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1 Executive Summary (restricted)

One of the main concerns with geological storage of CO, is maintaining reservoir integrity in the
face of leakage pathways due to wellbore perforations of the topseal or caprock. Previous experimental
analyses vary widely in their predictions of the long term integrity of wellbore cement as a sealing agent
for sequestration reservoirs. The focus of the experimental activities in WP3.4, is to advance the science
of understanding the evolution of a wellbore seal of a CO, reservoir.

At Utrecht University (UU, HPT Laboratory), the focus of experimental activity lies on attempting
to mimic key components of the entire wellbore system and measure changes in mineralogy and
permeability of the wellbore system as a function of continued reaction and mechanical deformation in a
CO, reservoir environment. In Year 1, UU has set up apparatus to conduct:

- Batch reaction experiments on powdered caprock mixed with powdered cement and ground
casing steel to determine the long term, wellbore reaction products. These experiments will
be conducted in a large volume autoclave over the course of up to 1 year under reservoir
conditions.

- Permeability analyses on caprock cylinders to determine an initial state for the top seal of the
P18 and other reservoirs. Experiments will predominantly be conducted using an Argon gas
transient step technique at low confining pressures, with validation using an Argon flow
through technique. Permeability will also be measured at in-situ confining pressure.

- Analyses on the evolution of the interfaces between caprock & cement and cement & casing
steel. Experiments will be conducted on composite caprock-cement-steel samples. These
will be subjected to CO, reservoir conditions for up to 1 year, and periodically analyzed for
changes in bulk permeability, reaction progress and (interface) microstructure.

- Batch reaction experiments on varying mixtures of caprock, cement, and casing steel in a
reaction vessel fitted inside of an Instron load frame under CO, reservoir conditions. This will
be used to measure volume changes and swelling forces generated by reaction in the
wellbore environment. Such effects may improve sealing but may also cause caprock fracture.

First results at UU using the Ar%on transient step method show that the permeability of the P18 caprock
can vary from as high as 10 m? to far less than 10™ m® There is currently no indication that
permeability is strongly dependent on the formation of origin (R6t or Solling caprock) nor on orientation.

At the TNO-Rijswijk Prins Maurits Laboratory, the focus will be on investigating the long term
effect of CO, reaction with cement and caprock, and clarifying the findings of previous studies. A new
reaction vessel is being developed for this purpose that will very closely simulate the natural conditions of
a CO, reservoir. The new experimental design is a great step forward in apparatus design for this type of
experiment in that it provides a much more realistic reservoir environment by jacketing the reacted
sample and subjecting it to static interaction with CO, and brine, rather than placing the sample in a brine
bath and pressurizing the bath with CO,.

At TNO Science and Industry (Den Helder), the contribution to WP3.4 is directed at corrosion
studies. Supercritical CO, plus moisture or formation water in the CO, storage well environment forms
carbonic acid that causes corrosion of tubes and casing steels, which combined with rock-cement
interactions, may result in CO, leakage. Understanding steel corrosion under CO, storage conditions is
critical to modelling well integrity. A preliminary desk study on the electrochemical measurements for
tubing and casing steels in CO, environment has been done in the CATO-2 Year 1 program. In addition,
the necessary experimental set-up for high pressure and high temperature (HPT) steel corrosion studies
and the required electrochemical measurement protocol have been designed.
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2 Applicable/Reference documents and Abbreviations

2.1 Applicable Documents

(Applicable Documents, including their version, are documents that are the “legal” basis to the work
performed)

Title Doc nr Version date
AD-01 Beschikking (Subsidieverlening ET/ED/90780 | 2009.07.09
CATO-2 programma 40
verplichtingnummer 1-6843
AD-02 Consortium Agreement CATO-2-CA 2009.09.07
AD-03 Program Plan CATO2- 2009.09.29
WPO0.A-D.03

2.2 Reference Documents
(Reference Documents are referred to in the document)

Title Doc nr Version/issue | Date

2.3 Abbreviations

(this refers to abbreviations used in this document)
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3 General Text

3.1 INTRODUCTION

The basic concerns of the public regarding cadapture and storage are “Will the €O
stay where it's put?” and “What risks are assodiatéh putting it down there?” The laboratory
work discussed here, falling under the auspicegSATO-2 Work Package 3.4: “Well integrity”,
focuses on the first of these concerns, specifidallregards to measuring what influence the
caustic environment of a CCS reservoir has on wsadbintegrity. We will analyze the
mineralogical and structural changes that takeepia¢he caprock, cement, and well casing, and
also along the interfaces between these mategaldting from interaction with brine saturated
CO..

Any depleted oil or gas reservoir used for the sstration of CQis likely to have been
perforated many times by exploration and producti@tis. These wells are reinforced with a
steel well casing held in place by an annular layerement between the caprock and the casing.
Upon abandonment of the well after depletion of kiyerocarbons, or injection of GOthe
wellbore is plugged with another volume of cememilany experimental studies have been
conducted analyzing the degradation of wellborees@minder C@reservoir conditionsfuguid
et al, 2005; Barlet-Gouedard et al.2007;Kutchko et al. 2007, 2008, 2009%trazisar et al.
2009], some suggesting that degradation of cemdhtoe rapid while others suggest slower
degradation. Examination of wellbore cements reced from the SACROC Unit of West
Texas, subjected to enhanced oil recovery practioesover 30 years, showed very low
degradation rateClarey et al. 2007], implying that cement plugs may indeed bsuficient
barrier against the leakage of £€f@om sequestration reservoirs.

The main concerns regarding CCS which will be agsied by our experimental analyses

are as follows.
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1)

2)

Many studies have been conducted that investigiedaction of C@with cement
[see previous references], with caprodkufqvist and Tsang2002], and on well
casing steel\Wu et al, 2004;Li et al, 2007]. To our knowledge however there have
been no studies that examined the response of oechlsaprock, cement, and casing
steel when subjected to G@eservoir conditions.What will be the products of
reaction of a caprock, cement, steel system subject to supercritical CO, and
formation water? How fast will reactions proceed? What will be the relative
roles of steel corrosion versus reactions betweenhe various wellbore

components?

Liteanu [2009] showed that the permeability of cement eases strongly with
continued reaction with static GQich fluids, implying reduced porosity resulting
from carbonation reactions in the cement inhibi¢inal fluid pathways. This would
suggest that cement is an ideal material for phg@tQ reservoirs. Wellbores in
actual reservoirs will not simply consist of cemehtit a sandwich of cement,
caprock, and casing steel, and the evolution ofrite¥faces between those materials
will be of the utmost importance in maintaining itheegrity of the reservoir. Recent
work has shown that the interface between cemedt arshale caprock is little
affected by extended reaction with supercriticab@@Wigand et al.2009], this would
suggest that permeability of a combined caproclement system would decrease
over time with the decreasing permeability of trement. The influence of an
evolving interfaces between the entire caprock,esgmand casing steel composite
has yet to be investigated howev&vhat is the initial permeability of the caprock
and the cement? How will the bulk permeability of a combined systemof
caprock — cement — casing steel evolve as a functiof long term reaction with
CO; and formation water? How will the interfaces betveen caprock & cement
and cement & steel evolve over time in a C{eservoir? What is the influence of

mechanical deformation and stress changes?
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3) The products of the reaction of hydrated cements@hgortlandite and calcium-
silicate-hydrate with brine and supercritical £&e calcite, aragonite, and vaterite all
of which have larger molar volumes than portlandithich results in a decrease in
the porosity and permeability of the cemaémMigand et al. 2009]. It is possible that
the increase in volume of the cement will genegafl@rce against the caprock and the
steel well casing. By the same token it is possibht the reaction products of the
entire caprock-cement-steel system could increaseverall volume, resulting in
significant stresses in the wellbore that couldmately fracture the caprock and
result in loss of reservoir containmemhat volume change is associated with the
reaction of caprock, cement, and casing steel witkupercritical CO,, what is the
magnitude of the force developed as a result of thichange in volume, and will

reaction-swelling effects improve sealing capacityr cause caprock damage?

Together, the HPT Lab at Utrecht University (U tPrins Maurits Laboratory of TNO
in Rijswijk, and the TNO Science and Industry cerom group in Den Helder, are in a unique
position to be able to address all of these questwith in-house experimental equipment, and
new, purpose-specific facilities under design, dlgwaent and construction. We discuss below
the contributions of these groups in Year 1 of CAZ.O This includes work on the caprock
materials we have chosen to analyze, the formdiiiich and the experimental apparatuses to be
used in elucidating the influence of supercriti€, sequestration on all components of the

caprock-cement-steel system.

3.2 UTRECHT UNIVERSITY WORK

SAMPLE MATERIALS AND PORE FLUID:

For our experimental work we intend to simulaterstoally as well as structurally the
injection point of a wellbore, the area of a po&nCO, storage reservoir where wellbore
integrity is most critical. The components thaayphk crucial role here are the impermeable
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caprock roof of the reservoir, the steel casing thaused to support the well, the wellbore

cement placed between the borehole and the casiddjnally the formation water pore fluid.
Caprock material:

Though the particular interest of this projecthe potential effects of Csequestration
on the P18 gas field [52°07°49”N 3°57'28”E], padlarly wells P18-A-05 and P18-6A7, located
approximately 18 km Northwest offshore Hoek vanlalud, The Netherlands, we were unable
to obtain caprock from those wells. As an analogeehave chosen material from the R6t and
Solling claystones, the same geologic units asstispected caprock in the P18 field, from the
neighboring Q16 gas field, ~ 8 km offshore from Hagk Holland [52°03'48"N 4°02'42"E].
We collected caprock samples from wells Q16-4 ah@-©A-101-S1 from the TNO (Zeist) and
NAM (Assen) core repositories respectively.

As shown in the drilling log lithostratigraphy aledile at the “NL Oil and Gas Portal”
(http://www.nlog.nl/en/home/NLOGPortal.html) (Figurl) the ROt and Solling formations
provide the immediate cover to the Hardegsen, Detfand Volpriehausen reservoir formations.
In the P18 gas fields the R6t and Solling formagiare located at approximately 4700 - 5100m
depth, whereas in the Q16 field these same formataye found from approximately 3000 -
3500 m depth (Figure 1), perhaps due to faulting partially to their closer proximity to the
basin edge. Though located at very different defitkeems reasonable to conclude that the Rot
and Solling formations in the P18 and Q16 welld#elare mineralogically, structurally, and

mechanically similar due to their close proximibyane another (~10 km apart).

We collected 14 samples from the Q16 gas fieldpffwell Q16-04 and 10 from well
Q16-FA-101-S1 (Table 1; Figure 2). The depth raoighe material from well Q16-04 is from
~ 3057 to 3067 m and in the Q16-FA-101-S1 well froi®279 to 3292 m. Samples 8 — 15 have
been prepared for permeability analysis, includinges drilled both perpendicular and parallel
to the sedimentary layering. The samples werédusand ground, yielding cylindrical ‘plugs’
of ~ 25 mm diameter, with sample lengths rangingfd® to 20 mm.
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Additionally we have begun conducting XRD analysissamples 8 - 15, and will also
attempt analysis on samples 53-60, should theynbani appropriate condition for study
following their use in triaxial failure tests. Thesults of our ongoing analysis of the mineralogy
of the caprock in the Q16 gas field show high pigillicate (muscovite) and carbonate
(dolomite/ankerite) content (Table 2). It is imsting to note that samples 8 and 9, both from the
Ro6t formation in well Q16-04 are very rich in musite (42-45%) with more modest amounts of
ankerite (20-29%) whereas sample 13, extracted thenQ16-FA-101-S1 well, show the reverse,
52.5% ankerite and only 17.5% muscovite. Samples 1Re only sample evaluated thus far that
lies within the Solling formation, as defined byeththostratigraphy (Figure 1), and it shows
significantly different mineralogy from the Ro6t foation samples, dominated by dolomite (54%)

and muscovite (39.7%), with very little quartz @)8and ankerite (3%).
Steel casing:

The casing material used in the wells consideredCi0, injection, i.e. wells P18-6A7
and P18-A-05, is APl N80 grade steel. Through TRQuUw & Ondergrond we obtained a
weathered, tubular specimen of this material apprately 1.5 m long and 7.5 cm (3”) in
diameter. We cut off a short segments of the tapproximately 5 cm long, from which we cut
bars ~ 5 cm x 0.5 cm, and ground steel shavingu€i8A). The steel shavings were collected
from freshly abraded steel and therefore do notatorcorroded steel, whereas the rectangular
bars were cut intentionally to have two corroded &amo uncorroded sides. In this way the
effect of CQ on corroded and uncorroded steel casing can lestigated and compared. The
composition of uncorroded N80 grade steel is dotethdy Fe ¥98%), with minor Mn (~1%),
and trace amounts of C, Si, P, S, Mo, Cr, Ni, NpTVand Cu Wu et al, 2004;Li et al., 2009;X.
Zhang — TNQpersonal communication].

Wellbore cement:

The wellbore cement used in this study is API Clas€8ortland cement, which is widely
used in oil and gas wells throughout the Nethedarn@resently we have cured and uncured type
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G cement at our disposal, and both will be usedumexperimental work. The cured cement is
from an abandoned well of the RECOPOL ECBM fieldtitey site in Southern Polan¥dn
Bergen et al.2006]. The uncured cement (Figure 3B) was obthicommercially, and will be
mixed and cured following APl Recommended Practi@B in the near future.

Pore fluid:

The pore fluid brine used in this study is a solutof 2M NaCl + 0.2M CaGl+ 0.04M
MgCl,. This represents realistic reservoir brine, samib that present in field P1B¢rt de Wijn

- Wintershal] personal communication].

EXPERIMENTAL APPARATUS AND METHODS:
Composite caprock-cement-N80 steel cylinder:

In an effort to analyze the evolution of the emtwellbore system as it evolves in a
supercritical CQ reservoir we will use a composite caprock-cemésiscylinder to mimic the
wellbore. The composite cylinder will consist ofhallow cylinder of caprock filled with
Portland cement, with a bar of N80 steel standiergically in the center (Figure 4). To simulate
the conditions of a COreservoir the composite cylinder will be jacketet placed in a high
pressure and temperature hydrostatic reaction V@sSggeire 4). The jacketed sample will then
be loaded hydrostatically and heated to resenamditions, saturated with formation water, and
pressurized internally with supercritical €OThe cylinders will remain in the reaction chambe
for up to 1 year, periodically being removed to swga the evolution of permeability of the
simulated wellbore system as the cement, caproe&l, and the interfaces between evolve in the
reservoir environment. At the end of the experitaeperiod the composite cylinders will be
sliced in order to conduct microstructural analy$esusing particularly on the evolution of the

interfaces between caprock, cement, and steel.
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Argon permeameter:

Knowing the permeability of the reservoir caprocidacomposite cylinder, and how it
can change over the course of time when subjeotéldet corrosive conditions present in a;CO

reservoir is one of the most fundamental questiegarding the CATO-2 project.

Using an argon gas permeameter (APE) (Figure Shawe the ability to measure the
permeability of cylindrical rock samples at lownda high-pressure conditions using two
different methods. Using a small pressure vedabkled “LP” in Figure 5A) we can subject
cylindrical samples to a confining pressure of o8 MPa at room temperature, and up to 100
MPa using a larger pressure vessel (labeled “HRFigare 5A), , both at room temperature. The
LP-vessel is limited to samples 25 mm in diametih \\ength up to ~ 70 mm, and though the
HP-vessel is currently set up for similarly sizeangles, it could quickly be modified to accept

much larger cores.

Using the APE we are able to conduct two very dffie types of permeability analysis,
which allows us a simple method of validating angasurements that we make. The Argon-
transient-step method (ATS) will be used most comigon our analyses, and the values
measured by ATS will be confirmed using the Argtowtthrough (AFT) method.

In both the ATS and AFT techniques the sample &qd between two end pieces
(Figure 5B) which are grooved to ensure even thgtion of the argon gas over the ends of the
sample, and jacketed using a bicycle inner-tub@)Bb that gas flows only along the axis of the
cylindrical sample. The jacketed sample is theacgd inside of the LP- or HP-vessel and a
hydrostatic confining pressure is applied, sealing edges of the sample ensuring that flow
occurs only along the length of the core. Becdhegressures that the samples are subjected to
are hydrostatic the HP-vessel is capable of apprating in-situ stress conditions. The
permeability of most samples will be measured eltR-vessel using 2 MPa confining pressure,

a few select samples will be run in the HP-vess® & significant systematic variations in
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permeability are detected as a function of confjrpressure we will measure all samples in both
the LP- and HP-vessels.

In the Argon-transient step method the sample ridiced with 2 MPa confining pressure
and then pressurized internally with ~ 1.6 MPa ofdXr fluid pressure. Once the internal pore
fluid pressure of the sample has equilibrated, rigroof the steel tubing of the APE is isolated
from the sample, and reduced in pressure to ~ 1.4. Me isolated low pressure portion of the
APE tubing is then opened to the sample creatinmstantaneous pressure transient across its
length. By measuring the decay of the pressurealamce between the upstream and
downstream ends of the sample as they equiliboatartds a mean pressure of ~ 1.5 MPa, we are
able to calculate the permeability (Figure 6). ohder to correct for the Klinkenberg Effect we
will also measure permeability at mean Argon presswf 1.0 and 0.5 MPa (1.1 upstream/0.9
downstream & 0.6 upstream/0.4 downstream respdgfiier very impermeable samples.
Though current limitations in the ATS method preives from measuring permeability less than
approximately 18° m?, we hope to soon be able to measure permeabiityndo 10°* nv.

In addition to the ATS method we will use an Ardgtow-through (AFT) method of
determining the permeability of our samples in oridevalidate the measurements made using
the transient-step method. The AFT method is nallyim constant head permeability test,
using Argon as the pore fluid. As with the ATS huat the sample is loaded into either the LP-
or HP-vessel and confining pressure is appliede UOjpstream side of the sample is attached to a
large Argon gas reservoir, which is effectivelyimite in volume compared to the pore volume
of the sample. The downstream end of the samplenisected to a capillary tube at atmospheric
pressure. When the upstream end is pressurizeshAygs will flow through the sample, and the
volume of expelled gas is measured in the capiltabe. After a simple correction for the
expansion of the Argon gas at atmospheric preghereolume of expelled gas can be used in
Darcy’s Law to calculate the permeability of thengpde and verify the findings of the more

precise ATS method.
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Autoclave and cold-seal batch reaction:

Using a 1-liter stainless steel autoclave fittethwan internal Teflon sleeve, we will react
powdered volumes of samples 9 and 12-14, mixed patvdered Portland cement, and N80
steel shavings at near @&servoir conditions (30 MPa, ~100 °C) (Figure Each mixture will
be placed in one of four separate reservoirs ieféoi reaction pot (Figure 7 — lower right). In
order to mimic the natural conditions of the resarwe will also include a small volume (~ 30
mL) of brine (2M NaCl, 0.2M Cag| 0.04M MgC}) in the bottom of the autoclave well to
simulate formation water. The autoclave will beeogpd every 4-6 weeks in order to harvest
material from the other 4 Teflon pots (dedicatedMB3.3), at which time we will also gather
small portions of the caprock-cement-steel mixtureorder to monitor the progress of the

reactions over the course of 1 year.

A shortcoming of our autoclave technique for inigeding the long term effect of GO
and brine on mixtures of caprock, cement, and gasieel is that there is no way to ensure that
the reaction products of one of the sample potsneil influence the reactions in the other pots
by way of dissolved transport through the wet sopiezal CO,. To investigate the reactivity of
the caprock-cement-steel mixtures at ;,C@servoir conditions in a more tightly controlled
environment we will conduct batch reaction expernitsen powdered caprock samples at in-situ
pressure temperature conditions (115 °C, 35 MRajjas to those conducted bylangx and
Spiers[2009] investigating the reaction of feldspar willd,. In this type of experiment a very
small (~ 0.1 g) amount of the wellbore mixtures Wl powdered and placed in a Teflon lined
reaction vessel (Figure 8) along with a small vatuof formation water. The reaction vessel is
then fitted inside of a cold seal pressure vesseélatached to a pressurized source of @l
brought to experimental pressure. A furnace il@a over the pressure vessel and the sample
is brought to experimental temperature. Thoughb thipe of experiment provides far better
control on the reactive environment than the aaisxlexperiments it is more limited in its
ability to provide a systematic analysis of the guession of reaction products for several

different mixtures over very long time scales.
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Instron — Force of crystallization:

To measure the possible force generated by changeslume as the reactants in the
caprock, cement, casing steel system react withaoo¢her in a reservoir environment we will
conduct a series of force of crystallization (F@&periments in a reaction vessel fitted inside of
an Instron load frame (Figure 9). A small amouihpowdered sample (caprock, cement, N80
steel, and all combinations thereof) and formatiater will be pressurized with supercritical
CQO; in the reaction vessel, and compressed vertitallg small constant load using the Instron
load frame. As the sample volume changes the fi@awle will extend or retract as necessary to
maintain the constant vertical load. By measuthmg change in volume of the sample we can
calculate the FOC for the combination of reactamtthe chamber. The force generated by the
reaction of the wellbore components could leadeductions in permeability if the forces are
modest and act as a self sealing mechanism fondibore, or if the forces are large they could

result in fracturing of the caprock and loss okrgsir containment.
Triaxial testing machines:

To determine the effects of mechanical deformatéml stress changes on cement
samples, caprock samples and on the interfacesvatimposite samples of wellbore materials,
exisiting triaxial testing facilities available dtrecht will be used. These have been described in
detail previously byLiteanu[2009] and are described in WP3.3-D08, so will hetaddressed

further here.

PRELIMINARY DATA AND NEXT STEPS:

Permeability data obtained so far show that thenpability of the caprocks ranges from
roughly 1x10'" m? to 5x10™ m? (Table 2). Currently, more data is being colldctehich will
allow for a more thorough comparison, for exampé&ween the permeability measured on
samples cored parallel and perpendicular to thersedary layering. Our next step in regards to
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permeability measurement will be to complete thalysis across all samples and verify the
measurements using the AFT method, and finally éasuare a select group of samples at in-situ
pressure conditions to determine if there is adlaigange in permeability based on confining
pressure. Within a matter of weeks we anticipat@ngabegun reaction experiments using the

autoclave, cold seal, and Instron reaction vessels.

3.3 TNO-RIIJSWIJIK: STATIC REACTION EXPERIMENTS

This section describes the development of a laborafacility at the Prins Maurits
Laboratory of TNO in Rijswijk. The facility is delaped to perform static reaction experiments
between C@rich brine and caprock as well as reservoir rocld avellbore cement at
downhole/reservoir conditions. Development of theility is therefore carried out within the
framework of WP3.2 (Reservoir Behavior), WP3.3 (@ag and Fault Integrity) and WP3.4
(Well Integrity).

An initial test facility was developed and usecc&ory out reaction experiments between
COy-rich brine and wellbore cement (Figure 10). Theseeriments showed that some
improvements to the setup were needed to reduckrihe to sample ratio and shield samples
from the CQ-rich brine acting as the pressure medium. Impram@sito the setup and initial

experiments on caprock samples are planned ford/eaCATO-2.

An improved experimental setup is being develop#ich allows experiments
with a more realistic brine to cement ratio (Figdd. The main change to the initial setup is
that an additional sample is placed between anruppe a lower stainless steel piston in an
EPDM and FEP jacket and positioned next to a sanmplfie original sample configuration.
Within the vessel a sample in the initial configioa can run simultaneous with a sample in the
improved configuration in order to compare the twethods and to investigate the effect of the
improved facility. A connection between the supéical CO, in the open vessel and the

jacketed sample is possible to allow equal,@@essure and vaporized water content in both
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experimental settings. The connection can alsoldsed in case a lower pressure is required in
the jacketed sample to prevent leakage throughjableet. Experiments will have to show
whether it is necessary to open the connectionmdagnt drying out of the jacketed sample and
whether leakage in the jacketed sample will octthra connection is opened. Brine samples can
be taken during the experiment through the bleddamgpling tap. The jacketed sample method
is similar as used blyiteanu[2009] and therefore comparison of experimentsiliits is allowed.
The improved setup will shortly be used to perfarperiments on representative samples of
caprock and brine compositions (planned for yeair QATO-2).

3.4 TNO — DEN HELDER: CORROSION OF CASING STEEL IN CO,
STORAGE ENVIRONMENTS

LITERATURE SURVEY

Literature related to the corrosion of steels in,@@nsport and storage has been performed.
Many factors affect the corrosion performance af thbing and casing steels in £€Ohe
composition and microstructure of materials, theligption environment conditions, such as
chemicals, pH, pressure, temperature, microorgasismhave influence on the corrosion of the
steels in the well.

Materials

The composition and microstructure of the mateltiage influence not only on the mechanical
properties but also on the corrosion performantepez et al. have reviewed the effect of
microstructure and composition of carbon and loleya&ld steel on corrosion resistance in,CO
environments (see Table 3) [1]. They found thaiheweh apparently the same composition and
microstructure, the performance of the carbon steah vary greatly from the different suppliers.

Clover et al. studied the corrosion performancerafous grades of carbon steels (ASTM A-
106B, API 5L, L80, J55 etc.) in stirred (700 rpnut@claves using 1000 ml electrolyte with £0
at 50 °C for 2 weeks duration [2]. The carbon diexpartial pressure is 3.4 bar, with the total
pressure of 21 bar adjusted with methane. Corrosi@hpenetration rates were determined via
mass loss and optical microscopy, respectively. 3ecimens were divided in 4 groups in
different microstructures,

Group 1: banded ferrite/pearlite microstructure

Group 2: very fine predominantly ferrite microsture
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Group 3: ferrite/coarse and somewhat acicular pieapearlite microstructure
Group 4: tempered martensite microstructure

The localized and general corrosion rates varhgilidoetween different carbon steels (see Table
4).

Pfennig et al. have studied 42CrMo-4 and X46Cr18@ saturated brine at 60 bar @60°C [3].
X46Cr13 shows a better corrosion resistance th&rMa-4, and their corrosion rate is different
when exposed to the gas and to the liquic.Gdwever, pitting corrosion with pit depths about
1.4 mm after 2000 h were found on the X46Cr13 stemiersed in the liquid where the gas flow
and pressure is low. G@rosion-corrosion was found in the North Sea (Egfivell No.2 oil
well. The estimated average corrosion rate of tf&ONubing is over 3 mmly [4].

Effect of the pressure, temperature and pH

The pressure, temperature and pH value of the B@Galt solution play critical roles in the
corrosion of the materials. Seiersten and co-warkeeasured the corrosion rate for X65 low
carbon steel in 10 g/l NaCl solution at 50°C asuacfion of CO2 pressure fugacity at semi-
stagnant conditions with floating pH [5]. The caian rate increased with pressure and has a
maximum of 6.9 mm/y at 40 bar, then decreased ittssure again. The corrosion rate
increased with temperature and decreased withasirg pH.

Impurities in the CO,

The presence of SCand NQ in the CQ stream will significant increase the acidity oketh
aqueous phase. There is a need to understandténaction of SQ and NQ with CQO, under
pressurized wet conditions, such as the effecttbfop the corrosion attack [6]. So far little
experimental result concerning the impurity effentthe CQ corrosion under storage condition
can be found in literature.

Microbiologically influenced corrosion (MIC)

Microbiologically influenced corrosion was not wigeonsidered to be possible in downhole,
though recognized in the pipeline industry for maewars. Anaerobic sulfate reducing bacteria
(SRB) and acid-producing bacteria (APB) can causetdand indirect corrosion of the materials
in down hole. Biological formations differ from fus that they are shiny due to the formation of
“biodome” [7]. The area under the biodome becomesdiz to the surface not covered by the
biodome. Localized corrosion takes place undeibtbdome. The APB makes the local pH low
and cause the local environment more corrosive. SRB can reduce sulfate to sulfur which
reacts with hydrogen to form hydrogen sulfide$H The HS can react with iron to produce

iron sulfide, which can cause under-deposit coomsiAt the Ketzin storage project SRB

bacteria have been found in the subsurface [8, 9].
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Electrochemical measurements

Previous experimental data obtained in TNO showt thee electrochemical impedance
spectroscopy (EIS) and linear polarization resiafi.PR) measurements are useful to monitor
the CQ corrosion, while the electrochemical noise measerds give large uncertainty [10].
From LPR we can estimate the corrosion rate ofhterials in the specific environment. From
EIS we obtain the corrosion resistance and theaserhature of the materials. The J55 steel
(casing material) samples have been tested in 85aB45°C in 102 g/L NaCl, 18g/L Catand

9 g/L MgCl, solution. Strong variation in corrosion mechanisas observed after exposure the
steel in the C@solution. Some samples showed a passive surface$an rate is low, ~ 0.6
mm/y) and some showed active surface (corrosianisdtigh, ~ 8 mm/y).

In CO, storage well, localized corrosion is a more sexiptoblem than uniform corrosion. The
corrosion at the interface between casing steektantent is also very dangerous to cause leak of
CO, if corrosion of steel results in cracks. So, ewpental investigation is deserved to
understand the corrosion mechanism and to prdecservice life of the casing or pipe materials.

EXPERIMENTAL SET-UP

The experimental set-up that works in high preséupeo 300 bar) and high temperature (100°C)
(HPT set-up) has been designed. Fig. 12 shows Hieugssel and Fig. 13 shows the concept of
the electrochemical cell. Electrochemical instrutagsuch as Ivium (conbined Potentiostat with

Frequency Analyzer) can be used to monitor therelsemical processes.

EXPERIMENTAL PLAN

Electrochemical measurements such as open ciratgnpal monitoring, potentiodynamic
polarization (to study the Tafel slopes of the esnand the passivity of the materials), linear
polarization measurements (to monitor the corrosiate with time) and electrochemical
impedance measurements will be carried out usiadifPT set-up in different CGnvironments.
The objective of this study is to better understdreddegradation mechanism of casing steel and
tube materials in the GQtorage conditions.

Materials to be investigated: N80 steel, Cr13 steel

Electrolyte: 130 g/l NaCl, 22.2 g/l CaCind 4 g/l MgC{, representative to the well P18.
(1) Saturated with C§)

(2) CO, with impurities of SQ (0.05% by volume) and N@0.03% by volume)

Pressure: 60, 80, 100 bar
Temperature: 45, 60°C
pH: in situ control (pH sensor near the sample surface)

Electrochemical measurements:
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OCP + LPR (£20 mV versus OCP)
OCP + EIS

Corrosion morphology analysis:
Topography (SEM)
Corrosion components on the surface (XRD)

Mass gain/loss measurements can be performed tbratal the corrosion rate. Based on
experimental results modeling of corrosion procesgé be investigated.
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P18-A05 P1E-A-D7-51 01604 016-FA-101-51
Fichatf  Bottam Hale Tickatf  Bottom Hale Fickoff _ Bottom Hole Fickotf  Botam Hole
Depth jm)  Death (m) Stratigraghic Urit Depth [m) _ Depth {m} Stratigraphic Unit Depth [m) _ Depth [m) Stratigraphic Unit Depth [m] _ Degth jm) Stratigraghic Unit
0 974 North Sea Supergroup o 548 Upper Morth Sea Group [ 253 Upper North Sea Group 0 478 Upper North Sea Group
974 2280 Ommelanden Formation 548 609 Veszem Member 483 510 Midcle North Sea Group 278 516 Rupel Formation
2280 2338 Texel Maristane Member 503 62 Dangen Formation 510 751 Lower North Sez Group 518 22 leper Member
7328 2230 Texel Greenzand Member B62 1001 Landen Formation 751 770 Eofizk Formation 822 a1 Bazal Dongen Tuffite Member
2820 2728 Upper Holland Marl Member 1001 1863 Ommelanden Formation 770 1307 Ommelanden Formation Bax 597 Landen Clay Member
2726 2812 Middie Holland Claystone Member Sidetrack 1407 1459 Texel Formation 897 1657 Ommelanden Formation
2812 2924 Holland Greensand Member 1045 2140 Ommelanden Formation 1459 1510 Texel Greersand Member 1657 1702 Texel Maristone Member
2924 3068 Lower Holland Marl Member 2140 2203 Texel Markstane Member 1510 1688 Upper Holland Marl Member 1702 1731 Texel Member
3064 3231 Viieland Clzystone Formation 2203 310 Texel Greenzand Member 1658 1759 Micdle Holland Clayztone Member 1731 1857 Upger Holland Marl Member
3831 a6z Berkel Member 2310 2510 Wpper Holland Marl Member 1759 1797 Halland Greensand Member 1857 1911 Micdie Holland Claystone Member
3852 3549 Berkel Sand-Claystons Member 2510 2617 Midsle Hollarnd Clzystone Member 1797 1B65 Lower Holland Marl Member 1911 1967 Holland Greenzand Member
3528 3518 Rijzwijk Member 2617 2740 Holland Greenzand Member 1855 2106 Viieland Claystane Formation 1967 2098 Lower Halland Marl Member
3616 3717 Nieuwerkerk Formation 2740 2867 Lower Holland Marl Member 2106 2158 Berkel Sanc-Claystone Member 2098 2216 De Lier Member
3717 4057 Lower Werkendam Member 2687 3266 Vlieland Claystone Formation 2158 2169 Rifswijk Member 2216 2338 Eemhaven Member
2057 2287 #llburg Formation 3266 3299 Berkel Sandztone Member 2169 2350 Werkendam Farmation 2338 2367 Uszeimonde Sandstone Member
2287 2553 Sieen Formation 3209 3364 Berkel Sanc-Claystone Member 2350 2385 Posidania Shale Formation 2367 2415 Lszeimorde Claystone Member
4553 4562 Upper Keuper Claystone Member 3384 3478 Aijn Member 2365 2650 Ralburg Formation 2415 2460 Berkel Sandstone Member
4562 2500 Dalomitic Keuper Member 3476 3758 Alblazserdam Member 2850 2636 Sieen Formation 2460 2867 Beriel Sanc-Claystone Member
4600 4510 Fied Keuper Claystone Member 3798 4121 Werkendam Formation 2856 2510 Upper Keuper Claystone Member 2467 2520 Rijzwijk Member
4610 4554 Upger Muschelicalk Member 4121 4159 Posidania Shale Formation 2910 2533 Dodomitic Keuper Member 2520 2699 Nieuwerkerk Formation
4654 4567 Middle Muschelkalk Marl Member 4135 4730 Aalburg Formation 2933 2543 Fied Keuper Claystone Member 2699 2716 Pasidonia Shale Formation
4667 4881 Muschelkalk Evaporite Member 4730 4763 Sleen Formation 2343 2562 Upper Muschelkalk Member 2716 3117 Aalburg Formation
4681 4727 Lower Muschelkalk Member 4783 4877 Keuper Formation 2962 2581 Midcle Muschelkalk Marl Member 3117 3148 Siaen Formation
a7z7 4775 Rt Claystons Member 4877 4814 Muschelkalk Formation 2951 2587 Muschelkalk Evaporite Member 3148 3158 Upper Keuper Claystone Member
4775 4787 Main Rt Evaporite Member 4541 4854 Rt Formation 2957 3038 Lower Muschelkalk Member 3158 3185 Dolomitic Keuper Member
4787 4786 Solling Claystone Member 2554 4871 Soling Formation 3039 3064 Rt Claystone Member 3185 3192 Fed Keuper Claystons Member
4796 4300 Bazal Seliing Sandstane Membar 2971 5002 Hardezzen Farmatian 3064 3071 Salling Clayztone Mambar 3102 3210 Unper Musehelkalk Member
500 2536 2 SO0 5052 Upper Detfurtn Sancstone Member E 3076 Bazal Salling Sancstone Member 3210 3221 Middle Muschelkalk Marl Member
4536 4518 Upper Detfurth Member 5052 5066 Lowar Detfurth Sandstone Member 3076 3136 Hardegzen Formation 3221 EE Mus: Ik Evaporite Member
4918 4528 Lower Detfurth Member 136 3162 Dietfurth Claystone Member 3226 3771 Lower Muschelkalk Member
4028 5040 Unger Valpri Sard Member 3162 3167 Lower Detfurth Sandstone Member 3271 3292 Rt Claystone Member
5040 5123 Lower Volpriehausen Sandstone Member 3167 3216 i Ciay-Siltstane Member 3202 3302 Salling Clay=tone Member
5123 5230 Rogenstein Member 3216 3276 Lower Member 330 3304 Bazal Solling Sandstone Member
3276 3360 in Member 3300 3374 Hardegzen Farmation
3360 3362 Main Claystone Member 3374 3389 Detfurth
3a52 3357 Zechstein Upper Clzystone Formation 3399 3205 Lower Detfurth Sandstone Member
3457 3a75 73 Fringe Sandstane Member 3405 3451 Valgriehausen Clay-Siltstone Member
3475 3496 72 Fringe Sandstane Member 3451 3508 Lower Volpc Sand, Membar
3496 3508 71 Fringe Sandstane Member 3508 3570 Hogenstein Member
3508 3515 21 Lower Claystane Member 3570 3636 Main Claystone Member
3515 3517 Fring, Member 3636 3645 Zechstein Upper Clzystone Formation
3517 3525 Siachteren Farmation 3645 3651 Z3 Fringe Sand Member
3525 3712 Helevoetshuis Farmation 3651 3655 Grey Salt Clay Member
3714 3639 Maurits Formation 3655 3668 72 Fringe Sandstone Member
3668 EE 71 Fringe Sendstone Member
3686 3590 Z1 Fringe Carbonate Member
3690 3701 Cappershale Member
3701 3705 Slachteren Farmation
3705 3970 Strijen Farmation
3970 a023 Hellevastzluis Farmatior,
2023 2060 Miaurit= Farmation

Figure 1 - Lithostratigraphy of wells P18-A-05 and P18-6A7 (considered for CO2 injection), and Q16-04 and Q16-FA-101-S1 (used for
caprock sampling in this study). Note the different depth ranges of the reservoir (Volpriehausen, Detfurth, Hardegsen formations)
and caprock (Solling and R6t formations) in the different wells.
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U sample 1.0. Well 1.0 Depth {m) Formation XRD Results
BELEES Q16-04 3056.90 - 3056.97 Rit 45 1% - Muscovite - KAly[AlSis040)| OH):

28.6% - Ankerite - CalFe, Mg, Mn)(CO3):
26.3% - Quartz - 5i0,

9l B9 Q16-04 3060.78 - 3060.87 Rit 42 7% - Muscovite - KAly[AlSis04){OH),
37.1% - Quartz - 5i0,
20.3% - Ankerite - Ca({Fe, Mg, Mn)[COs);

100 & 104 Ole-04 3065.91 - 3065.97 Solling Mot yet evaluated
111 & 11F Ole-04 3066.53 - 3066.71 Solling Mot yet evaluated
121 B12+ Ql16-FA-101-51 3292,1 Rot/solling |54.0% - Dolomite - CaMg|{COs);

39.7% - Muscovite - KALL(AISi;04,)(OH);
3.3% - Quartz - 5i0;
3.0% - Ankerite - Ca(Fe,Mg,Mn){C05);

131 & 134 | Q16-FA-101-51 3291,2 Rit 52.5% - Ankerite - Ca{Fe,Mg,Mn){COs);
30.4% - Quartz - 5i0,
17.1% - Muscovite - KALL[AISi;04,)(OH),

141 & 144 16-FA-101-51 3290,05 Ré&t Mot yet evaluated
154 Ql6-FA-101-51 3278,65 Ré&t Mot yet evaluated
534 Q16-FA-101-51 328975 Rét Mot yet evaluated
554 016-FA-101-51 3290,35 Rot Mot yet evaluated
564 Q16-FA-101-51 3290,6 Ré&t Mot yet evaluated
574 Q16-FA-101-51 3290,9 Ré&t Mot yet evaluated
594 Ql16-FA-101-51 32915 Ré&t Mot yet evaluated
60+ Q16-FA-101-51 3201,8 Rat/Solling |Not yet evaluated

Table 1 - Samples used in this study, including XRD data obtained thus far. L implies the
sample is cored perpendicular to sedimentary layering. // implies the sample is cored
parallel to the sedimentary layering.
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Figure 2 — A) Caprock sample 53 with a diameter of roughly 25 mm. B) Complete well
core retrieved from well Q-16-FA-101-S1, displayed at the NAM core repository in Assen.
The dark cores standing upright, originating from the Rot formation, were sampled as

caprock material for this study.
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uu I;g@e Permeability (m?)
80 &8/ - n/a /-nla
90& 97 | O-2.2x10% /- nla
100& 107 | - 0.41-5.5x10% /- nla
110& 117 |- nla 7-0.17-2.7x10’
120 & 12/ | O- 0.50-4.2x10% /- « 10"
130& 137 | - 1.0-7.4x10°® /- 4.9x10"
140& 147 | O- 0.47-1.3x10°  /-nla
157 /- nla
537 n/a
557 n/a
56/ n/a
577 n/a
597 n/a
60/ n/a

Table 2: Permeability data on the caprocks obtained thus far.
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Figure 3 - A) N80 grade steel shavings (left), rectangular cut steel bars, and ground down
steel tubing. B) Supply of uncured API class G wellbore cement.
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Figure 4 - We will use a high pressure and temperature hydrostatic reaction vessel to subject com-
posite cylinders of caprock, cement, and casing steel to CO, reservoir conditions. The composite
samples will consist of a hollow cylinder of caprock (dark grey in image above) filled with Portland
cement (light grey), with a bar of N80 casing steel standing vertically in the center. The sample will
be jacketed using a fluorinated ethylene propylene (FEP) shrink tube, and inserted into the reaction
vessel. It will then be pressurized externally with a silicone base confining oil, saturated with forma-
tion water, and pressurzed internally with supercritical CO,. Samples will be periodically removed
from the vessel and measured for permeability changes using the Argon permeameter described
later in this report. At the end of the experimental period the composite cylinders will be sliced in
order to conduct a microstructural analysis on the interfaces between caprock & cement and cement
& steel. [After Liteanu, 2009]
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Figure 5 - A) Argon Permeameter (APE) used to make permeability measurements on all samples. Near
the top of the APE is a low-pressure cell (labled “LP") used for confining 25 mm diameter cylindrical
samples up to ~70 mm in length, at up to 3.5 MPa. On the right hand side of the APE is a recently devel-
oped high-pressure cell (labeled “HP") which can be pressurized up to 100 MPa and used to measure
the permeability of cap rock and reservoir samples at in-situ pressure conditions. Current procedures
limit our ability to measure samples with permeability much lower than ~10"® m? but these limita-
tions should be overcome in the near future. B) Sample holders are grooved to allow even distribution
of argon gas over the surface of the ends of the sample. Bicyle inner-tube (beneath coin) is used as a
jacketing membrane to isolate the sample from the confining pressure, ensuring flow of Argon gas
occurs only along the axis of the sample. Sample 14 is shown here also.
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Figure 6 - Results of an Argon-transient-step permeability test in APE LP-vessel. The sample is
initially pressurized with approximately 1.6 MPa of Argon fluid pressure. Once the fluid pressure in
the sample has equilibrated the downstream side of the APE tubing is isolated from the sample
and reduced in pressure to approximately 1.4 MPa. The isolated low-pressure tubing is then
opened to the sample, resulting in an instantaneous pressure transient across the sample which
decays over time. By measuring the decay of the pressure imbalance across the sample we are able

to calculate the permeability.
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Figure 7- Schematic diagram of batch autoclave reaction experiments. Caprock samples 9 and
12-14 have been powdered and will be mixed with powdered Portland cement and shavings
of N80 casing steel. These mixed samples will then be placed one of four seperate reservoirs
in a Teflon pot (lower right), and placed inside of a 1-liter autoclave reaction vessel along with
~ 30 mL of formation water (2M NaCl, 0.2M CaCl,, 0.04M MgCl,). The autoclave will then be
pressurized with 30 MPa CO, pressure and heated to ~ 100 °C. The autoclave will be opened
every 4-6 weeks to harvest material from the remaining for Teflon pots which are used in
WP3.3, at which time we will also harvest material from the caprock-cement-steel mixtures in
order to monitor the progress of the reaction over the course of up to 1 year.
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Figure 8 - Cold-seal pressure vessel used for reaction of caprock/cement/steel mixtures. Samples of ~ 0.1 g
are heated and pressurized with CO, to in-situ conditions (35 MPa, 115 °C). The duration of experiments can
be systematically controlled in order to determine at what point during CO, sequestration mineral assem-
blages may form. The photograph shows the cold seal pressure vessel in place (outlined in red) before the
furnace has been lowered into place over the pressure vessel (outlined in white).
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Figure 9 - Force of crystalization experiments are conducted in a reaction vessel fitted into an Instron
load frame. A small sample of a combination of powdered caprock, cement, and ground N80 steel is
pressurized with supercritical CO, and allowed to react under a small constant vertical load. As the
sample swells due to reaction with CO, over the course of the experiment, the load frame will retract in
order to maintain the set vertical load. By measuring the change in volume of the sample we are able
to calculate a so-called force of crystallization, which may be of significant importance in potentially
fracturing the caprock, leading to loss of containment of the CO, reservoir.
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Figure 10 - Left: Pressure vessel and Teflon reservoir containing 3 small cement samples,
brine and a stirring device. Right: Experimental setup with the heat bath on the left and
the vessel on the right, isolated by glass wool. Thermocouples and pressure
measurement devices are placed on the cover of the pressure vessel and attached to a
computer to monitor pressure and temperature of the brine and the supercritical CO,
during the experiments.
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Figure 11 — Sketch of improved TNO — Rijswijk autoclave apparatus

This document contains proprietary Copying of (parts) of this document is prohibited without
information of CATO 2 Program. prior permission in writing
All rights reserved



Chemical/mechanical experiments

Doc.nr:

Version:
Classification:
Page:

CATO-2-WP3.4-D03

2010.09.01
Public
35 of 36

Table 3 Chemical composition in wt% and microstiuetof steel [1].

Chemica? composition (wi.%) amd mirrosmucnmes of the steels enployed in the cited papers

Refarence Material C Mo 5 5 B Cr Hi Cu Mo Al T Kb Mecrostmcmrz
Nesic et al [11] 5652 006 1% 01 0,001 0o 00 o 0 0067 oMl - - -
65 IRES 135 0% 0004 por 2 0 031 0.02 s - - -
Palacios and AP NS0 nie 148 04 0ool4 0011 0M 0 008 <00l oo M <00 - M
Shadley [43] AP N30 03 138 041 nonr 0ol 058 <00l 024 04 <00l EP
UNS 05 0h- - 003 004 - - - - - - - FP
GI0180 1) a9
M Usdzand H 155 031 096 033 <00 <00l 017 04 000 0.02 - - - F/B
Takaba [f] N20 023 13 02 0013 pos A - - - - - - M
Lopez atal 155 038 a9 033 <001 <001 017 o 00 002 - - - F/Pand M
[30.40]
Al Hazzm APL X352 04 136 on oo ooe - - - - - - o002 F/P M and TM
aal [47] UNS 0.08 08 03 0,008 po; 23 - - 137 - = - F/PTE BFmd B
e
UNS 078 126 01 002 0 - - - - - - - Pand M
Gl0300
Dupstad eral. [19] 5652 0l 157 013 001l 004 003 M 00 - - - - F/B S M and TM
Cro g7 018 108 031 0.0 i 137 0@ oI - - - - FREMaud TM
(53 0.06 L2 0M 0.003 oo 03 0@ <Opl - - - - FPamiB
Morz-Mandoza et - 0148 07 0175 Qa2 0ol 006 008 - [111) ESR - - P
al 3]
E. Gulbrandsen X85 0064 155 025 0001 oz 0oF oM 0 001 M - 0.041 F/B
atal [21] 5652 0 120 038 0,008 00 007 W 03 001 s - - B
Crl5 0m 98 on 062 1) E ST ] om0l 101 003 - - W
Eapusta and NED o 0o - - - 08 - - 015 - - - ™
Canter [50] 155 045 1 - - - - - - - - - - F/p
Gubmndsenaral 16 steels 0035- 046~ 00— 000l-  00-  a0l- 003~ 0@~ 00l-  0l- - 0-0043  F/Pami T™
[29] mmed AP 013 154 04 0022 0ol Ll 01 0 013 105

F: femite, P peariite, M: martensite, T: tempered, B; bainste, 5 spheroidits, W wisdmanstatten,

Table 4 Corrosion resistances of steel specimengygd according to microstructure [2].

Microstructural group [2]
(No. of samples in group)

Mean penetration rate

(Range) mml/y

Mean average corrosion rate

(Range) mm/y

Group 1 (4) 6.0 (5.7-6.4) 1.7 (1.0-2.2)
Group 2 (7) 4.5 (3.9-5.2) 1.5 (1.0-3.2)
Group 3 (5) 4.7 (3.3-6.0) 1.2 (0.8-1.6)
Group 4 (2) 4.5 (4.4-4.6) 2.1(2.0-2.2)
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Fig. 12: The HPT vessel used for the corrosion expnts.

WET1 R CE YWE2
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Fig. 13: Schematic illustration of the electrodefoguration inside the HPT set-up. WE1
and WE2 are both working electrodes made from nad¢eto be studied. The second
working electrode is needed for duplicate measungsner for possible electrochemical
noise measurements. The counter electrode (CE)agenfrom a Pt wire gauze. The
reference electrode (RE) is Ag/AgCI saturated Wi@1 solution.
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