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Challengésfb‘fh‘é“‘“‘commercial viability of CCS
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case
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Challenges to thecommg’rgal viability of CCS

Cost

= Current cost of abatement of : S e

CCS too high with respect to
other low-carbon technologies/ o . ' -
renewables

m Substantial challenges in
moving from FOAK to NOAK
owing to “uniqueness” of each
CCS project

- CO, sources
~ Topography / pipeline layout
- CO, stores
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Challenges to the commerual V|ab|I|ty of CCS

Policy — creating an “even playfield”

. 60000 2010
= Intermittency of renewables
needs to be balanced ot
m Benefits of flexibility in R
generation of ‘clean ] 2030
electricity’ through CCS

10000

0

= How to ‘reward’ this e e 2
flexibility in generation? '

Strike price

Electricity price £MWh
NoE @ ® o
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Genera tor
“*~pays back

IN '
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Time

Market Revenue N FiT CD payment === Manthly electricity
£MWh E/MWh price
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~ To achieve carbon reduction targets in the UK, electricity must
be effectively decarbonised by ~2030

- Therefore to meet these targets fossil plants must have CO,
capture and sequestration to eliminate their emissions

— Fossil plant currently provides the on-demand flexible
generation to meet changes in demand over the day

— Inflexible intermittent generation (e.g. wind & solar) means fossil
plant will be required to change load around less predictable
changes in green supply
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CCS chains
Existing technology in a new configuration
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The CCS System modelling Tool-kit Project

2011-2014

Energy Technologies Institute (ETI)

- D;partment
of Energy &
Climate Change
CATERPILLAR & :

\‘\\"{‘\\\‘\\“\;\\\

corporate —_ * §
public institutions

~ ~S5m project commissioned &
co-funded by the ETI

— Objective: “end-to-end” CCS modelling tool

energy
technulngles

' institute

gPROMS modelling
platform & expertise

-
{3 E4tech

Project
Management


http://www.eti.co.uk/

System-wide -modelling

Key enabling technology for CCS

m Explore complex decision space rapidly based on high-
fidelity, technically realistic models

~ resolve own technical and economic issues
~ take into account upstream & downstream behaviour
- Manage interactions and trade-offs
= Evaluate technology — existing and next-generation
— judge relative merits of emerging technologies
— support consistent, future-proof choices
= Integrating platform for

— working with other stakeholders in chain
— collaborative R&D, working with academia
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Case Study: CCShetwork
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Why is CCS networks?—

'leagh iets

CCS in Process Industries-
State-of- the-Art and Future Opportunities

A Joint Workshop organized by IEA Greenhouse Gas R&D Programme (IEAGHG) and
IEA Industrial Energy-related Technologies and Systems (IETS)

10" — 11* March, 2015
Lisbon, Portugal
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Why is CCS networks?—

52 Industrial CO, sources

Central North Sea
Storage

Southern
North Sea
storage

Irish
Sea
storage

Department

of Energy &
Climate Change

Legend
Sector:
[ Iron and Steel
B Refineries
B Cement
Chemicals
Emissions (t CO,/yr):
o 100,000
O 1,000,000

O 6,000,000

Industrial sources
typically too small
for dedicated
pipeline for CO,
transport

Need for pipeline
network for
industrial clusters,
like Tees Valley

Source: “Industrial CCS & CCU - View from the UK”: IEAGHG workshop in “CCS in Process
Industries State-of- the-Art and Future Opportunities” — 10/03/2015 Lisbon (Portugal)
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Why is CCS networks?—

| 43

Department

MACC curve of capture technologies of Energy &

Climate Change

|:| Ammeonia and Hydrogen

—iadminary m Capture cost
uil Wcmns significantly varies
¥ 300 - er Chemicals )
£ |  HOterRefining with CO, source
E E - Industrial Gas boiler and CHP
S
E § 150 1  Ammoniaand Hydrogen
3 | m Greatest cost
3

100 1 |
50 ‘ reduction potential
o - relies in CO,
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Cumulative savings in 2025 (Mt CO2/yr)

Pragmatic technology tra nsport network
deployment scenario Optimisation

Source: “Industrial CCS & CCU - View from the UK”: IEAGHG workshop in “CCS in Process
Industries State-of- the-Art and Future Opportunities” — 10/03/2015 Lisbon (Portugal)
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CCS network configuration

4x
i

Peterhe ]
% 80km b

1km

Pt —(—
Fergus
beash crossing

Goldeneye
reservoir

1w (Fn“.’.{l .-
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System overview ===

~740MWe Chemical absorption _ _
Combined Cycle MEA solvent lzl?nd 2 comptre§S|on trains Offshore den.f,e.-pflz.:\se
Gas Turbine 90% CO, capture rames per train injection

(acknowledgement:

Surge control (acknowledgement:
I (acknowledgement: . CO2DeepsStore)

Rolls-Royce) 3 injection wells
2km reservoir depth

s

~ 500km of pipeline
Onshore and Offshore
Supercritical 5 injection wells

Pulverized coal 2.6km reservoir depth
(acknowledgement: E.ON)
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Load chan ge effects=——

Header i
ValveESDLandfall:
o 2et+—— Anincrease of about 62% in the CCGT
OnshorePipeline . onshore pipe flowrate only increases 1.8%

— the inlet flowrate of the onshore pipe
OnshorePipelinePCP

(e) Onshore pipeline flowrate

200.00 T 800 Outlet flowrate PCPP
—_ > T
‘% 170.00 - 700 — onshore pipeline
< - 600 2
Z 140.00 \_/_f& L 500 = "Outlet flowrate CCGT
1] — H H n
z 110.00 - 400 g pipeline
o
= - 300 ©
E 80.00 L 500 % "Inlet onshore pipeline
g 50.00 L 100 Z flowrate™"

20.00 0 CCGT net power

9 10 11 12 13 14 15

Time (hours)
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Aug 10 2014

elementenergy
Shell Peterhead CCS5 project will be the first commercial UK user of PSE's gCC5 systems
maodelling environment for whole-chain CCS design and operation.

gCCS is the world's first process modelling environment for support of design and operating
decisions across the full CCS chain, from power generation through CO2 capture, compression and
transport to injection. Itis specifically designed to allow developers across the chainto address
issues ofinteraction and interoperability between different chain components.

The gCCS software will be used during the Front-End Engineering Design (FEED) study phase of
Shell's Peterhead CCS demonstration project to provide insight into the transient behaviour of the
amine-based capture unit, and its effect on operations when integrated within the full system. In
particular it will help to demonstrate the flexibility of the capture process design within the wider CCS
chain through simulation of normal and off-design operational scenarios, and thus help reduce
technology risks in this first-of-a-kind CCS project.

Alfredo Ramos, PSE's head of Power & CCS and leader of the development, said, "this is pracisely
the type of large-scale CCS application that gCCS was developed to support. For the first UK

rommerrial nse we are verv nleased tn see it heina nsed on such an imnortant development.”

4 Available online at www.sciencedirect.com
Y Energy

ScienceDirect H

g ] Procedia
ELSEVIER Energy Procedia 00 (2013) 000000

ccs FLEXIB"-ITY www.elsevier.com/locate/procedia

amine-based CO2 capture unit GHGT-12
dynamics for CCGT 28— .
oiy;;i::::,nzr ll ] Flexibility of low-CO» gas power plants: Integration of the CO:

capture unit with CCGT operation

Nicola Ceccarelli, Monica van Leeuwen, Tanja Wolf, Peter van Leeuwen, Rick van der
Vaart, Wilfried Maas®, Alfredo Ramos®

ashell Global Solutions, Carel van Bylandtlaan 23, 2596 HP The Hague, The Netherlands
*Process Systems Enterprice, 26-28 Hammersmith Gr, London W6 7THA, United Kingdom
Nicola Ceccarelli
Modeling & Optimization Engineer
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Conclusions

m System modelling is an essential
tool

— explore complex decision space resolve

own technical and economic issues

— inform and aid the design of safe
control systems and operating
procedures

— identify areas requiring additional
attention when designing for dynamic
operation

— Evaluate technology — existing and
next-generation

= Integrating platform for working with
other stakeholders in chain
collaborative R&D, working with
academia

© 2014 Process Systems Enterprise Limited

'S SYSTEM
ILLING ENVIRONMI
isi

gCCS v1.0 released

World’s first whole-chain CCS system modelling environment

PSE CCS members with the Secretary of State for Energy, s
Ed Davey at the House of Lords CCSA reception =» Find out more

Q@@.@

Chemi l & 0il & Gas Life Sciences ~ Power & CCS F \C I| & 3 Spec Ity& Wastewater Academic
Petro h cals Agre h cals Treatment

m gCCSs - an integrated Advanced
Process Modelling tool

— Capture, formalise & deploy existing
knowledge on CCS technology

— Common language for communication

~ Open architecture=» allow
incorporation of future technology



Thank you

Contact: m.calado@psenterprise.com
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gCCS initial scope(2014/Q2)

= Process models = Materials models

— Power generation — cubic EoS (PR 78)
— Conventional: — flue gas in power plant
pulverised-coal, CCGT ~ Corresponding States Model

—~ Non-conventional:
oxy-fuelled, IGCC

- Solvent-based CO, capture

- water/steam streams
~ SAFT-VR SW/ SAFT-y Mie
— amine-containing streams in

- CO, compression & CO, capture

liquefaction _ SAFT-y Mie
- CO, transportation -~ near-pure post-capture CO,
- CO, injection in sub-sea streams

storage

Open architecture allows incorporation of 3 party models
(e.g. E.ON’s PROATES)
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Back-up sli des (casestudy 1)
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SS1.1 (a,b,c)

S

Steady-.sta:c/

Power plant operation

Description (% of nominal load)

Base Load Power
Plant

SS1.2 (a, b) Base load CCS Chain 100%

SS1.3 (a, b) Part Load Analysis (a) 75%; (b) 50%
Extreme Weather: 100%

551.4 Max Summer ’

$S1.5 Extreme Weather: 100%

Max Winter

[(a) 100%;](b) 75%; (c) 50%

Capture plant operation
(CO2 % captured)

0% (no capture)
(a) 90%; (b) 50%
90%

90%

90%

Cooling water
Air

Power, Capture, Compression

Power, Transmission,
Injection
Transmission, Injection

Sea water

15

9

NB. Geothermal gradient of +27.5°C / km



Steady-state analysis

Power generation

A: coal milling
+ power plant auxiliaries
+ CO, compression

A: coal milling
+ power plant auxiliaries

\\ Pawer generated (MWe)
200 \ \ B Net ™ Gross
800
700 \
600

A: capture plant steam
+ CO, compression

0 B I I
100% 75% 50% 100% 100% 75% 50% 100% 100%
—— 0% 0% 0% 90% 50% 90% 90% 90% 90%

Summer Winter
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Steady-state analysis

CO, compression power

Compression Power (MWe)

60

50

40
30
20
10

0

100% 100% 75% 50% 100% 100%
90% — 50% — 90%  90%  90% ~— 90%

Differences primarily due to
changes in viscosity of fluid in pipeline
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Dynamic analysis—__
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System overview ===

Chemical absorption
MEA solvent
90% CO, capture

220km pipeline
I Dense phase CO2

Onshore and Offshore

‘o -L o
- Injection/Starage
4 parallel compression trains
~800MWe 2 frames per train
Supercritical (Sulzge clodntrol : Offshore dense-phase
1 acknowiledgement. .. . . . .

Pulverized coal Rolls-R ;g injection; 4 injection wells
(acknowledgement: E.ON) Olis-royce

© 2014 Process Systems Enterprise Limited

~2km reservoir depth
(acknowledgement:
CO2DeepStore)



Dynamic analysis«—__

Scheduled changes in power plant load

m Scenario DS1.1

Power 4
Load
100%
5 hours < 23.5 hours >
75% ;
5 mins > ) .
R I5 mins
1 hour
>
P>
Time
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Dynamic analysis—__

Power/CO, capture two-way coupling
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Dynamic analysis—__

CO, transmission pipelines

(a) Pipeline inlet pressure
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Back-up sli des (casestudy 2)
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gCCS Transmission-& Injection Library

CO, transmission netw
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Load change effects=——

Load disturbance increases
the CO: injected flowrate by
only 0.5%

(a) Injected flowrate - CCEP reservoir
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Sub-system #1

Supercritical puIvenzed coal power plant

Governor valve

[ 9 Developer 100 (dev) - gCCS webinar April 2013 - subsystems
File Edit View Entity Activities Tools Window Help

Turbine

A IR LB L 4¢3 Fp-P /

sections

[ [ "= MODEL C51_Operational_corr (c.ase,s:,é,,lz)

[

Mo aa’afDacHIieand s

(=[] geCs Basics.
(- Variable Types

(-3 Connection Types

[ Models

[3@ Miscellaneous Files
7 accs co2 capture GLC

e 7
‘ 4t

|7 occs co2 Compression-Liquefaction

7 9CCs CO2 Injection-Storage
|57 9CCS €02 Transpartation
7 aces control
{3 aCCs Power Plant
[ Models F
[ Miscellaneous Files
7] case_study_1.2

Boiler

[ Saved Variable Sets
[ Miscellaneous Files

Feed Water
Heaters

-»
Coal

Generator

L
e

—aw

0

Deaerator
Flue gas

treatment

<

Condenser

El
Annotations ol
gCCs Basics
CCS CO2 Capture GLC
CCS CO2 Compression-Liquef...

—&|=]
==
=] >~

gEES €02 Injection-Storage

i

qEES Control

@
gECES €02 Transportation ®
@
@

CES Power Plank

II@E]

6@
A=
)
C]

Boiler_Pulverised_Coal

The Boiler_Pulverised_Coalis a generic
steady-state mode! of a puiverised coal
boiler that can smulate both supercritical
and subcritical bollers. The performance of
the boler is specified using 3 number of
design and operational parameters that
define various aspects of the behaviour of
the boler.

For details please refer to the model
documentation: Boler Pulverised Coal.pdf.

Copyright (c) 2003-2013 Process
Systems Enterprise Ltd.

| Interface | Speciication | Topoiogy | GPROMS language [ Properties

Frojects

> 10 recycles & closed water/steam loop
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Sub-system #2——__

CO, capture olant

& Case_Study I Full_Chain_Dynamic_Scenario:Flowsheet.CapturePlant_Encapsulated001 = R (e

Time |20 : INEEN Y
F e d o Dac)iZnaqd = HE

CO, capture
rate controler

Solvent /water make-
up controlers

Direct Contact Buffer Tank

Cooler (DCC) i

{Topalogy | Stream tables I Properﬁes|
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Coupling between subsystems #1 and #2

Steam draw-off for amine regeneration

S Execution Output (CSl_OpemﬁDnal_l(]ﬂ_cnr_PCC_integmﬁﬂn_step]Ll_?ﬂH[)dDﬂ_]?SSlT) M‘
Tme [0.1 : . . {
Bk % & & & & @A >“.:-|I_J||w1m5ﬂi

+54 ~
— it s
——— . : =53
! L optem [
L } i
I
® .\
l —.
H [ -
\ %
Context : Flowsheet
0:Utlity... | Tme |0.1 : :
\ \ | \
HP_Turbined01.Outlet | IP_Turbine001.Inlet | JunctionUtlity001.Cutlet(2) | LP_Turbinedl.CutletBleedl LP_Turbine001. QutletBleed2
HP2_splitter. Inlet(1) | IP_splitter.Outlet({1) LP_valve.inlet Recyde_breaker_utility010.inlet | Recyde_breaker_utility006.inlet
--Mazss flow rate [ka/fs] 5625 432 23.47 10.43
--Pressure  [Pa] 6.390E6 6.029E6 8.936E5 4,975E5 2.033E5
----- Temperature  [K] 634.7 §93.1 J 5318 439
d \ J \ } b )

Pressure too high . P too |
3 efficiency penalty Pressure potentially ressure too low

© 2014 Process Systems Enterprise Limited too low at minimum plant loads



Sub-system #3 _
CO, compression plant

Variable speed

. ! Dehydration unit
electric drive y

Fixed speed
electric drive

Compression

section
Frame #1:4;, Frame #2,

Cooler KO drum Surge valve
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Sub-system #1=ether  power technologles considered

Oxyfuel power plant

m Process side

Steam cycle

© 2014 Process Systems Enterprise Limited



Sub-system#l—/rgth‘e\r‘\pgwer technologies considered

Oxyfuel power plant

m Steam Cycle

Process side
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Sub-system #1=ether  power technologles considered

e
S —

IGCC power plant

HRSG and steam
turbines

Acid gas removal
(AGR) and
sulphur recovery
unit (SRU)

Gasification and :
syngas cooling

Air separation unit
(ASU) and compression Syngas conditioning

© 2014 Process Systems Enterprise Limited



gCCS Power Plant library — conventional power generation

CCGT power plant

Natural
Gas

Economisers, superheaters,
evaporators

Generator

® Condensate

return
E ol

/ t 2
Input flexibility: ' =
Total power output or — to/
natural gas flowrate specified turbines Condenser

Capture Plant
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Tool-kit components

Interfaces to 3™ party modelling tools

m Direct interfacing / co-simulation — based on gPROMS’s
Foreign Object (FO) interface

— Steady-state modelling and simulation packages
(E.ON’s PROATES)

~ Equipment design tools
(Rolls-Royce’s CompPerform/CompSelect)

= Model fitting

— Incorporate reduced-order models of high-fidelity equipment
models

© 2014 Process Systems Enterprise Limited



gCCS Whole-chain-CCS  systems modelllng

Deployment of 3™ party models

= Integration of PROATES power plant model in gCCS for
whole chain studies

l{uﬁf

© 2014 Process Systems Enterprise Limited
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Tool-kit components

Model libraries — CO, Capture (chemical and physical absorption)

Mass transfgr”~  ~~_ 3 BN 5
74 1\ \
‘ / T \ T ‘ \\
! I 1 /! @
By ®
| = —
\ [ X, 1
o ’
N A\ /
>"a ~ - —— -~ - —_— ~ ~— —_ “
= rate-based approach rate-based approach rate-based approach
# + raaction aquilibrium + reaction kinetics + reaction kinetics
%— +enhancement factor + film reactions
- T T~ —_— electrolyles
S| TN N2 e
2 B 2 g T |
oo [/ ' v X
E=N I \ I | 75=7 1
z I ® |,
S\ / \
51 N / \ /
= N f ; e N f + /
L ~ ~ -~ ~ 2
aquiliBFTumT slage + equThramTEiage +
reaction eguilibrium reaction kinetics
ITICI'CElSlIlg comp €X1ty Reaction
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Rate-based
Approach

Equilibrrum-
based Approach



Tool-kit components

Model libraries — CO, Capture

= High-fidelity column model

—  Non-equilibrium models 7’

—  Models distributed in axial
direction and in the direction of
the liquid and vapour films

— Energy balance and V/L
equilibrium at the interface

— Phase behaviour and chemical
equilibrium currently calculated by
OLI thermodynamic package

~ to be replaced by gSAFT

— Transport properties

— Obtained from correlations and
Multiflash

© 2014 Process Systems Enterprise Limited



Tool-kit components

Model libraries — CO, Capture (chemical and physical absorption)

= Medium-fidelity column model

~ Based on two-film theory

— Enhancement factors account for effect of reactions

~ Vapour/Liquid equilibrium at interface

TP (z

Bulk L

Interface
I

© 2014 Process Systems Enterprise Limited
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Sub-system #4—__

CO, transmission pipelines

Emergency

shutdown valves

CO, flowmeter

MODEL Transmission (Kingsnorth_vert ion) ﬂ
. VaQQZ34 BlaciInand=d|[@unE G
J . ‘

LandfallvValve Meter

Inlet ESD2 Outlet

VerticalRiser

Offsh _pipelin\

ESD1 Onshore_pi_7(ine

Pipe Topography

160m -
X

E 1 Pipe Topography
= 1262
E 18]
5
£ 8y
3 sa1
w
g1
211
OED o 20 40 &0 B0 100 120 140 160 180 200
1] 2 4 -] B8 10 12 14 16 18 20 Horizontal distance from inlet (km)
Horizontal distance from inlet (km}) e ——————————————— ZOOkm
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Sub-system #5

CO, injection & storage in reservoir

Distribution
header

Choke valves
. T;b T%p
e A 4
Wellhead
connections
20m above water, | | | |
70m submerged Wb lComectrl | Wt WelhepdCimecton0D

el Wl el el

Reservoir

~250 bar

Resgerddir
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gCCS Transmission & InJectlon lerary

Reversible flow in CO transmission networks

m Reversible flow scenarios

—~ Normal: pipe expected to allow flow in either direction
depending on the operation of the connected networks

— Abnormal: unexpected transient event upstream or

downstream causes temporary flow reversal in part of one
A pipeline
e WH—

A

© 2014 Process Systems Enterprise Limited



Back-up slzid‘é's‘"('P‘hVS‘i*‘caI Properties)

© 2014 Process Systems Enterprise Limited



Tool-kit components

Physical properties

= Different material/species within the same sub-system

~ e.g.in power plant: coal, water, flue gas

= Different materials/species in different sub-systems

- e.g. MEA in CO, capture plant

= Need different thermodynamic models for different materials, e.g.

— cubic EoS (PR 78) for flue gas in power plant
— Corresponding States (Steam Tables) for pure water

— SAFT for amine-containing streams in CO, capture
— SAFT for near-pure post-capture CO, streams

—

—r

—

_ 8PROMS Properties
(Multiflash®)

- L

m Transport properties obtained from gPROMS Properties

— models/ correlations

© 2014 Process Systems Enterprise Limited



Physical proper’ties,fg{gg‘mpression/transmission in CCS

Challenges

= Impurities

A predictive
= Wide range of conditions - equation of state

is required

fe

applied to mixtures of
CO,, CO, H,0, Ar.....
* small molecules = single group each

m Limited experimental data

—
|
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gSAFT for compre55|on/transm|55|on in CCS

Comparisons: Binary mixture H ,O + CO,

16 7
14 +
4 Isotherms: .
12 12 CPA: Cubic+Association EoS
i T=323.2 K (red)
10 @
= |4 T=333.2 K (yellow)
= ' — 16
5 H2 =
f—.* 8 T 3531 K (green) a Experimental
6 ..«;!1 14 gSAFT ¢ ®
? CPA A
4 @ 12 A
| A
2 & Experimental 0 CO, rich phase 3 \
= 2 P p !
gSAFT & .
U 1 1 i E 8 A :
0 02 0.4 0.6 SN A !
o, Yeo, 6 T=353.1K :
4 =2 T=333.2 9
2
0 L A 1 L .
0.97 0.975 0.98 0.985 0.99 0.995
Xcop Yeo,
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Why gSAFT?

Accurate prediction of phase enve/ope for near-pure CO, mixtures

Bubble point of mixtures of CO, (98%mol) and H, (2%mol)
9.0E+06
——gSAFT
8.0E+06 ----GERG -
» Experimental data
___ 7.0E+06
1]
. Pure CO,
Y 60e+06 - " -
=} e =T
- ittt .. . .
N Impurities can substantially impact
o phase boundary. Owing to the lack
of experimental data, a predictive
4.0E+06 ) ) .
Equation of State is required.
©OE+0 Note that GERG's predictions of
LEe+
550 560 570 580 L yapour Eressure E_g,ltlll deviate by 4-5
bar from experlmental data.
(Chapoy et al, 2011) Temperature (K)
|
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gPROMS product family

General Sector-focused modelling tools
mathematical ) A e e N
modellin Chemicals & tgﬁsﬁ? ot Wastewater
g Petrochemicals hor Power & CCS Oil & Gas Treatment
4 N\ ~

gPROMS ModelBuilder
Advanced process
modelling environment

\ J

gPROI_VIS ProcessBuiId_er
Advanced process

Solids process
optimisation

\

2 cCamm

CCS system modelling

J
)

simulation e
y

Fuel Cells &
AML | AML: )
GLC 4 FBC Batteries
LA Crystallization
AML AML: \_2rocess optimisation _J - m

BCR iy u
[ ]
Advanced model '_J COAS Fuel cell stack &
libraries fer reaction - i system design
\&separatlon J L ral absorption L J L

2

Flare networks &
depressurisation

Wastewater systems
optimisation

( ) ( Enterprise Objects
o y‘ Model — :
aterle S INFOCHEI\/I deployment @ % e,
modelling Multiflash o
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Logos & icons

Corporate Products Sector icons

B
PSE
B !PROIVIS|
I8 voeL
APM Forum M
o

AML: | AML:

Enterprise

gPROMS

ADVANCED PROCESS
MODELLING FORUM 2014

© 2014 Process Systems Enterprise Limited



