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Summary

The Hontomin site (Burgos province, North Central Spain) hosts the Technological Development Plant
(TDP) for CO2 geological storage associated with the Compostilla project OXYCFB300, operated by
AFundaci -n Ciudad de Thiaredom leas lieéngpepared_hy GIDEEN on behalf of the
Global CCS Institute, to describe reservoir characterization activities undertaken at the site.

The storage complex is located in lower Jurassic formations at 1.5 km depth: marls as the upper seal,
limestones and dolomites as the storage formation, and anhydrites as the lower seal. As part of the TDP,
two wells have been drilled: H-I (COz2 injection well) and H-A (observation well).

CO2 will be injected into fractured carbonate rocks of relatively low permeability. As CO: rich brine may
dissolve carbonates, reservoir integrity could be affected by high dissolution around or in the vicinity of the
injection well depending on the local flow rate conditions. Due to the fractured nature of the formation, it is
essential to conduct a detailed study of the structural geology to identify the main fractures and the stress
distribution. The existence of fractures within the reservoir increases the secondary porosity and
permeability, and thus increases CO:z injectivity into the reservoir.

In order to assess the hydraulic properties and geochemical reactivity of the storage reservoir, significant
efforts have been devoted to characterization prior to COz2 injection. In order to obtain an initial estimate of
the permeability of the storage formation immediately after drilling, a preliminary hydraulic characterization
campaign was carried out. Brine injection tests were performed in both the injection and the monitoring
wells. Pressure, temperature and flow rates were recorded during these tests. Micro-seismicity was
measured with an accelerometer located on the injection site.

Several tests were performed by changing the flow-rate and injection time, in order to assess the behaviour
of the aquifer at different pressure conditions.

Interpretation of these tests was complicated by several factors. Firstly, it has been necessary to analyse
injections and recoveries separately due to the different behaviour of the reservoir during these periods. If
the reservoir had not been affected by mechanical factors, the increase in flowrate should have been
proportional to the increase in pressure. However, increased pressures were lower than expected for the
corresponding increase in flowrate. The transmissivity results obtained from the injection period should
have been equal to that obtained during the post-injection recovery period;. However, much higher
transmissivity values were observed during the injection than during recovery.

The pressure evolution indicated that water flows sequentially through a skin and into the fracture network.
When pressure build-up reached a sufficient level, fractures in the formation may have widened or opened,
increasing transmissivity. When injection was stopped, initial measurements were consistent with the
previously observed flow behaviour; however, subsequently pressure increases indicated a drop in
transmissivity which may be interpreted as closure of the fractures.

The tests were interpreted using a conventional code (TRANSIN) and a code that allows changing
transmissivity values during time (PROOST). The results obtained with these interpretations show that it is
possible fit all collected data during injection and recovery (post-injection) periods of the tests.

These changes of transmissivity with variations in pressures were related to mechanical effects and elastic
in nature, since transmissivity returned to its prior values once pressure dropped. This behaviour will be
accounted for in the development of future injection strategies, and is why it is necessary to perform hydro-
mechanical (HM) modelling to account the variations in reservoir transmissivity. It should be emphasized
that the aim of the HM simulations was to explain the general behavior of the aquifer during the injection
tests; quantitative calibration was limited by the difficulty in matching simulations to observed data,
especially in the recovery period.



The dependence of transmissivity on the injection regime will be important in subsequent characterization
tests, CO: storage experiments and modeling efforts. For design purposes and based on the work
described in this report, the following value conclusions have been drawn.

In well HA, transmissivity varied between 0.003m?/d (which corresponds to a permeability of 0.015mD for
the formation thickness of 165m) at low pressures and 0.04m?2/d (which corresponds to a permeability of
0.19mD) at high pressures. The well displayed a significant skin effect.

In well HI, transmissivity varied between 0.02m?/d (which corresponds to a permeability of 0.12mD for the
formation thickness of 133m) at low pressures and 0.3m?/d (or 1.8mD) at high pressures (flow rate of 3L/s,
and overpressure of 70bar at the well head). Skin effects observed during the first injections disappeared in
later tests.

Subsequent characterization tests carried out at Hontomin indicated notable increases in reservoir
permeability, up to four times the original value. Nevertheless, these tests are part of a protocol which is
following a process to be patented, so limited information can be provided. They are mainly related to a set
of injection tests using brine and/or CO2. Transmissivity values acquired during this process are over
100mD*m, with a parallel modeling effort that keeps reactive and hydrodynamic features into account. This
underlines the need for thorough characterization of CO: storage sites in order to acquire a better
understanding of the processes that will take place during operations.
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1 INTRODUCTION
1.1 MOTIVATION AND OBJECTIVES

The lifecycle of a CO:2 storage site includes several phases, from project screening to site closure. A key
phase is site characterization, critical for the definition of a specific site for CO2 storage that fulfils the
criteria of containment, capacity and injectivity.

Site characterization may be d e f i n etle callestion) analysis and interpretation of subsurface, surface
and atmospheric data (geoscientific, spatial, engineering, social, economic, environmental) and the
application of that knowledge to judge, with a degree of confidence, if an identified site will geologically
store a specific quantity of CO2 for a defined period of time and meet all required health, safety,
environment al and regul at oGeplogisat, geochanmicdlshydrogetagioak and
geomechanical data should be taken into account for the assessment of capacity, containment and
injectivity.

Storage capacity evaluates the available pore volume for CO:2 storage in a particular site. It is controlled by
parameters such as the size of the containment area, the thickness of the reservoir, the effective porosity
and the density of the COa.

Containment may be defined as the retention of injected CO2 within the subsurface site relative to the
overall risks of its escape. Containment is an issue in CO2 storage because injected supercritical COz is
less dense than water and has the tendency to be driven upward due to buoyancy forces (CO2CRC, 2008).
One of the issues involving containment is reservoir and seal integrity (rock strength, fault/fracture stability
and maximum sustainable pore fluid pressures).

Injectivity may be defined as the rate at which CO2 can be injected into a given reservoir interval and the
ability of the subsequent CO2 plume to migrate away from the injection well. Injectivity issues that can be
analyzed through characterization activities include the geometry and connectivity of individual flow units,
the nature of the heterogeneity within those units and the physical quality of the reservoir in terms of
porosity and permeability characteristics (CO2CRC, 2008).

In spite of the development of several sites for CO: storage in the last 20 years, and the publication of some
val uabl e reference document s as t he iBest Prac
Characterizatond fr om t he US DOE oManualfrem SAB%(Saline RquitecQOp Storage
Project) for Storage of CO: in Deep Geologic Formationsg no standard methodology has been established
for site characterization. This report aims to show the advances in reservoir characterization made from the
work undertaken at Hontomin.

CO: Storage has reached significant scale (LMt+ CO3) in sites such as Sleipner, In-Salah and Decatur.
Other CO: injection operations at smaller scale (typically <0.1Mt CO:) have also achieved notable results,
including Otway, Ketzin, Nagaoka, Lacq and examples within the Regional Carbon Sequestration
Partnership of the Department of Energy in the US. The Hontomin site has been designed to operate at a
similar pilot scale.

All these sites have provided valuable information and experience under different conditions, including
shallow reservoirs (Ketzin), very deep ones (Lacq), or facing earthquakes (Nagaoka).

The Hontomin site represents an opportunity to develop injection and CO: storage-related activities in a low
permeability, carbonate deep saline aquifer i which is a novel approach for dedicated geological storage,

2006) .

tices

and could provide Il earnings for potenti al storage ope

noted that considerable experience of CO: injection into relatively low permeability carbonates has been
gained through enhanced oil recovery (CO2-EOR) operations in North America, for example at Weyburn in
Canada (Wildgust et al, 2013)...



After the collection and interpretation of all available data, drilling of the two wells took place at Hontomin in
2013. Once drilling works were completed, a set of hydraulic tests was performed in each well, for the
purpose of characterizing the reservoir (transmissivity values), leading to a better definition of parameters
related to containment, injectivity, and informing future injection approaches at this experimental test site.

Injection tests with brine were then undertaken to validate field permeability and identify any barriers to the
required injection rates and pressures in the reservoir. These tests also provided an opportunity to study
interference and pressure pulses between the two wells.

Once brine injection and connectivity tests were undertaken and analyzed, further hydraulic testing was
carried out to check the reservoir response under different regimes (Fig. 1.1).

The objective of this report is provide a detailed interpretation of the preliminary hydraulic tests and an
analysis of the results to inform further characterization work, including future COz: injection tests.

7/2013 10/2013 1/2014 4/2014 7/2014 10/2014 1/2015
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Fig. 1.1 Timeline including the tests performed at Hontomin. Tests explained in this report are highlighted in
orange.

2 THE HONTOMIN SITE

The Hontomin site (Figure 2.1) is located in the province of Burgos in North Central Spain and hosts the
Technological Development Plant (TDP) for CO:2 geological storage within the Compostilla project
OXYCFB300 operated by AFundaci - n Ti@iCantpestlla gtagect comprites
two phases: the first (Technology Development) involved the design, construction and operation of three
independent facilities for CO2 capture, transport and storage. The first two are located in the village of
Cubillos del Sil (Leon), close to the existing Compostilla power plant; whereas the Hontomin CO2 Storage
Technology Development Plant (TDP) is located 250km eastwards. The second phase of the project, where
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the commercial integrated project was supposed to enter into operation lead by Endesa at a site 130km
east of Compostilla, has been postponed.

The geological setting of Hontomin consists of a dome-like structure located in formations of Lower Jurassic
age: marls as the upper seal, limestones and dolomites as the storage formation, and anhydrites as the
lower seal. The CO: will be injected into the carbonates located between approximately 1,440 and 1,570 m
depth.

H-AWell %

Gas Plant

l !

Water Plant
Pools '«

Figure 2.1: The Hontomin Site schematic view and location

As part of the TDP, two wells have been drilled: H-1 (CO2 injection well) and H-A (monitoring well). A
number of CO: injection tests are planned at the site including supercritical and pulsating injection.

Both wells are fully instrumented and further monitoring capabilities include a shallower hydrogeological
monitoring network, and a set of surface 30 microseismic stations.

. 34

Figure 2.2: General view of Hontomin site and CO: injection well



2.1 GEOLOGICAL BACKGROUND

The TDP is located in Hontomin (Burgos, northern Spain). The Hontomin site borders with the Ubierna
Fault (NW-SE direction) to the south-west, the Poza de la Sal salt dome to the north and the Ebro basin to
the east (Error! Reference source not found.).

[ cenozoic
[ Upper Cretaceous

[ Lower Cretaceous

B Triassic (Keuper) - Jurassic
Bl Devonian to lower Triassic

Figure 2.2: Simplified geological map showing the main geological features around Hontomin, bounded by
Ubierna fault to the south-west, the Poza de la Sal salt dome to the north and the Ebro basin to the east
(Alcalde et al., 2014)

From a geological perspective, Hontomin belongs to the Basque-Cantabrian Domain, north of the Ebro and
Duero basins. It is part of the North Castilian Platform which was generated in the context of the opening of
the North Atlantic and Bay of Biscay during Mesozoic times. During the Mesozoic extension, a thick
sedimentary sequence was deposited in this area. Subsequently, the Alpine compression produced small-
scale inversion structures which are detached along the Triassic evaporites. According to the available
geological and geophysical data (2D seismic reflection images and borehole logs, borehole sample
descriptions, etc.), the reservoir and seal formations are Jurassic in age and form a dome-like structure with
an overall extent of 5 x 3 km (Figure. 2.3)
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Figure 2.4: Top: Interpretation of the 3-D Hontomin dome structure dome with two main faults (Alcalde et
al. 2014). Bottom: Stratigraphic column (Gessal)



The Mesozoic succession starts with Keuper Facies, which formed the core of the Hontomin dome. The
Sopefia Fm is composed of evaporites, dolomites and matrls, and overlies the Keuper Facies, forming the
boundary between the Triassic and Lower Jurassic (Figure 2.4). The Lower Jurassic is constituted by
deposits of a shallow marine carbonate ramp and the rest of the Jurassic succession was completed with
carbonate and marls of a hemipelagic ramp. The Purbeck Facies of Upper Jurassic and Lower Cretaceous
age (clays, sandstones and carbonate rocks) are placed unconformably on the top of the marine Jurassic
rocks. The rest of the Lower Cretaceous is composed of Weald, Escucha, and Utrillas Facies which
essentially are siliciclastic rocks. The rocks cropping out in the Hontomin area are carbonates of the Upper
Cretaceous and the detritic and lacustrine Cenozoic rocks that lay unconformably over the Mesozoic
succession.

The Hontomin structure is delimited by a normal fault to the north, which was active only during the Purbeck
sedimentation. To the south, the structure is bounded by a strike slip fault associated with the Ubierna
Fault.

Regional analysis has also been completed with the detailed study of outcrop samples and interpretation of
the regional structures (Fig. 2.5).

Figure 2.5: Marls and black-shales (caprock) outcrop, 60km W-NW from Hontomin

The local geology has been further studied based on data obtained from the drilling of H-A and H-I
boreholes, geological descriptions of the cuttings and cores and borehole logging (gamma, resistivity,
caliper, acoustic televiewer, etc.). These studies confirmed the presence of the aforementioned stratigraphic
sequence in the wells. The storage formation (Sopefia Fm.) was found to be of low primary porosity, with
the reservoir capacity and permeability controlled by fracture-type (secondary) porosity. There is a
continuous transition between the lower part of the reservoir (Dolomitic Sopefia Fm.) and the Keuper lower
seal; this transition consists of the Carniolas unit. The main seal (Marly Lias Unit) overlays the Pozazal
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formation, which is the transition between the reservoir and the caprock. This formation was found to have
very low porosity and permeability values and thus can act as a secondary caprock.

2.2 THE HONTOMIN TECHNOLOGY DEVELOPMENT PLANT

The Hontomin site offers reservoir conditions suitable for CO2 injection in the liquid, gas or supercritical
phases and is thus ideal for experimentation with different operational strategies. The COz: injection plant
has three cryogenic injection pumps allowing injection rates between 0.5 and 2 kg/s and pressures over 80
bar, with three cryogenic CO2 tanks of 50 ton capacity. The installation is completed with a gasifier to adjust
the CO: temperature and a water injection plant, which plays a crucial role in pressure control during
injection and other operational phases. The water injection plant includes a ceramic plunger pump capable
of 120 bar pressure and 300 I/min flow injection, a 25000 | capacity deposit for water mixture preparations
and two 2500 m? deposits for water storage besides the necessary water treatment equipment. The 1570 m
deep injection and the monitoring wells are equipped with instrumentation ensuring the continuous
monitoring of injection parameters, and a wide range of surface monitoring techniques are applied at the
site for the assessment of injected CO2 behaviour.

2.2.1 Injection well H-I

Injection well H-1 was drilled between April and October 2013 with decreasing diameters ranging from 558.8
mm (2 2) at ground level to 152.4 mm (69 in the lowest section. The well has a total depth of 1,570 m and
is cased down to a depth of 1,437 m; the casing shoe is located within Pozazal-Sopefia formations. The
lowest 133 m of the well is open hole with a diameter of 152.4 mm, comprising the storage formation
(calcareous and dolomitic Sopefia Formation) and part of the lower seal (Carniolas and Anhydrites
formations). The injection interval was left as an openhole to facilitate study of the effects that CO: injection
has on the reservoir. Well construction and instrumentation is shown in Figure 2.6.
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Figure 2.6: Structure of the injection well, H-I

2.2.2 Observation well H-A

The observation well H-A was drilled between April and July 2013 (completed before well H-1), with
decreasing diameters ranging from 558.8 mm (2 2) @t ground levelto 1 5 2 . 4 mimthe(ldwés) section.
The well has a total depth of 1,580 m and it is cased down to a depth of 1,281 m, the casing shoe being
located within the Marly Lias. The lowest 299 m of the well are open hole with a diameter of 152.4 mm,
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comprising part of the caprock (Marly Lias and Pozazal formations), the storage formation (calcareous and
dolomitic Sopefia formations) and part of the lower seal (Carniolas and Anhidritas formations). The structure
and instrumentation is shown in Figure 2.7.
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Figure 2.7: Structure of the monitoring well, H-A
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3 METHODOLOGY

The methodology employed by the investigation comprised the following steps:

i Hydraulic characterization tests in H-1 and H-A wells:.

ii. Interpretation of hydraulic characterization tests with the following methods:

o Filtering and de-trending of the data, calculation of drawdowns

o Calibrating one by one each test individually to obtain a first estimate of hydraulic
parameters during each test phase.

o0 Interpretation of the complete series of hydraulic tests performed on each well using purely
hydraulics models.

o Interpretation of the complete series of hydraulic tests performed on each well using hydro-
mechanical models.

It should be noted that a detailed understanding of the geological and geomechanical aspects of the
reservoir is required to make sound interpretations of hydraulic testing.

4 HYDRAULIC CHARACTERIZATION TESTS

Hydraulic testing of the fractured carbonate reservoir at Hontomin has provided important information
towards the design of CO2 injection operations. Such testing programs should allow characterization of the
geomechanical properties of the reservoir and cap rock, monitor responses of the reservoir to injection, and
assess any changes in permeability resulting from injection.

In order to obtain a first estimate of the permeability of the storage formation, a preliminary hydraulic
characterization campaign was carried out immediately after the drilling of each of the two wells.

The observation well H-A was drilled first, and a preliminary interpretation of the brine injection tests
performed upon completion in August 2013 revealed that:

i. The permeability of the storage formation in this well was lower than expected (less than 1mD).
Low permeability could hinder both the planned characterization tests and the CO: injection phase.

ii. The measured permeability depended on the flow rate and overpressure applied during the tests.
This indicated that fractures or fissures were opening upon pressurization of the borehole and
closing again after the end of the brine injections.

Accordingly, well H-I was completed (November 2013) as open throughout the storage formation in order to
obtain a better estimate of hydro-mechanical properties.
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Figure 4.1 Field scene during the Hontomin characterization tests

4.1 HYDRAULIC TESTS ON H-A WELL

In August 2013, brine injection tests in the H-A well were carried out at Hontomin. A series of brine injection
tests were performed at different positions along the length of the seal-reservoir system. Error! Reference
ource not found.4.2 summarizes the main characteristics of the tests.
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