: 9.7$/GJ,., 7500h/y, 25y, 6%ir
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CO, capture oEtions comparison

* Economic competitiveness of process configurations
» Influenced by economic conditions

CO:2
_ . ® Pre-comb. +Post-comb. >Pre-comb,  capture [%]
70 : 100
. BM Selexol MEA ATR Selexol
60 - 84 .
3 i oy 1428/C » Optimal process
o 208/t 6
O Cco2 i .
%, 50| < design ?
pat 164
2 160
X - 156
& 40 L aas €t575% [ 152
(_{:) ' ‘ B CO, capt. 10% 22
30} 36
5 .
O ouia . 3..% high ‘ b”% e 24
20} Vo ML 551Gy €t 21% ‘ 20
— “  CO,capt. 85% > 16
55%/t 2 ©.
$ltcor g gz
10 ] ] ! ! ! ! J 4
2 %0 % 40 45 S0 55 60 low:14.2$/GJ e, 20$/tco,, 4500h/y, 15y, 4%ir

Energy efﬁciency [%] bgse: 9-7$/GJre51 35$/tco2, 7500h/y, 25y, 6%?I’
hlgh: 5'5$/G‘Jte51 55$/tCQ2, 8200h/¥, 302, 8%ir
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CO, capture oEtions comparison

* Most economically competitive process configurations

System NGCC |Post-comb| ATR | BM > COZ Captu re penalty
Performance no CC MEA |Selexol|Selexol o Efficiency \J 6—10%—pts
Feed [MW,, ] 559 582 725 | 330 o C ~2% bt
CO, capture [%] 0 82.9 78.6 | 69.9 (CO, compression 0-pts)
€, %] 58.75 50.6  |NEERIN 35/ . e

Net electricity [MW,] 328 295 383 135 COE A:20-25%

[KEcos 1oca/GJ.] 105 13.9 22.2

COE incl. tax[$/G).]  [18.2-28.8] L0 [12.8-42| 15-69

Avoid. Costs incl. tax > Best performing process
[$/t 02 avided] - -63-121 |-49-127| 0-253

* Efficiency: Nat gas. pre-comb.
* Fconomic: Nat gas. post-comb.

. : Biomass pre-comb.

» Competition between processes
and objectives!
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Decision-making

* Most economically competitive process configurations

System NGCC |Post-comb| ATR BM > COZ Captu re penalty
Performance no CC MEA |Selexol|Selexol o Efficiency \J 6—10%—pts
Feed [MW,, ] 559 582 725 380 ) om0

CO, capture [%] 0 829 | 786 | 600 (CO, compression ~2%-pts)
€0t [%] 58.75 50.6 . _ 9r0

Net electricity [MW,] 328 295 COE A: 20-25%

[K8ca> 10cal/ Glel 105 13.9

COE incl. tax[$/GJ.]  [18.2-28.8 12.8-42| 15-69
Avoid. Costs incl. tax » Best performing process
[S/tc0 avoided] - -63-121 |-49-127] 0-253

* Efficiency: Nat gas. pre-comb.
* Fconomic: Nat gas. post-comb.

* Environmental: Biomass pre-comb.

» Choice of optimal process configuration is defined by
production scope and priorities given to the different
thermo-environomic criteria!
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Conclusions

+ Quantitative & consistent evaluation of CO, capture

» Systematic methodology for the thermo-environomic
comparison and optimisation

e Flowsheeting
e Energy integration

e Performance evaluation (efficiency, cost, LCIA)
e Multi-objective optimisation

» Powerful tool to assess process competitiveness
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Conclusions

¢ Energy & cost penalty of CO, capture
> Efficiency N: 6-10%-pts
» COE ~: 20-25%
» COE with carbon tax — competitive

» Competition between the different processes!

o Post-combustion CO, capture in NGCC plants yields
best economic performance for 70-85% capture

o Pre-combustion CO, capture in natural gas fired
power plants highest energy efficiency

a CO, capture in biomass based power plants [owest
environmental impacts

mm) Competitiveness on energy market depends strongly on resource
price, imposed CO, taxes and technologies!
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e

for your attention!
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