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IMPACTS at a glance
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IMPACTS

The impact of the quality of CO, on transport and storage behaviour

Specific Objectives:

Quantify the fundamental properties of relevant CO, mixtures

Reveal the impacts of relevant impurities in the CO, stream

Derive CO, quality issues considering integrity of the whole chain

Provide recommendations for optimized CO, quality

Build knowledge critical for implementation of safe and cost efficient transport and storage of CO,
Arrange annual IMPACTS seminars to share knowledge across subprojects

N o Uk wh e

Publish results in scientific journals with peer review and establish a plan for results exploitation
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IMPACTS Concept

*  SP1: Investigation of fundamental properties
of relevant CO, mixtures. This will give new Technical knowledge base and recommendations

insights on the effects of impurities in CO, on SFS
thermodynamics, fluid dynamics, corrosion
potentials
_ _ CO, mixture behaviour
*  SP2: Large-scale experiments will produce
data on the effect of impurities. The techno- ~ A
economic impacts of CO, mixture composition 4 N c - h
- - onsequences in the
and possible HSE consequences will be CO, mixture o cha?n rt technology
assessed. fundamentals Zeconomy, safety
and environment
*  SP3: The results will constitute a technical N\ SPLAA 5F2 /
knowledge base for developing practices for . Y\—/ »
design and operation of CO, pipeline and Alternative CO, mixture compositions

storage site infrastructures. SINTEF
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IMPACTS Project Layout |MPACTS d 7

The impact of the quality of CO, on transport and storage behaviour

WP2.1 Wp2.2
Operational and material effects Techno-economic analysis of

of impurities in CO, streams impacts of CO, quality

SP1: Fundamental properties of CO, mixtures el e
and operational windows

WP1.2
Thermophysical behaviour of
CO, mixtures

WP1.1
Typical CO, mixtures and
framework for characterization

WP1.3
Transient fluid dynamics
of CO, mixture

WP1.4 WP1.5
Corrosion potenfials Chemical and physical effects of
in GO, infrastructure impurities on CO, storage

CO, mixiure properties Collected data and models

Wwp2.2 WP2.3 WP3.1 wWP3.2
Techno-economic analysis Risk assessment Overall assessment of impacts Technical knowledge base
of impacts of CO, quality of CO, quality for CO, transport and storage

Alexandre Morin, 2013
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Contact: filip.neele@tno.nl

inno_vation
E— for life I

Classification of impurities

Transport
- H,
— Largest impact on pipe flow
* NH;
— Polar fluid, complex impact, usually low
levels

* CO,0,N,, Ar,CH,
— All have similar impact
— Increase critical p, increase bubble point,
decrease mixture density, increase
enthalpy in supercritical region
* SO, H,S
— Similar effects, opposite to those of
previous group
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& Impurity Ranges studied in IMPACTS

Values in ppmm if not %

Impurity H20 N2 02 Ar NOx SOx co H2S H2 CH4 C2+ cl NH3

General limits (some only applicable in specific cases):

Max 1000 5% 300 | 600 250 250 200 200 5000 | 1000 [ 2000 20 300
Benchmark 100 2000 | 100 20 100 100 20 100 50 500 1000 5 50
Min 0.001 100 2 1 20 20 10 20 20 20 100 1 10

Adjusted For Oxyfuel:

Max 5% 5% 5% 1500
Benchmark 2% 3% 2% 50
Min 1% 2 100 10

Adjusted For Pre-combustion:

Max 5% 300 | 600 250 250 1500 2% 100
Benchmark 2% 10 200 10 10 400 1% 50
Min 1% 2 100 10 10 50 20 20

Adjusted for Gas Processing
Max 5%
Benchmark 4%
Min 20

The benchmark levels given are intended to reflect the typical levels
which would currently be achieved using standard capture equipment

CONFIDENTIAL Progressive Energy
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IMPACTS has Generated: Improved Understanding of
Fundamental Properties of CO, Mixtures

A better equation of state for CO, mixed with all the potential contaminants
expected in captured CO,

* The EOS-CG model
* Reference equation of state for combustion
gases
* State-of-the-art CO, mixture thermophysical
properties model verified against high quality
data
*  TREND Software Publicly available at the RUB website by contacting

Dr. Roland Span
* Available for IMPACTS members on the E-room

SINTEF Technology for a better society 11




EOS-CG — Improving GERG-2008 for CO,-Rich Mixtures

Binary specific excess functiona’|

- Adjusted reducing functions for p, and T,

- Lorentz-Berthelot combining rules for p, and T,

® 5 mixtures: new excess functions

® 5 mixtures: new reducing parameters

70 O other

No. of exp. data sets

W AA-CAES ENIST
B GERG-2004 M Literature

Roland Span | CLUSTER Kick-Off Workshop | October 2015 12



Key Output from IMPACTS: TREND Software

* Estimates phase transitions at given T, P (based on Fortran, Excel interface)

Eirfigen  Sedenlayout  Formeln Dalen  Obergeifen Ansicht  Entwicklertools  Suwslastungstest Acrobat  Team W -
E _ﬂ‘1 : ;m_dmmum Calibri Sln & W™= =@ | S zelenumbruch standard - 1‘{-,1 G dorsalpv... | Standard gl i * “wsu"."“: ' ?lr )
- o ia Kopieren o |- : ) ) _ - ) %] Fullbersich - !
E 1f-_I' E 'vffqen F Formatgbertragen | | ¥ & M o[ E-||S - A= = =|> || b Verbinden und zentrieren - || 38 . 9 op || %8 %3 -C-T::I:?.t_:r, i fr:ln:t:ﬂl: _ Gut Neutral = .usfhen amat | rehen + .::r:i:::- :.l.lc:i:|::d
Ewischenablage > schriftart * Ausrichtung ) Zah ] Formatvorlagen Eearbeiten
E7 - £ | ¥
| 4 B C D E F G - I J K L M N 0 P Q R s g
1

2 | 2 INPUT PARAMETERS FLASH CALCULATION

41 4 Pathto EOS |Di\Trend 2.0 - P‘it_‘\«' VAP Lial Ligz2 S0L HYD OVERALL

3 5 | Temperature (K 257,638 257,638 257,638 257,638

& &  Input code PH: Pressure|MPa 0,600 0,600 0,600 0,600

T T Property 1 0,6 MPa | I | Density|malfm? 294,905 51012,003  44562,740 | 590,020

8 8 Property 2 898,39 1/mol Int. Energy|l/mol 18454,090 -6577,916  -5711,013 | 5881470

2] 9 | Enthalpy|1/maol 20488,642 -6566,154  -5697 558 GH98,386

0 10 Fluids mole fractions "Eq. Typa  Mix.Rules | Entrogy[1fimel K} 99,526 24,142 -18,277 37,451

11 11 waler 05 1 1 | Gibbs energy|1/mol 5152,354 346,252 988,678 2750,333

12] 12 o2 05 i | Helmholtz energy|1/mol 7187,506 358,014 1002133 | -3767,249

13 13 isab. Heat capacity |}/{mol K} 38738 35,717 -12900,000 0,000

4] 14 | isach. Heat capacity|fimol K} 28,246 -12000,000  -12000,000 0,000 |
15 15 | speed of sound|m/s 245,133 -12900,000  -12900,000 0,000 1
16 16 phase fraction|mal/mal 0,497 0479 0,024

17 17 | x1|malfmal 0,000304 1,000000 0866389 water

18 18 | %2 |molfmal 0,999656 0,000000 0,133611 ool

19 19 3 [maolfmal

20| 20 | *4|mol/mal

2 2 | X5 |malfmal

22 22 X6 {malfmal

zal =3 *7|malfmal

24 24 | %8| malfmal

25 25 | X9 [maolfmol

26 26 *10|mol/mol

7| o7 | %11 |mol/mal

28 28 ¥12|maol/mal

2| 20 | %13 |mal/mal

a0l a0 14 | malfmal

M H | *15|malfmal

32 32 | %16 |malfmal

M4 M 4 » M| Properties | Flash -~ Phase enwelnpe FlashExpert-2Phase FashExpert-3Phase Rankne Cyds PropertiesExpert T3 -

Bereit  Bersit =
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Fundamental Properties of CO, Mixtures Cont.

J New experimental data on Properties of CO, Mixtures
* VLE, Density, Corrosion (uniform and stress)
¢ Chemical reaction kinetics for CO,-mixtures-rock

90

Ay
s H,
5t ¢—s CH,

| = Colg

mol%
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Fundamental Properties of CO, Mixtures Cont. (SP1)

* Unigue numerical experiments

* Impurity and model sensitivity for
pipeline operations

* Reservoir modelling and simulations,

accounting for chemistry, fluid mechanics 0 50 100 150 200
and thermodynamics. Fains foe)
% : ‘ : ‘ 0%N2 ——
: : : : 1%N2 —
NS T N —
* Thermophyical models for CO, mixtures 70 [ o T -
. . @ : } : o %N2
* Best models identified and tuned to § 60 F DO A U TN
. 2 f | 5 O 9%N2
experimental data z S0 OO NN T 10%N2
* Implemented and made available (Excel) S A N N N N VAT U
*  And much more.. 10 ; ; ; ; ;
290 295 300 305 310 315 320

SINTEF Technology for a better society 15




#IIMPACTS has Generated: Technoechonomic Model
(_/f/or Impact of Impurites on Transport & Storage (SP2)

* Insights inta initial injection behaviour at Hontomin
» (Comparison of impurity impacts on storage materials
 Preliminary studies on transport corrosion and depressurisation

«  The IMPACTS T-E maodel
* Flexible CCS chain economic model
 Written in Excel to make it readily useable o WA
* Available to partners in eRoom

* Insight into trade-cffs in various circumstances

Cost per Tonne CO,
2 2 8 3
E B 8 &k

Water level ppmm f‘[ l//;:{/é"\v

*  (CSImpurity Risk Assessment Framework
* No such framework existed for CCS
* Detailed interaction with ISO Transport Committee

Progressive Energy




IMPACTS has Generated: Recommendations Regarding:

Impact of CO, Quality on entire CCS Value Chain

Synthesize results from WPs

- Provide guidelines for safe
and efficient handling

of CCS  streams

Main
results Synthesize

Provide

guidanc
e

from challenges
WPs

Guidelines on the need for upstream conditioning of CO,
streams (WP1.2)

Guidelines on the transient operation of pipelines (WP1.3)

Guidelines on the need for anti-corrosion measures in the
CCS chain (WP 1.4)

Guidelines on the operation and integrity of injection wells
(WP1.5 and WP 2.1)

Guidelines on the choice of storage site and on assurance of
reservoir integrity and stability (WP1.5 and WP 2.1)

Guidelines on the trade-offs between CO, composition, CCS
system performance targets and the design and cost of the
CCS chain (WP2.2)

Rules of thumb for mixing different of CO, qualities in a
multi-user transportation system (WP 2.2)

Framework for risk assessment of CCS considering CO,
stream with impurities (WP 2.3)




IMPACTS has Improved Design Recommendations for
CO, Pipelines (SP3)

J €O, Phase Behaviour with Presence of Impurities, Skaugen et. al (WP3.1)

160
p=150bar_ L
140 : W When Dimensioning pipeline to
120 %\ Operation envelope °, avoid running ductile fracture:
100 * Cricondenbar pressure is worst
p=90 bar v N .
— case scenario and should be

used for dimensioning
_* Onshore pipeline 150 bar
¢ Max AP 60 bar before compr

Pressure (bar)
(0]
o

(o))
o

40 SR
~._* " Assume isentropic expansion
2 DR . .
0 * ° Crikondenbar pressure is the
0 highest saturation P achieved

0 0.5 1 1.5 Zafter exp
Specific entropy (kl/kg K)

uGAS Geir Skaugen et.al WP 3.1

SINTEF Technology for a better society 18




IMPACTS has Elucidated Impact of Impurities on
Pipeline Operational Conditions

D Power consumption for 20 r 90
¥ 80 - 80
CondItIOnlng for export % 70 L 70
Geir Skaugen, et.al (WP3.1) g 60 60
é- 50 - 50
% 40 - 40
E- 30 - 30
E 20 - 20
ga_ 10 - 10
0 PURE BASE oXY -0
Export pump 3.39 4.79 5.57
B Stage 4 13.66 15.07 16.07
m Stage 3 16.33 17.31 18.36
B Stage 2 16.44 16.94 18.19
B Stage 1 17.31 17.76 19.04
Total 67.14 71.87 77.23
CASE co, H,0 N, o, Methane
«BASE» 93 7
«OXY» 88 7 3 2
«GAS» 83 7 1 9

SINTEF

Technology for a better society



IMPACTS

The impact of the quality of (0, on transport and storage bens

IMPACTS TOOLBOX

> Objective

> Provide results, tools, models from IMPA
project to public

WP1.1
Workshop

WP12

Thermophysical behaviour
of CO, mixtures

innovation
for life ms —

— R §
> Cover all areas of IMPACTS research asessentl P
impacts ON COIOSioN rates
. . and mechanisms
> Mixture properties e
infuence o zqua on
. chemical and physical
) Fluid flow, transport | SP1 e '
) CorrOSion Resuits of transport semi-
WP21 | BE=AEEEEIEVENEEl
) Storage and field tests
IWP2.2 :ﬁmf;;micimpads
» Techno-economic assessment of CO —
WP2.3

mixtures in the CCS chain
) Risk analysis

) Include recommendations from IMPACTS

20 IMPACTS Toolbox

SP2

assessment

SP3

WP3.3
Workshop
IMPACTS

Recommendations | pjan for
implementation

of IMPACTS
IMPACTS Toolbox | RSN

December 2015


http://www.yeomansmarketing.co.uk/whats-in-your-fundraising-toolbox-be-prepared/2467/toolbox/

IMPACTS has transferred knowledge to the ISO
Standard Committee on CO, Transportation (WG2)

] T

= E OF WEETING | REGIETRATION FORR
== CONVOCATION | PROJET [YORDRE DU JOUR

IMPACTS presented key project results to ISO WG2 on CO, 1sQ ::;Jm—m;mw
Transportation at it's final meeting at Kjeller, Norway on Dec _
1st, 2015

of e du TCEC
CARBCN DIOXIDE, CAPTURE, TRANSPORTATION AND GEOLOGICAL STORAGE -
TRANSPORTATION

* The ISO standard on CO, Capture, transportation and is— R —
geological storage — section on Transport is already in its
final stages of issuance.

e |MPACTS has been in continued contact with the ISO
Standards committee

SINTEF SINTEF Energy Research 21



The IMPACTS Network

* Networking and knowledge transfer
between research groups and

industry is essential for innovation

e 8 workshops and 17 meetings have
been held since the start of IMPACTS

* 30 people from 9 different nations
have attended workshops

IMPACTS TCCS8 Workshop, June 2015

SINTEF SINTEF Energy Research




IMPACTS Dissemination

) . @ co,QuEST

2" INTERNATIONAL FORUM ON RECENT

* Public Dissemination Event at GHGT-12, DEVELOPMENTS OF CCS IMPLEMENTATION
Austin’ TX LEADING THE WAY TO A LOW-CARBON FUTURE
* CCS Summer School in Romania, Oct 2015 16™ - 17" Decemser, 2015

ATHENS, GREECE

* Public Final Dissemination Event, Athens,
2015 joint with CO2QUEST

Special Issue of Papers from Final Event in
IJGHGC

IMPACTS/COZQU EST Panel at GHGT-13 Greenhouse

Gas Control
'ghgt-13
SINTEF SINTEF Energy Research 23
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IMPACTS Blogs

The impact of the quality of CO2 on transport and
behaviour

Highlights from the IMPACTS project ~ "The impact of the quality of CO2 on transport and st

. | All B E ff 1CY E t CCs Wind v Hyd
B | O g . W h y | S I\/I r Pet rOV S O e n g a g ! — a summary of findings presented at workshop during TCCS8 & e Ry SieEney YRR RN IRIRONEE

Gas technology Policy Newsletter i=

N
/
1

v

Blogger: ! Aplnvik

In & small room “hidden” in a laboratory at Glashaugen in the ¢
Trondheim, Norway, a meeting took place this week between

AN Euronean reseorch oot where researchere from academia o, COTTOS1ON POtentials in CO2 infrastructure — IMPACTS
is a PAN European research projec ere researchers from academia and ir

) B ) nin 1t countries collaborates on investigating impact of impurities in CO, captur WP14
student Snorre Foss Westman from NTNU, Researcher S gme plants and other CO;-intensive industries on CO, transport and storage.

Sterset from SINTEF Energy Research and Scientific Officer v
from the European Commission

Mr. Petrov was visiting to discuss the mid-term evaluation of the EU project IMPACTS unde

Framework Programme. One objective of IMPACTS is to develop the CO; quality knowledge

zzi, Head of Structural integrity department at Centro Svilupg

for defining norms and regulations to ensure safe and reliable design, construction and ope

pipelines and injection equipment.

CO2 impurities: What else is there in CO2 except CO2? 1 ™' How we studj} the effects of CO2 impurities in the Lab?

& Sintef =

& Sintef L —

Guest bloggers:

), The Netherlands

Guest bloggers: D
ldmann, TNO

The researchers take part in the IMPACTS project:
project co—-funded by the

is a collabeorative

MPACTS is run by SINTEF Energy Research. Find

The researchers take part in the IMPACTS project:

the tasks of the project is toc address the impact of impuri project co-funded by the European Commission under the

S is run by SINTEF Energy Research. Find out more

In the IMPACTS project we study the impact of impurities in ca
Questions we would like to answer are like these: what is the relation betw

N transpe g
en the quality (level of
impurities) of CO, and the cost of safe transport and storage? Suppose we save some money and
capture less pure CO, (if there is such a relation), would that be offset by higher cost for transport and
storage because of, for example, corrosion prevention measures? Can we optimize the cost of the
entire CCS chain as a function of the quality of the C0,?

The first question we have to answer: What does geochemical influence during storage of impure CO,
mean? The geochemical influence describes chemical reactions of the gas injected in the storage

formation and the dissolution of the reaction products into the water phase. This results in increasing
water acidity, which furher enhances mineral dissolution reactions? Con

%

equently the formation water
chemistry changes over time and additional minerals may precipitate.

e)
b) ﬂ_“_l_‘d)
f)

SINTEF SINTEF Energy Research




IMPACTS has generated:

* Better equation of state for CO, mixed with all the potential contaminants expected
in captured CO,

* Inventory of CO, mixtures
* Defined framework for characterization of impact of impurities on CCS systems
* Issuance Publicly available TREND software- Estimates phase transitions at given T, P

* Determined effect of CO, supercritical mixtures on corrosion of pipeline materials
through experimental work

* Case Study for CO, transport with impurities effect on pipeline and shipping
*  Technoeconomic Analysis
* Information to Improve Design Recommendations for CO, Pipelines

SINTEF Technology for a better society s
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