
SPECIAL ISSUE

A systematic benchmarking approach for geologic CO2 injection
and storage

Olaf Kolditz • Sebastian Bauer • Christof Beyer • Norbert Böttcher • Peter Dietrich • Uwe-Jens Görke •
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Abstract The idea of this paper is twofold. On one hand,

we propose a general systematic for benchmarking of CO2

modelling. On the other hand, we integrate material from

the CLEAN project into this framework to demonstrate its

applicability (Kühn et al. in Environ Earth Sci, this issue

2011). Benchmarks are an important instrument to gain a

better understanding of interacting physico-chemical pro-

cesses and they are a necessary tool to verify the algorithms

and the software dedicated to simulate the separated and

differently coupled thermo-hydro-mechanical/chemical

processes during injecting and storing CO2 in the subsur-

face. In general we distinguish between process- and site-

related test cases. Process-related benchmarks deal with the

required complexity of process coupling as well as equa-

tions of state for fluids and constitutive laws for geologic

formations. Site-specific benchmarks represent different

geological settings for potential CO2 reservoirs, e.g.,

depleted gas and oil reservoirs as well as deep saline

aquifers. The data basis for benchmarking mainly comes

from experimental work in the CLEAN project as well as

from literature. The benchmarking systematic is aimed at

serving as basis for process studies, experimental design as

well as for code inter-comparison purposes not only for

numerical tools having used by the CLEAN partners but

also for upcoming international benchmarking initiatives as

well.

Keywords CLEAN � CO2BENCH � Benchmarking �
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Introduction

Motivation for CCS simulation

CO2 capture and storage (CCS) is one of the environmental

bridging technologies to reduce the industrial carbon

dioxide emission into the atmosphere. The knowledge of

fate and long-term effects of CO2 storage in the subsurface

is very important not only to quantify the storage potential

into certain geological formations but also for safety

assessment purposes as well. The basis for process under-

standing is gained from laboratory and field experiments.

To use the experimental data for future predictions, models

have to be developed, which precisely represent the

physico-chemical processes during CO2 injection and

storage into subsurface reservoirs. The feasibility of the

CCS technology meanwhile is investigated world-wide

(Qiao et al. 2010). Some of those projects are briefly

described in this thematic issue, e.g., Bauer et al. (2011),

Martens et al. (2011), Park et al. (2011b), Mukhopadhyay

et al. (2011), Mykkeltvedt and Nordbotten (2011).
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CLEAN project: evaluation of Geo-Processes

The CLEAN project is aimed at gaining a better under-

standing of physico-chemical processes during CO2 injec-

tion and storage in depleted gas reservoirs (DGR) also for

enhanced gas recovery (EGR) purposes (Kühn et al. 2011).

CLEAN is organized into thematic topics (TVs).

• Technicum injection of CO2.

• Well integrity (Hou et al. 2012).

• Evaluation of Geo-Processes comprising model devel-

opment and model parameterization (Pudlo et al. 2012),

(Fig. 1).

• Environmental and process monitoring (Lamert et al.

2012).

• Public acceptance.

Numerical methods and simulation tools for process

analysis during CO2 injection and storage have been

developed within the context of the thematic topic TV3.

Figure 1 illustrates the conceptual approach to the thematic

topic: modelling at multiple scales. At the borehole scale,

the studies are focussed on wellbore integrity to evaluate

technical sealing characteristics of abandoned wells. A

second issue is related to thermodynamic processes within

the borehole during CO2 injection (Fig. 1, left) (Singh et al.

2011a). At the reservoir near-field, we investigate coupled

thermo-hydro-mechanical/chemical (THM/C) processes

(Fig. 1, middle) including thermodynamic effects (Böttcher

et al. 2011), geochemical reactions, solubility (De Lucia

et al. 2011), mineral reactions (Beyer et al. 2011) as well as

hydro-mechanical effects for safety assessment purposes

(Hou et al. 2012). EGR simulations using CO2 injection are

considered at the reservoir scale (Fig. 1, right). Non-iso-

thermal compositional gas flow models have been devel-

oped and applied for tracer tests to identify reservoir

characteristics at the large scale (Singh et al. 2011c).

Modelling

Particularly for geological reservoirs, where sufficient data

are very expensive and difficult to obtain, modelling is an

important tool for data interpretation and for possible

prediction of system evolution (McDermott et al. 2011).

Figure 2 illustrates the role of modelling for both deter-

mination of material parameters based on laboratory

experiments (small scale) and bridging the gap to large

scale observations, e.g., for monitoring purposes (Beinhorn

et al. 2005; Lamert et al. 2012; Peter et al. 2011).

To develop meaningful model, they have to fulfil several

criteria such as (1) representing all relevant physical and

chemical processes and their coupling effects, (2) being

numerically accurate, (3) being able to represent real sys-

tem addressing their geological complexity. Benchmarking

is an important scientific tool for model development,

implementation, verification as well as validation.

Fig. 1 ‘‘Evaluation of Geo-Processes’’— research at multiple scales

Fig. 2 The meaning of modelling for parameter identification and

monitoring
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Scientific benchmarking

Benchmarking is an acknowledged and approved scientific

methodology to test and the improve knowledge about

complex systems behaviour. There are different bench-

marking techniques, such as:

• process analysis with increasing complexity: have we

addressed all important phenomena,

• model comparison: have we selected an appropriate

conceptual model,

• code comparison: have we implemented the underlying

conceptual model correctly, etc.

There have been several benchmarking projects and ini-

tiatives in geosciences in the past, e.g., HYDROCOIN, IN-

TRAVAL, DECOVALEX (Rutqvist et al. 2008; Tsang et al.

2009; Wang et al. 2011) or for geothermal processes (Kolditz

and Diersch 1993; Kolditz 1995). Most of them are related to

research of nuclear waste deposition as for this purpose long-

term calculations are necessary for safety assessment issues.

New more comprehensive benchmarking initiatives recently

came up in hydrology (Sulis et al. 2010; Kalbacher et al.

2011) and geosciences (GEOBENCH initiative, Yabusaki,

personal communication) showing the popularity and

necessity of those activities to the scientific community.

Benchmarking of process simulation is one of the cross-

cutting activities within the CLEAN project which has been

discussed and developed during several workshops. This

includes a systematic development of appropriate test cases

for CO2 injection as well as storage and will be encom-

passed in a new initiative entitled as CO2BENCH. The

present benchmarking strategy comprises three aspects:

• process-based: numerical analysis of individual and

coupled processes related to CO2 injection and storage

with increasing complexity, i.e., compressible flow (H),

two-phase flow (H2), consolidation (H2M), thermo-

mechanics (TM) up to non-isothermal two-phase flow

consolidation (TH2M processes),

• thermodynamics-based: increasing complexity of equa-

tions of state/constitutive relationships to describe

material behaviour, i.e., from constant to highly nonlin-

ear material behaviour,

• scenario-based: development of site-specific test cases

addressing typical conditions in different geological

settings (real-world or application-type benchmarks),

In the next section, we discuss the methods which are

required to develop a comprehensive benchmarking concept.

Methods

We focus on two general types of benchmarks ‘‘curiosity-

driven’’ (academia) and ‘‘data-driven’’ (application) test

cases. The first section can be split into the above ‘‘process-

based’’ and ‘‘thermodynamics-based’’ subsections. A typi-

cal ‘‘modeller’s behaviour’’ is to start as simple as possible

(ASAP) and then gradually increasing the complexity of

problems. This makes sense as many simplified problems

can be verified by analytical solutions. The THM/C

benchmark book, which is basically written by modellers

(Kolditz et al. 2012b), is arranged strictly due to increasing

physico-chemical complexity. This approach can serve as

an example of such a process-based benchmarking concept

(c.f. Table 1). The concept for ‘‘curiosity-driven’’ bench-

marks is described in this methodical section. ‘‘Data-dri-

ven’’ test cases based on real sites will be discussed in the

following more applications-oriented section (‘‘Case stud-

ies’’). Figure 3 illustrates the organisation of the paper. All

numerical simulations in this study are performed with

OpenGeoSys (OGS)—a scientific open source initiative for

modelling THM/C processes in fractured-porous media

(Kolditz et al. 2012a).

‘‘Curiosity-driven’’ benchmarks

The idea of the ‘‘curiosity-driven’’ approach is to figure

out, how important is process coupling, feedbacks and

Table 1 Benchmarking by THM/C processes

Problem type Acronym

Compressible flow H

Two-phase flow (Buckley–Leverett) H2

Two-phase flow (McWorther–Sunada) H2

Two-phase flow (Keuper) H2

Unsaturated consolidation HM

Two-phase flow consolidation H2M

Thermo-mechanics TM

Non-isothermal compressible flow TH

Non-isothermal two-phase flow TH2

Non-isothermal unsaturated consolidation THM

Non-isothermal two-phase flow consolidation TH2M

Non-isothermal compositional flow THCn

Reactive transport HCn

Compositional gas flow (natural analogues) HC

Fig. 3 Paper organisation according to the definition of benchmark

types
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selecting an accurate equation of state (EOS) for the

modelling of fluid behaviour. This is illustrated by several

examples in the following.

Process-based approach

A typical systematic approach to process-based bench-

marking, according to Kolditz et al. (2012a), is given in

Table 1. We start from flow processes (single and two-

phase flows), then include mechanical effects (consolida-

tion) and finally consider non-isothermal phenomena (heat

transport and phase changes). Simplified chemical reac-

tions systems are incorporated into this benchmark sys-

tematic (‘‘Depleted gas reservoir: DSR#1 geochemical

processes’’). Geochemical modelling of fluid–rock inter-

actions induced by CO2 injection into DGR or saline

aquifers are discussed by De Lucia et al. (2011) and Bauer

et al. (2011) in more detail. For coupling reactive transport

simulations to transport processes several build-in chemi-

cal codes such as PHREEQC, ChemApp, BRNS and

GEMS have been implemented in OGS and used for sim-

ilar applications (e.g., Centler et al. 2010; Shao et al. 2009;

Xie et al. 2004, 2006).

Examples The first example shows the importance of

hydro-mechanical coupling phenomena for fluid injection

into subsurface reservoirs. For the simulation of two-phase

flow in deformable porous media (H2M process—two-

phase flow consolidation, see Table 1), a test problem is

formulated to study mechanical failure at the interface of a

caprock and an aquifer layer. The selected time-scale

allows the return of mechanical stability. Geometrical

characteristics are taken from a real site (Hou et al. 2011).

Two potential failure modes have been considered (Fig. 4).

The first assumes, conservatively, that hydraulic fracturing

(e.g., tensile failure) may occur when the pore fluid

pressure exceeds the current minimum principal stress. The

second mode allows for shear slip/failure along an optimally

oriented fracture plane according to the Mohr–Coulomb

failure criterion (Park et al. 2011a).

The second example is related to both process coupling

(THCn process: non-isothermal compositional gas flow, see

Table 1) and thermodynamic effects, i.e., how flow pro-

cesses can affect heat transport. This is a good preparation

for the following subsection and is described there

(‘‘Thermodynamics-based approach’’). Singh et al. (2011a)

(this issue) investigate thermodynamic effects during CO2

gas injection into a deep well. They showed that

Joule–Thomson cooling and viscous heat dissipation are

important thermodynamic coupling effects significantly

influencing heat transport during CO2 injection.

Thermodynamics-based approach

The thermodynamic state of CO2 is essential for both the

injection and storage stages in subsurface reservoirs. For

realistic behaviour of gases, it is necessary to describe the

constitutive relations between temperature, pressure and

volume. The mathematical formulation of this description

is called EOS, and allows determining the volume of a gas

at certain pressure–temperature conditions. The gas volume

(or density) is essential for modelling compressible gas

flows. Unlike liquids, the density of gases is very sensitive

to pressure and temperature changes. Fluid properties of a

gas are viscosity, heat capacity, thermal and hydraulic

conductivity, compressibility, thermal diffusivity.

Böttcher et al. (2011) discuss four different EOS and

compare them according to accuracy under different ther-

modynamic conditions.

• Two classic cubic equations by Redlich and Kwong

(1949) and Peng and Robinson (1974) which can be

computed directly using, e.g., Cardano’s method.

Fig. 4 Evolution of safety factors for: a hydraulic fracture, b shear slip with 20 years of injection at 1, 10, 20 and 100 years (from top to bottom)
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• A virial EOS by Duan et al. (2006) which represents an

expression in a series form of virial coefficients. These

coefficients can be determined experimentally. The

accuracy depends on the number of terms.

• A fundamental EOS developed by Span and Wagner

(1996). The Helmholtz free energy or Gibbs free energy

can be used to determine thermodynamic fluid proper-

ties such as density. Due to a very high number of

parameters, the potential accuracy of this correlation is

very high but the complexity of the formulation is

computationally expensive.

Figure 5 (left) shows the relative error of Redlich–

Kwong, Peng–Robinson, and Span–Wagner EOS com-

pared to the measured data for two different temperatures.

It can be shown that Span and Wagner’s EOS is the most

accurate EOS. This precision could be reached by the use

of about 200 fitting parameters which have been deter-

mined by an enormous number of measured data. The high

precision of the Span–Wagner EOS has been proved over a

wide temperature-range (Span and Wagner 1996). The

comparison among the different EOS in Fig. 5 (right)

shows that the virial EOS presented by Duan et al. (2006)

gives almost identical results at a pressure of 8 MPa and

the computational effort is comparable to that of solving

the Span–Wagner equation. Redlich–Kwong’s and Peng–

Robinson’s EOS are less accurate but much faster to

calculate which might be an advantage for large-scale prob-

lems or primary estimates. Concerning the optimal use of

EOS for CO2 purposes, we refer to Böttcher et al. (2011).

Scenario-based approach

The third benchmark classification is denoted as ‘‘scenario-

or site-based’’ test cases (cf. Table 2). First benchmarking

studies have been provided by Rutqvist and Tsang (2002)

and Pruess and Garcı́a (2002), who investigated hydro-

mechanical (HM) and two-phase flow (H2) phenomena

during CO2 injection into saline aquifers, respectively. In

this paper, we continue the benchmarking initiative

including two-phase consolidation (H2M) and geochemical

processes. First code comparison studies have been pre-

sented by Pruess et al. (2004) and Class et al. (2009),

recently. To this purpose, several workshops have been

held in Stuttgart (Germany) and Svalbard (Norway) (see

’’Deep saline aqufer: DSA#3 ‘‘Svalbard’’ case study‘‘). We

denote these test cases as ’’Stuttgart’’ and ‘‘Svalbard’’

Fig. 5 Relative error of Redlich–Kwong, Peng–Robinson, and Span–Wagner EOS compared to measurement data (left). Comparison of

Redlich–Kwong, Peng–Robinson, Span–Wagner and Duan EOS among each other at a pressure of 8 MPa (right)

Table 2 Benchmarks by sites

and scenarios
Problem type Processes Dim Doc

DSA#1 H2 3-D Class et al. (2009)

DSA#2 H2M 2-D(r) Deep saline aqufer: DSA#2

DGR#1 THC3 2-D(r) Depleted gas reservoir: DGR#1 ’’Altmark‘‘ case

DSA#3 H2/M 2-D Deep saline aqufer: DSA#3 ’’Svalbard‘‘ case study

DGR#1 HCn 1-D Depleted gas reservoir: DGR#1 geochemical processes

NA#1 HC 2-D Natural analogues
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benchmarks, correspondingly. So far, these benchmarks are

related to saline aquifers. We add new test cases from the

CLEAN project dealing with DGRs to the site-based

benchmark collection.

As an example, we present results for the ’’Stuttgart‘‘

case, which is dealing with CO2 injection into a deep saline

aquifer (DSA) and the risk of CO2 leakage through an

abandoned well (Fig. 6). After reaching the leaky well, the

CO2 rises up to a shallower aquifer. The goal of the

benchmark study is the quantification of possible leakage

rates depending on the pressure build-up in the aquifer due

to CO2 injection. This test case is dedicated for risk

assessment purposes.

Figure 7 shows the results of the 3-D two-phase (H2)

simulations. Liquid saturation of CO2 is plotted for a

selected time. The plot shows the radial propagation of the

carbon dioxide. We clearly see the density effect of

upcoming CO2 due to the smaller density in comparison to

the saline water. The carbon dioxide reaches the leaky well

after about 100 days. In addition to multi-phase (H2) flow

process during CO2 injection for the deep saline aquifer

(DSA#1 case) we consider coupled deformation processes

(H2M model) for a deep saline aquifer (DSA#2 case) as

well (see ’’Deep saline aqufer: DSA#2‘‘).

The idea of the present study is to develop a systematic

approach to site-specific CCS test cases, i.e., DSA, DGRs

as well as natural analogues (NA). The second idea is to

extend the complexity of process coupling systematically,

e.g., including mechanical and geochemical processes. For

DSAs type, we take into account deformation processes

during CO2 injection. CO2 is in a liquid state. To this

purpose, we consider two-phase flow consolidation (H2M

process) in addition to density-dependent effects. For DGR,

we consider non-isothermal compositional gas flow (THCn

process) and reactive transport (HCn). CO2 is injected in a

gaseous or supercritical state into a DGR.

Case studies

The following benchmarks are related to real sites but they

are simplified to represent only the specifics of the corre-

sponding location. Other reasons for simplifications are

limited public data availability and making these examples

easily comparable to other codes. Solving real-world

problems requires tools for model preprocessing (Kalbacher

et al. 2005; Kunz et al. 2006; Rink et al. 2012). To introduce

a systematic for benchmark definition, every case study

consists of three parts.

1. System geometry and system conditions.

2. System properties (material parameters).

3. Numerical model.

Every benchmark is related to specific question to make

the test case unique, essential and valuable.

Deep saline aquifer: DSA#2

We consider CO2 injection into a sedimentary formation

filled with brine (saline aquifer). In particular we are

interested in the near field two-phase flow and consolida-

tion processes close to the well. Therefore the conceptual

Fig. 6 Definition of the

’’Stuttgart‘‘ (DSA) test case

DSA#1 (Class et al. 2009)

Fig. 7 OGS simulation of the 3-D two-phase flow simulation for

DSA#1: phase saturation of CO2
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model for this application benchmark is a H2M process

model with axial symmetry. The theoretical background is

described in Hou et al. (2011); Görke et al. (2011). Fig-

ure 8 depicts the benchmark sketch as well as the system

conditions which are explained in the following. This case

study is motivated from research on active CO2 storage

sites in Germany.

Benchmark definition: system geometry and conditions

• Geometry: the aquifer is at 770-m depth underneath the

ground surface and it is bounded by parallel imper-

meable confining formations above and below. The

aquifer thickness is very thin with 6 m only and it

extends 200 m in radial direction. The well radius is

0.2 m. An axial symmetric coordinate system is used.

• Initial conditions (IC): the aquifer is located at a depth

of 770 m under hydrostatic initial conditions. The saline

aquifer is fully saturated with brine before injection

starts. The reservoir temperature is assumed to be

constant equal to 34 �C. Initially, the stress tensor

coefficients in the DSA are assumed to be caused by the

gravity force only, the distribution of which is calcu-

lated by solving the stress equilibrium with the volume

force term qg (lithostatic conditions). This initial

distribution analysis is used as the initial stress condition

for modelling the CO2 injection. For an overview about

initial conditions, see Table 3

• Boundary conditions (BC): we consider no flow

conditions at the entire model domain boundary.

Maximum water saturation and residual CO2 saturation

are assigned in the terms of Dirichlet boundary

conditions at the domain boundary in the radial

direction. On top and bottom boundaries, the displace-

ment in vertical direction is fixed. In the horizontal

direction, displacement is fixed only on the outer

boundary. The inner boundary is assumed to be free to

move.

• Sink/source terms (ST): a vertical well is injecting CO2

over the entire aquifer thickness into the formation. The

injection rate corresponds to a Neumann boundary

condition of 0.4475 9 10-5 m/s.

Benchmark definition: system properties/material

parameters

System properties are material parameters of the porous

medium as well as of fluid and solid phases. The material

parameters are summarised in Table 4.

• Formation properties: a homogeneous, isotropic aquifer

is assumed with 26 % porosity and 3 9 10-13 m2

intrinsic permeability. The formation is deformable but

with no fractures.

• Fluid properties: are kept constant in this study. We

consider saturated brine (maximum salt concentration),

CO2 is in supercritical state under the present

conditions.

• Two-phase flow functions: liquid and solid phase den-

sities are assumed to be constant. The Brooks–Corey’s

p = 0.04 MPac

p = 6.5 MPa
T = 34°C

= f(z)

CO2

200 m

6 m

770 m

u = 0
v

z

z = 0

u = 0
v

z

z = 0

S = 0.05
S = 0.95

c

CO2

Q=3.374 10 m /s-5 3

Fig. 8 Benchmark layout: system geometry and boundary conditions

Table 3 Initial conditions

Term Symbol Value Unit

CO2 pressure pCO2 0.01 MPa

Cap. pressure pc 6.5 MPa

Temperature T 34 �C

Stresses rxx -6,005,191.5 ? 7,798.95 z Pa

ryy -6,005,191.5 ? 7,798.95 z Pa

rzz -2,001,730.5 ? 25,996.5 z Pa

Table 4 Material properties

Term Symbol Value Unit

Porosity n 0.26 –

Intrinsic permeability k 3 9 10-13 m2

Brooks–Corey index 2 –

Entry pressure pD 104 Pa

Pore size distr. index k –

Brine density qb 1,173 kg m-3

Brine viscosity lb 1.252 9 10-3 Pa s

Res. brine saturation SCO2 0.35 –

Max. brine saturation Smax
b 0.95 –

CO2 density qCO2 848 kg m-3

CO2 viscosity lCO2 8.1 9 10-5 Pa s

Res. CO2 saturation SCO2
res

0.05 –

Max. CO2 saturation SCO2
max

0.65 –

Young’s modulus E 2 9 1011 Pa

Poisson’s ratio m 0.3 –
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model is employed to characterize the hydraulic prop-

erties of liquid CO2 and brine.

pc ¼ pCO2 � pb ¼ pDS
�ð1=kÞ
eff ð1Þ

kb
rel ¼ S

ð2þ3kÞ=k
eff ð2Þ

kCO2

rel ¼ ð1� S2
effÞ 1� S

ð2þkÞ=k
eff

� �
ð3Þ

• Mineralogy: brine and CO2 are assumed to be in

equilibrium with the rock (no chemical fluid–rock

interactions considered so far).

• Rock mechanics: we consider poro-elasticity with

constant parameters (Young’s modulus and Poisson’s

ratio).

Benchmark definition: numerical model

We use the finite element method for discretisation (Wa-

tanabe et al. 2010). The coupling scheme is hybrid: the

two-phase flow is solved monolithically; the deformation

problem is solved after the flow step. Taking the injection

well’s radius as 0.2 m and cutting the 3D domain at the

radius of 200 m, we generate a finite mesh for axisym-

metric analysis as depicted in Fig. 9.

Benchmark questions

We are interested in the following issues:

• Are density-dependent effects important?

• Will deformation processes influence the CO2 injection

process?

To investigate the impact of solid deformation on the

hydraulic field, the simulations of the two-phase flow

process in the DSA were performed considering and

neglecting the coupled deformation process, respectively.

To demonstrate this impact, in Fig. 10, the change of CO2

saturation during a period of 1,000 h at two specified

observation points is plotted, which are at a distance of 20

and 50 m from the injection well, respectively.

Figure 10 portrays that the propagation of CO2 is

slightly enhanced by deformation. On the other hand, the

stress field is significantly altered by the CO2 injection

pressure in the near field. We can clearly see stress changes

at the two observation points as depicted in Fig. 11. The

tangential stress decreases at the beginning of the injection

due to the extension at the well surface, and then increases

due to the propagation of the injection pressure. Since we

assume that the initial stress is induced by the gravitational

force exclusively, the initial stress distribution in the ana-

lysed domain has a vertical gradient.

Fig. 9 Triangular mesh for finite element analyses

Fig. 10 Temporal evolution of CO2 saturation in two observation

points (Görke et al. 2011)

Fig. 11 Temporal evolution of tangential stresses in two observation

points (Görke et al. 2011)
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Due to the injection pressure of CO2, the stress in the

tangential direction increases significantly. Figure 12

shows the distribution of the tangential stress near the

injection well at the time of 1 and 1,000 h after the

beginning of the injection.

Corresponding to the stress field demonstrated in

Fig. 12, the distribution of carbon dioxide in the vicinity of

the injection well at the same time is provided in Fig. 13.

Comparing Figs. 12 and 13, we see that the distribution

patterns of tangential stress and CO2 are quite similar. This

implies the coupling effect between hydraulic and mechani-

cal processes.

Depleted gas reservoir: DGR#1 ‘‘Altmark’’ case study

We consider multi-layered caprock-reservoir model for

Altensalzwedel test. Here, entire layer is composed of four

different rock types. Work is modelled for non-isothermal

gas flow through different porous layers on injection of

gaseous carbon dioxide under axisymmetric conditions.

We do not consider gravity effects, where gas is composed

of three pure gaseous species, i.e., initially, reservoir has

been filled completely with methane and nitrogen then

carbon dioxide has been introduced through injection well.

In the mass transport, concentration distribution of each

species has been calculated along with gas flow and heat

transport. Figure 14 shows the model configuration.

Benchmark definition: system geometry and conditions

• Geometry: we have considered 19 layers which are

located in a depth below 3,000 m. Observation well is

100-m far from the injection well. Since we consider an

Fig. 12 Spatial distribution of the CO2 saturation 1 and 1,000 h,

respectively, after injection started

Fig. 13 Spatial distribution of tangential stresses 1 and 1,000 h,

respectively, after injection started Fig. 14 System geometry and conditions
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axisymmetric, two-dimensional model domain is taken

in x–z plane, i.e., 160-m thick in z-direction and 100-m

long in (radial) x-direction. Based on structural geol-

ogy, 19 layers have been considered at a depth of

3.3 km below surface.

• IC: we assume that caprock-reservoir is filled with 20 %

methane and 80 % nitrogen at pressure of 4.0 9 106 Pa

and temperature 120 �C. We have estimated the effec-

tive molecular weight of this gaseous mixture by

Meff =
P

xi, Mi. Following, using the molecular

weights and mole-fractions of each pure gas component

at initial pressure and temperature, we found that the

effective molecular weight is 40:0129 kg kmol�1:

Hence, density of the gas is 48:9632 kg m�3: With this

information, we assigned initial component concentra-

tions of CCO2
¼ 0 kg m�3;CCH4

¼ 9:8660 kg m�3 and

CN2
¼ 39:4639 kg m�3:

• BC: we are injecting CO2 through injection well with

7.0 9 106 Pa pressure and 80 �C temperature which is

lower than the initial temperature of the reservoir. Since

the injected gas consists of 100 % carbon dioxide, with no

methane and no nitrogen, the density of the injected gas is

104:8974 kg m�3: Consequently, the concentrations of

components in the injected gas are CCO2
¼ 104:8974

kg m�3;CCH4
¼ 0 kg m�3 and CN2

¼ 0 kg m�3:

More details concerning the field application can be found

in Singh et al. (2011a).

Benchmark definition: system properties/parameters

Model parameters are the physical and thermodynamical

properties of the gaseous mixture and the solid, along with

medium properties of the porous media.

• Medium properties: layers of the caprock-reservoir are

composed of four different types of rocks, for example:

anhydrite, silicate, sandstone and siltstone. The layers

have different porosity and density ranging from 0.001

to 0.172 and 2:18� 103 to 2:94� 103 kg m�3; respec-

tively. Based on the porosity value, each layer has

different permeability. All this information has been

summarised in Table 5.

• Fluid properties: in the present study certain material

parameters of the solid and the gaseous mixture are

constant which is mentioned in Table 6.

Benchmark definition: numerical model

We use the finite element method for discretization of the

governing equations. The problem is analyzed on a 19,000

quad type mesh up to time duration 1,000 s on a two-

dimensional domain in the x–z plane. Here a constant step

size (Dx) has been taken in x-direction and in z-direction we

used variable step size (Dz) depending on the thickness of

the rock layer, i.e., thin layers have smaller Dz than the thick

Table 5 Medium properties of

the multi-layered caprock-

reservoir

No. Rock type zp (m) n k (m2) qs (kg/m3)

6 Sandstone 5 0.039 2.2731e-16 2,460

7 Anhydrite 29 0.010 3.0900e-19 2,940

8 Sandstone 6 0.046 5.0621e-16 2,940

9 Siltstone 28 0.011 4.9058e-19 2,700

10 Sandstone 4 0.058 1.5581e-15 2,940

11 Siltstone 11 0.011 4.9058e-19 2,700

12 Sandstone 2 0.025 2.6301e-17 2,940

13 Siltstone 12 0.011 4.9058e-19 2,700

14 Sandstone 6 0.073 4.7542e-15 2,940

15 Siltstone 8 0.011 4.9058e-19 2,700

16 Sandstone 3 0.162 2.2704e-13 2,940

17 Siltstone 1 0.011 4.9058e-19 2,700

18 Sandstone 6 0.154 1.7760e-13 2,940

19 Siltstone 1 0.011 4.9058e-19 2,700

20 Sandstone 9 0.172 3.0358e-13 2,940

21 Claystone 10 0.011 4.9058e-19 2,700

22 Sandstone 4 0.082 8.3552e-15 2,940

23 Claystone 6 0.011 4.9058e-19 2,720

24 Sandstone 9 0.023 1.7552e-17 2,940
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layers. A staggered coupling scheme has been employed,

i.e., the gas flow process is solved first, then the heat

transport problem, and finally the mass transport equations.

Benchmark questions

We are interested in gas flow coupled with heat and mass

transport processes. Here, we consider temperature and

concentration effects on the gas flow through ideal gas law.

Since we are using pressure over 20 Pa, a compressibility

factor is important to introduce. Temperature effect is

directly through ideal gas law, but concentration effect

comes through effective molecular weight of the gaseous

mixture, which is the sum of mass fraction and species

molecular weight.

In Fig. 15, we have presented the time-evolution of the

gas pressure, temperature and concentrations of each species

(i.e., CCO2
, CCH4

, CN2
) at two observation point in the res-

ervoir at time t = 1,000 s. The observation points are placed

at the depth of -3,437.5 m, one of them is located at a

distance of 5.0 m from the injection well, and the second is

10.0 m away. We have neglected all source/sink terms in the

present calculation. As we assume that gaseous mixture is

compressible hence, transient flow is developing. In the

Table 5, we have presented medium properties of different

layers of the caprock. Due to variation in permeability

(k) flow is not uniform, i.e., fast flow in the layer which has

high permeability and slow/no flow in the layer with very

low permeability. In the layer with higher permeability,

advective heat and mass transport is dominated whereas in

layers with very low permeability, heat and mass transport

are mainly due to diffusion processes.

In Figs. 16 and 17, we present the distribution of gas

pressure, temperature, density and concentration of each

species of the gas mixture in the reservoir at time

t = 1,000 s. Figure 16 shows that after t = 1,000 s in the

layer with largest permeability (i.e., 3:0358� 10�13 m2) a

4.2011 9 106 Pa pressure; 84:0800 kg m�3 CO2 concentra-

tion; 2:5740 kg m�3 CH4 concentration; 10:0294 kg m�3 N2

concentration isolines have been reached about 63.1 m.

This example is intended for a benchmark proposal for

the purpose of a code comparison considering compositional

gas flow in a nearly depleted gas field (EGR conditions).

The model assumptions are based on site specific informa-

tion of the Altensalzwedel reservoir (near the borehole S13).

More details are given in Singh et al. (2011b).

Deep saline aquifer: DSA#3 ‘‘Svalbard’’ case study

This benchmark is defined to answer the question regarding

the ultimate fate of am injected CO2 plume. The purpose of

the benchmark aims to achieve an assessment of upscaling

and modelling applicable for the CO2 storage problem and

some indication of the uncertainty introduced during the

stage of model adaption. With these two purposes, the

benchmark is idealised in a domain and fluid properties in a

hope to isolate model uncertainty (Fig. 18).

Benchmark definition: system geometry and conditions

• Geometry: the aquifer with dip of 1 % is bounded by

parallel impermeable confining formation above and

below. The thickness of the aquifer is 50 m, the length

in the dip direction is 200 km, and the width is 100 km

in the direction perpendicular to dip.

• IC: the centre of the aquifer is situated at a depth of 2.5

km below the water table, under hydrostatic and

geothermal conditions based on a surface temperature

of 10 �C and a geothermal gradient of 25 �C/km.

• BC: the flow boundary conditions in the horizontal

directions are constant head, and fixed temperature

boundary conditions are applied at the boundary of the

domain.

• ST: a horizontal well, injecting at the bottom imper-

meable boundary of the formation, placed 50 km updip

from the lowest point of the formation, and in the centre

with respect to the horizontal direction perpendicular to

dip. The well length is 1 km, and the orientation is

perpendicular to the dip of the formation. Injection rate

is 1 Mt/year for 20 years.

Benchmark definition: system properties/parameters

• Homogeneous aquifer permeability of 10–13 m2,

porosity of 15 %. Rock thermal conductivity of 3 W/

Table 6 Material parameters of

solid and gas
Term Symbol (Unit) Value

Density qg (kg/m3) Meffp/zRT

Dynamic viscosity lg (Pa s) 1.78 9 10-5

Heat capacity cCO2 , cp
s (J/kg/K) (4.28, 1.091) 9 103

Thermal conductivity jg, js (W/m K) 0.60, 0.41

Diffusion coefficient DCO2 (m2/s) com = CO2, CH4, N2 (0.965, 2.0, 1.78) 9 10-5

Dispersivity aL, aT (m2/s) 1.0 9 10-4, 1.0 9 10-3
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(m K). The formation is incompressible, with no

fractures.

• Based on typical PTV data, pure brine, no salt

concentration.

• Primary drainage relative permeability for water and

for CO2 by simple power law expressions (Brooks and

Corey), given, respectively, by

kr;w ¼ S4
w;n ð4Þ

kr;CO2
¼ 0:4ð1� S2

w;nÞð1� Sw;nÞ2 ð5Þ

where Sw,n is the normalised water saturation where the

irreducible water saturation is set to Sw,cr = 0.2. The

primary drainage capillary pressure (units bar) is given by

pc;d ¼ 0:2S�1=2
w;n ð6Þ

• Hysteresis may be included in both relative

permeability and capillary pressure description.

Irreducible CO2 saturation for the bounding

imbibition curve (imbibition from irreducible water

saturation) is assigned the value SCO2
; cr ¼ 0:2:

• If study of mineral reactions is necessary, standard

Berea sandstone is recommended with the brine in

equilibrium with the rock initially.

• If geomechanical effects are of interest, overburden

properties are consistent with the initial conditions and

geomechanical properties of the aquifer are consistent

with Berea sandstone.

Benchmark definition: numerical model

We use the pwSn and pcpnw models to simulate for the 2D

domain upscaled from the original 3D problem of the

definition with no thermal effect and the adjusted fluid

properties: CO2 density 479 kg/m3, brine density 1,045 kg/m3

and CO2 viscosity 3.95 9 10-5 Pa s, brine viscosity

2.535 9 10-4 Pa s.

The assumptions made for the scale-up are:

– averaged over the perpendicular line to the aquifer

orientation,

– no dissolution and convective mixing of brine water,

– no mineralisation.

Based on the assumptions made in the 2D grid, the

resulting pressure and CO2 saturation obtained from the pS

method are depicted in Fig. 19. Results of both pS and pp

methods are in good agreement for the simulation period of

100 years. Pressure change between 20 and 100 years are

minimal indicating that much longer time (several orders
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Fig. 15 Temporal evolution of: a gas pressure, b gas temperature,

both at two observation points, c concentration of each species at an

observation point 5 m away from the injection well
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Fig. 16 Distribution of the gas pressure, temperature and density at

t = 1,000 days

Fig. 17 Distribution of the species concentration in the gas at

t = 1,000 days: Carbon dioxide, methane, nitrogen (from left to right)
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Fig. 18 Boundary conditions

for a the pwSn model and b the

pcpnw model

Fig. 19 Pressure and CO2 saturation at 20 and 100 years obtained from the pwSn model
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bigger time scales) is needed to immobilize the injected

carbon dioxide by CO2 residual saturation. However, the

simulation is not extended that long after observing little

difference of pressure change.

Depleted gas reservoir: DGR#1 geochemical processes

Geochemical reactions induced by the injected CO2 may in

the long run lead to dissolution or precipitation of minerals.

This may contribute to the long term sequestration of CO2

as a mineral. Mineral reactions may also influence the cap

rock integrity and the behaviour of fractures and faults,

which, i.e., might clog due to mineral precipitation. Geo-

chemical reactions take place on very different time scales,

which are on the order of days for reactions involving

calcite, e.g., but may reach millennia for reactions

involving silicates. This benchmark is based on the situa-

tion in the Altmark gas field, where water saturation is

below residual saturation, i.e., the formation brine is

immobile. Transport of CO2 in the formation brine is thus

dominated by diffusion of CO2, which dissolves into the

brine at the phase interface. The mineral transformation

reactions may lead to a change in porosity, which feeds

back on the transport and flow processes.

Benchmark definition: system geometry and conditions

The model used is a one-dimensional model of 1-m length,

representing a part of the pore space which is filled with

residual immobile brine. A pressure of 50 bars and a tem-

perature of 398.15 K are assumed. The formation brine is

initially in geochemical equilibrium with the minerals of the

solid phase. At the left boundary, CO2 (as well as a conser-

vative tracer) is added to the brine at a constant concentration

of 199.2 mol/m3, which corresponds to the solubility at the

given conditions according to the model of Duan and Sun

(2003). The right hand side boundary is assumed closed,

which either resembles a symmetry axis, or an area of very

low porosity, where further diffusion is very limited.

Benchmark definition: system properties/parameters

Table 7 specifies the mineral phases used in the model as

well as their initial amounts exposed to the pore space. The

rock mineralogy is based on an interpretation of rock sample

data from the Altmark site (data kindly provided by project

partners at the University of Jena, Pudlo et al. 2012). The

initial porosity of the porous medium is set to 0.056. Table 8

lists all aqueous species and complexes included in the

geochemical model as well as their initial concentrations,

which are in equilibrium with the mineral phase composi-

tion. The diffusion coefficients of all dissolved species are

assumed as equal with a value of 10-9 m3/s.

Benchmark definition: numerical model

The finite element method is used for discretising the

transport equations of the dissolved components (Bauer

et al. 2006). The model area is discretised into 54 elements

with a length of 1 mm at the left hand model side,

increasing up to a maximum value of 10 cm at the right

hand side boundary. Transport and reactions are simulated

sequentially, using an operator splitting approach, where in

the first step conservative transport of all dissolved species

is simulated. In a second step, kinetically controlled

Table 7 Assumed mineral phase composition of the porous medium

Initial conc.

(mol/m3 solid)

Equilibrium/

kinetic type

Primary mineral phases

Calcite 279.75 Equilibrium

Anhydrite 246.81 Equilibrium

Quartz 31,239.69 Kinetic

Fayalite 97.54 Kinetic

Forsterite 97.54 Kinetic

K-Feldspar 1,210.29 Kinetic

Albite (low) 224.53 Kinetic

Anorthite 143.99 Kinetic

Secondary mineral phases

Dolomite 0 Kinetic

Magnesite 0 Kinetic

Siderite 0 Kinetic

Dawsonite 0 Kinetic

Table 8 Initial concentrations of aqueous species and complexes

included in the geochemical model

Aqueous species Initial conc. (mol/m3 water)

H2O 41,923.184

H? 6.300 9 10-06

OH- 8.767 9 10-02

Na? 4.078

K? 23.318

Mg2? 4.55 9 10-03

Ca2? 3,046.197

Fe2? 1.863 9 10-08

Al3? 8.231 9 10-22

H4SiO4 2.580

SO4
2- 5.470 9 10-04

Cl- 6,119.911

HCO3
- 1.109 9 10-05

CO3
2- 5.825 9 10-08

CO2 1.826 9 10-07

Tracer 0.0
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mineral reactions are calculated, followed by the equilib-

rium simulations for the fast mineral reactions (c.f.

Table 7) as well as the brine speciation. For equilibrium

simulations, the code ChemApp (Petersen and Hack 2007)

with the Fact53 database is used. Parameters for mineral

dissolution/precipitation kinetics were taken from Palandri

and Kharaka (2004).

Benchmark questions

The benchmark is designed to investigate the effects of

geochemical reactions on the rock mineralogy, possible

sequestration of CO2 in a mineral phase, and induced

porosity changes. Figure 20 illustrates the simulation

results obtained using OGS after simulation times of 1, 5

and 20 years. Comparison of the CO2 front with the con-

servative tracer after 20 years of simulation time shows the

attenuation of CO2 due to the reactions with the mineral

phases (a). Calcite precipitates (d) and serves as a sink for

the CO2, as the precipitation of other carbonate minerals is

largely negligible within the simulated 20 years due to the

slow kinetics of these reactions. Accordingly, calcium

concentrations in the brine decrease over time (c). Disso-

lution of Fayalite and Forsterite (e) results in an increase of

iron, magnesium and silica in solution (b, c), which triggers

the precipitation of K-Feldspar (e). The overall effect of the

mineral reactions is a slight reduction of porosity by

approximately -0.4 % of the initial value close to the left

hand side model boundary and -0.16 % on the right hand

side (f).

Natural analogues

The last benchmark proposal is dealing with a natural

analogue for CO2 migration at near surface (Fig. 21). The

study of natural analogues is a very important source for

understanding of CO2 transport mechanisms in subsurface

and for assessing potential impacts of induced emanations

from CO2 injections into geological storages (Schütze et al.

2012). This section presents a conceptual study about the

local-scale influence of near-surface geological conditions

on surface CO2 concentrations. Normally, the surface CO2

concentrations are expected to have a strong correlation

with locations of faults or preferential path ways where

CO2 migrates from deeper geological formations. How-

ever, this spatial distribution can be disturbed by near-

surface structures with, e.g., heterogeneous hydraulic

properties or hydrological conditions (e.g., regional

groundwater flow). Therefore, it is important to investigate

their roles on CO2 transport for interpreting observed soil

gas concentration measurements. Hence, the results of such

simulations can be used for both at natural CO2 releases

Fig. 20 Development of dissolved species (upper panel) and mineral phases as well as porosity changes (lower panel) over the simulation

period
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and geological CO2 storage sites. We present a conceptual

study for inhomogeneous permeability conditions using

numerical models. Furthermore, the used conceptual model

mainly considers the influence of near-surface geological

settings on the CO2 soil gas concentration patterns.

As a typical example for near-surface environments, we

consider a symmetric two-layer system consisting of a top

sand layer above a clay layer. A vertical fault is included

within the clay layer (Fig. 22). CO2 rich gas (99 %) is

continuously supplied into the sand layer through the fault.

The system is assumed to be situated in the vadose zone

and only allow CO2 transports in a gaseous phase. These

boundary conditions were made to focus on impacts of

inhomogeneous permeability zones on CO2 gas flow. The

inhomogeneity is conceptually represented by a zone sit-

uated horizontally in the centre of the sand layer. Various

permeability contrasts are implemented to the zone to study

their influence on CO2 concentrations near the ground

surface. Steady-state transport processes of a gas mixture

(air and CO2) are modelled by assuming a half space of the

symmetric domain. CO2 concentration at the ground sur-

face is fixed to the ambient air atmospheric concentration

value.

Figure 23 shows CO2 mass concentrations along profiles

determined at a depth of 0.5 m below ground surface.

These concentration profiles are calculated for various

ratios of inhomogeneous zone permeability (k) to the sand

permeability (ksand = 10-12 m2). A typical profile for a

homogeneous case is presented in the figure when

k/ksand = 1 (see curve A). Maximum concentration of CO2

is observed above the fault (x = 0 m) and decreases with

extending distance from the fault. The horizontal profile

starts to change in terms of peak location and horizontal

extent when an inhomogeneous layer is introduced in the

model. Furthermore, the concentration above the fault

gradually disappears (curve B) and converges to a value

forming a local minimum (curves C, D) with the decrease

in the k/ksand ratio. Instead, maximum concentration

appears at a location which is slightly displaced from the

inhomogeneous zone. It is obvious in Fig. 23, that the

peaks in inhomogeneous cases are lower than that in the

homogeneous case and have additionally a horizontally

larger extent in the observed induced concentrations near

the ground surface. The above results imply that having

precise knowledge of permeability distributions in the sand

layer is important to interpret measured soil CO2 gas

concentrations. In particular, the presence of low perme-

able zones (e.g., clay) can largely affect locations of the

highest CO2 concentrations.

Fig. 21 Natural CO2 hot spots: water filled mofette

Fig. 22 Conceptual model for near surface CO2 occurrence Fig. 23 Simulation of near surface CO2 occurrence
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Conclusions and outlook

This paper provides a systematic approach for developing

benchmarking concepts. For CO2 injection problems the

following three-step procedure was recommended:

• Complexity of process coupling: benchmarking is a

very useful to elaborate the importance of coupling

phenomena as a prerequisite for large-scale site mod-

elling. The importance multi-phase consolidation,

Joule–Thomson cooling and viscous heat dissipation

effects has been demonstrated.

• Accuracy of EOS: the control of the thermodynamic

status of CO2 is extremely important during fluid

injection into the geological reservoir. Therefore accu-

rate EOS are essentially to model CO2 injectivity. The

applicability of different formulations (Redlich–

Kwong, Peng–Robinson, Span–Wagner, Duan) under

different thermodynamic conditions has been investi-

gated to provide an accurate and efficient calculation of

EOS.

• Capturing real-site characteristics: the feasibility of the

CCS technology is under consideration for different

hosting reservoirs such as DSAs, DGRs and coal seems

both off- and onshore. The idea of site- or scenario-

related benchmarks is to extract the explicit character-

istics of those different subsurface reservoirs, i.e.,

evaluating the vulnerability to specific processes such

as mechanical damage or pore-space alterations. The

current study is dealing with developing real-site

benchmarks for different reservoir types, e.g., DSA,

DGR, respectively.

In addition to the above multi-step benchmark approach,

we have developed a consistent scheme for benchmark

definitions consisting of:

• Motivation.

• System geometry and conditions.

• System properties and material parameters.

• Numerical model description.

• Benchmark questions.

Defining and answering ‘‘Benchmark questions’’ is a

very important step for the development of meaningful test

cases.

Due to increasing complexity of available modelling

tools, benchmarking is currently receiving a remarkable

attention within the scientific community. Several inter-

national benchmarking projects are being designed, e.g.,

HM-INTERCOMP and HYDROBENCH (for hydrological

problems), GEOBENCH (for different aspects in geosci-

ences such as geothermal energy and biogeochemistry),

and DECOVALEX-2015 (for nuclear-waste management).

Due to the increasing demand of benchmarking to address

more and more complex and realistic problems, new issues

appeared on the agenda such as computational efficiency

and visual benchmarking.
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Kühn, Görke U, Birkholzer J, Kolditz O (2011) CLEAN Thematic

issue editorial. Environ Earth Sci, this issue

Kunz H, Zhao HG, Nowak T, Shao H, Bräuer V (2006) A
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