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Preambule

In an earlier study potentials for CO2 storage and production of coal bed methane were
evaluated for the Dutch mainland. Research was executed on the exchange from CO2
and CH4 in a deep coal layer and costs for an eventual injection and production unit
were calculated. The results were not discouraging, but still uncertainties were there.
Based on the encouraging comments made by the Sound Board it was decided to start
up a second feasibility and concentrate on a site where factors determining success are
most prominent and promising

This study presented hereafter gives an insight in possibilities to develop this
technology in the field, what it most probably will cost and which benefits are to be
expected. Two things are prominent:

• CO2 storage and ECBM is not economical feasible under current
circumstances, an incentive will be needed.

• Production of CBM at the studied most developed site is expected to be at a
level comparable to a so-called small natural gas fields.

Although costs calculated are higher than earlier expected, the results are more
trustworthy as they are now based on a real site, inclusive the environment.
Nevertheless it should be mentioned this is still a feasibility study. To start a real project
will ask for some preliminary work as recommended in the study.
Also the development in the TNO-NITG lead RECOPOL-project has to shown the
edges of the technical feasibility of the concept in comparable subsurface
circumstances.

The industrial part of the Sound Board accompanying this work, judged the outcomes
from this study as positive. What will be needed to carry the development from this
more or less scientific stage to the 'hardware' industrial driven stage is some incentive
spark.

Harry Schreurs, Novem
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Management Summary

ECBM-CO2 in the Netherlands

A study conducted in 2001 for Novem (the Netherlands Organisation for Energy and
the Environment) investigated the feasibility of simultaneous CO2 sequestration in
subsurface coal and the production of coalbed methane. This study concluded that “CO2
capture and disposal through ECBM is a promising option for reducing greenhouse gas
emissions in the Netherlands. ECBM is expected to be inherently safe and likely to
become economically feasible; its CO2 storage potential is large”. One of the key
recommendations was to initiate a pilot project in order to gain necessary practical
experience with ECBM production schemes, in particular with respect to drilling
techniques. The south of the Dutch province of Limburg was selected as potential test
area, based on the following three reasons:
− The presence of at least one major (high purity) CO2 producer (DSM/CARBOLIM)
in the area;

− The presence of sufficient net - and presumable CBM-containing - coal in the area;
− The mining history of the area, resulting in a high data density for at least parts of the
region

This year a follow-up study was performed for Novem. The goal of this feasibility study
was to perform a first assessment of technical, geological, economical and legal aspects
involved in the development of CO2 storage with coalbed methane production in the
Netherlands. This has been done, based on current knowledge on ECBM (technology),
by the following steps:
− Selection of the best location in the area for a test site;
− Selection of possible drilling location considering (sub)surface conditions and
limitations. Several potential pilot sites in the south of Limburg were evaluated,
taking into account the subsurface conditions, potential for gas production and
storage, design of surface equipment and environmental aspects;

− Preliminary technical design and cost calculation for a test site;
− Preliminary technical design and cost calculation for upscaling of that test site, being
the first step towards a commercial sized project;

− Preliminary design and cost calculation for storage of the direct available CO2, a
project of commercial size;

− A first scan of applicable (environmental) laws and regulations

The main contractor for this project was TNO-NITG with subcontracts being allocated
to the Department of Science, Technology and Society of Utrecht University (NWS)
and for the Energy Centre of the Netherlands (ECN).

Background

The simultaneous injection of CO2 into coal and coalbed methane production (CO2-
ECBM) combines fossil fuel production with CO2 storage. It must be emphasised that
CO2-ECBM is not yet a well-established and mature technology, and therefore, like any
field experiment, implies some inevitable uncertainties and risks. However, the
advantages of injecting CO2 into coalbeds could be numerous: it sequesters the CO2; it
shortens the production time for CBM; and it improves the recovery of CBM (therefore
Enhanced CBM production, or ECBM). To date, only a few experimental ECBM/CO2
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field sites have been realised. The first European field demonstration of CO2
sequestration in subsurface coal seams was recently developed in Poland under the co-
ordination of TNO-NITG as part of the RECOPOL project.

While gas production rates per CBM well can be several orders of magnitude lower
than natural gas wells, CBM production has proven very successful in the Unite States
where coalbed gas made up 8.8 % of the country’s reserves and 9.2 % of its dry gas
production in the year 2000. These figures were achieved by applying a mining
approach, resulting in thousands of wells per basin, rather than an oil and gas approach
where the number of wells are limited. From a European perspective the CBM
operations in the Carboniferous basins in the USA are the most interesting, since the
Carboniferous deposits in Europe occurred in a similar setting.

Subsurface conditions in Zuid-Limburg

The area of interest is located on the transition from the London Brabant Massif to the
Roer Valley Graben. This transition is characterised by several major step faults: the
Heerlerheide, Geleen and Feldbiss faults. The study focused on the areas south and
north of the Heerlerheide Fault. The area south of the Heerlerheide fault is well known
for its former mining activities, and data on the subsurface is plentiful. However, its
mining history means that there are almost no parts of the area left undisturbed by
mining activities, so developing a CO2-ECBM site on top of a mined area implies some
leakage risks.
The virgin area north of the Heerlerheide fault is characterised by a series of tilted fault-
bound blocks. There is little data on this area apart from a few seismic lines and limited
well penetration of the Carboniferous. If the injection/production operation is to be
successful, the structural framework has to be known so that good lateral continuity of
the coal and sand layers can be pursued. The area in between the boundary faults has so
far been assumed to be relatively stable with continuous (coal) layers. Identification and
mapping of the major faults is also of great importance because of their role in the
hydrodynamic system in the area.

The Upper Carboniferous deposits of Westphalian age in southern Limburg are known
to comprise coal-rich and coal-poor zones. It was assumed that in total at least five
metres of coal should be completed (perforated and possibly fracked). This requires the
completion of several individual coal seams in, on average, 125 m of Westphalian
succession in a coal rich zone. This is present both north and south of the Heerlerheide
fault within the depth interval of interest (800-1200 m).
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Achterhoek

Zeeland/Noord-Brabant

Zuid-Limburg

Peel

< 1000 m

1000-2000 m

2000-3000 m

> 3000 m

Depth of the top Carboniferous

Figure MS-1: Map of the depth of the top of the Carboniferous. The main three areas with Carboniferous
coal-bearing deposits above 1500 m are Zuid-Limburg, Achterhoek and the Peel. In
Zeeland and Noord-Brabant Carboniferous coal seams occur in the depth interval between
1500 to 2000 m, and deeper.

Feldbiss Fault

Geleen FaultHeerlerheide Fault Sittard

Geleen

CARBOLIM DSM

Figure MS-2: Location of main faults (in red) in the area near the cities of Sittard and Geleen. The outline
of the area under investigation in this study is indicated in blue.
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Development phases

ECBM development is considered a high-risk venture due to the great variability in the
reservoir parameters, such as gas saturation and permeability. Therefore, a phased
process is required to develop a commercial ECBM project. In this study, three phases
were considered: a test site, a scaled-up site and a network consisting of various scaled-
up sites. Several options were evaluated for the supply of the carbon dioxide to the
injection wells in all sites, including transport by truck and pipeline. When scaling up
the test site, CO2 supply from the ammonia plant by high-pressure pipeline is more cost-
effective than transporting high-purity CO2 by truck. The required treatment system for
the water produced, which is potentially saline, was also taken into consideration.
The costs for the test site were calculated in an economical analysis. For the scaled-up
site and the network of scaled-up sites, CBM production costs (break-even price) and
CO2 mitigation costs were calculated to allow comparison with alternative CO2
mitigation options. Well drilling and completion costs in these calculations were based
on estimated prices provided by several drilling companies, including estimated cost
reduction resulting from technological learning and the effect of economies of scale.
CO2 supply costs were calculated from price indications provided by industry and
literature. A sensitivity study was performed to investigate the impact of various
parameters in the economic analysis.

Test site

A test site should be started to gain more insight into the local geology and to quantify
reservoir properties and production rates. To select possible locations for a test site in
Zuid-Limburg, the following criteria were taken into consideration:
− Distance to ammonia production facility producing pure CO2, to limit the costs for
capture and transport

− Distance to buildings in the area, to limit the nuisance
− Subsurface conditions, regarding coal thickness, permeability, gas content and
distance to faults

− Distance to roads in the area, to limit additional costs for road construction
− Regulations

It was concluded that still many uncertainties exist in the selection of the best location
for a test site in Zuid-Limburg. Each of the five selected locations has its site-specific
characteristics, and no clear best-case location could be chosen. The permeability of the
coal is expected to be low to very low at all locations. Once the decision is made to
develop a test site, the different criteria will have to be labelled with a relative weight
for the actual selection of the location.

Given the spatial constraints at the surface deviated wells will have to be used, thereby
reducing the required injection/production area at the surface. Deviated wells for
commercial CBM exploitation are nowadays economically drilled in the USA and have
been extensively applied in the mining industry in Germany. It is recommended that the
anticipated demonstration site in Zuid-Limburg would initially be developed with one
vertical producer and one deviated injector. Latter is required to get experience with
deviated drilling techniques. Both wells would have to be cased, cemented and
perforated (and possibly fracked) over a cumulative coal interval of at least 5 m of coal.
The production well would be completed with a down-hole sucker rod pump and the
injection well with the installation of tubing and a packer.
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Total investment costs of a test site were calculated to be are around 2.3 million euro,
including 1 deviated injection well, 1 vertical production well and CO2 facilities at the
site. For a test-site, the present-day CO2 infrastructure in which liquefied high-purity
CO2 produced at the CARBOLIM plant is delivered to the injection site by means of a
truck seems most feasible. Supply costs are in the range of 52-59 €/t. Based on a range
for various procedures, water treatment/disposal costs are estimated to be around 7
€/m3.

Scaled-up site

The test site will determine the viability of the process and the suitability of the
location. Should the measured properties appear to be promising, the operation could be
continued and expanded to a larger site. A similar approach, with deviated wells, should
be followed in this upscaling. In a scaled-up site, the number of injection and
production wells is increased. The maximum possible configuration is regarded as
being four 5-spots with a well spacing of 800 m each (a total of 4 injectors and 9
producers). This is based on field size and the presence of faults. An estimated 0.7
million tonnes of CO2 could be stored and 166 million m3 produced in the project’s
lifetime (25 years).
Supply costs of a scaled-up site (including compression, dehydration and pipeline
transport) are circa 13 €/t. CBM production costs are estimated at 7 €/GJ (about 0.25
€/m3 versus a natural gas price of approximately 0.1 €/GJ). CO2 mitigation costs are
approximately 55 €/t.

Network of scaled-up sites

In order to store 0.5 million tonnes of CO2 per year (representing around 0.25% of
annual Dutch CO2 emissions) a network of scaled-up sites should be established. A
preliminary calculation results in a total of 76 injection and 171 production wells. The
spatial constraint caused by this number of wells might be a problem, although this can
be minimised by deviated drilling and clustering of wells. In this scenario about 3 Gm3

CBM could be produced and about 13 Mtonne CO2 could be sequestered during the
project’s lifetime (30 years). This would be sufficient to fuel a CHP plant of 140 MWth

(circa 60 MWe).
CO2 supply costs for a network of scaled-up sites are about 10 €/t and CBM production
costs are estimated at 6.2 €/GJ (about 0.22 €/m3). CO2 mitigation costs are
approximately 44 €/t.

Table MS-1 Summary of the results of the economical evaluation

CO2 stored

[Mtonnes]

CBM
produced

[million m3]

CO2 supply
costs

[€/t]

CBM
production
costs
[€/GJ]

CO2 mitigation
costs
[€/t]

Test site Depends on
lifetime

Depends on
lifetime

52-59 Not applicable Not applicable

Scaled-up site 0.7 166 13 7 55

Network of
scaled-up sites

13 3000 10 6.2 44
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Requirements of an Environmental Impact Statement

ECN made an evaluation of the requirements for an Environmental Impact Statement
(EIS) for CO2-ECBM. At this moment it is unclear whether or not an EIS will have to
be drawn up for a CO2-ECBM demonstration project, mainly because the applicable
law can be interpreted in different ways. It is expected, however, that for large-scale
commercial CO2-ECBM projects an EIS will be mandatory in the future so it is
advisable to pre-empt any potential legal disputes relating the CO2-ECBM project.
Furthermore, it is recommended to do a voluntary EIS. This will turn out to be very
time efficient if an EIS does indeed become mandatory and also allows to inform the
general public of the plans for a CO2-ECBM demonstration project.

Conclusions

Despite the variation in parameters due to uncertainties or choices, the results clearly
indicate that ECBM is not competitive yet with natural gas, even when scaling up the
project. This is mainly because of the high well density and therefore large investment
costs. It can therefore be concluded tentatively that CO2-ECBM in Zuid-Limburg needs
an incentive in order to make it economically feasible. This might come by way of a
bonus for avoiding CO2 emissions, a tax on CO2 emissions or carbon credits in a future
carbon emission trading system. Another possibility could be given by production of
“climate-neutral” electricity from the produced CBM. Producers will receive a subsidy
per kWh produced “climate-neutral” electricity via the MEP regulation. A first
calculation indicates that a CO2 price between 42 and 52 €/t, or a MEP subsidy between
0.03 and 0.037 €/kWh, would make CO2-ECBM competitive with natural gas.

Although CO2-ECBM in Limburg cannot compete with natural gas without an
incentive, it can offer a more cost-effective local opportunity as a CO2 mitigation
alternative to other mitigation options such as renewables and other CO2 storage options
(aquifers and depleted gas fields). From this perspective, ECBM might become an
interesting course of action, once its technical feasibility is proven, in the Dutch strategy
to reduce greenhouse gas emissions.

Recommendations

In a follow-up study environmental and legal issues should be addressed. A CO2-ECBM
project will need a licence under the Mining Law. However the application of the
Mining Law on CO2-ECBM is not explicit until now. The question which mining
licenses are required cannot be answered in a generic way. Therefore, it needs to be
clarified in case a field project comes under consideration.

To get insight in the merits of CO2-ECBM, a test site is necessary. This test site should
be developed as a standard exploration site, with the procedures as known from the oil-
& gas industry. In addition, data from the RECOPOL project should be used on
forehand in the design of this test site in Zuid-Limburg.
Summarising the following steps need to be taken to start this first test:
− Simulation of the process by means of a reservoir model, including development of
scenarios for the well lay-out and evaluation of additional storage capacity
(surrounding sandstones)

− Evaluation of the hydrogeological setting of the area, including sealing capacity
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− Technical evaluation of the possible location and the number of sites per (coal)
block, including well completion methods and costs reductions (technological
learning and economies of scale)

− Execution of a dedicated seismic survey on the chosen area
− Detailed technical design for the test site in the specific area, including water
treatment/disposal system

− Installation of an extensive monitoring programme
− Start a voluntary (the preparation for an) Environmental Impact Statement
− Intensive communication with the (regional/wider) public to bring confidence in the
technology at stake
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1 Introduction

F. VAN BERGEN & H.J.M. PAGNIER
TNO-NITG

K. DAMEN
NWS-UU

1.1 Aims & background

In 2001 a study was finished for Novem that investigated the feasibility of CO2
sequestration in subsurface coal seams while simultaneously producing coalbed
methane [1]. This study concluded that “CO2 capture and disposal through ECBM is a
promising option for reducing greenhouse gas emissions in the Netherlands. ECBM is
expected to be inherently safe and likely to become economically feasible; its CO2
storage potential is large”. One of the key recommendations was to initiate a pilot
project, in order to gain necessary practical experience with ECBM production
schemes, in particular with respect to drilling techniques. Zuid Limburg was selected as
an interesting location, where cheap CO2 may be obtained from the ammonia
production at DSM-Geleen or the coal gasification plant at Buggenum. Also, the
knowledge about the coal reserves in this region is currently most detailed and
relatively high gas production rates can be expected in this area.
This current CO2-ECBM project is a follow-up feasibility study of CO2 sequestration in
subsurface coal seams while simultaneously producing coalbed methane (CBM) in Zuid
Limburg. It was decided to split the follow-up study in three phases (phase A, B, C):

Phase A: Several potential pilot sites will be evaluated concerning subsurface
conditions, gas production and sequestration potential, design of
surface equipment, and environmental aspects.

Phase B: In this phase a reservoir modelling study will be performed to
quantify, in time, the CO2 that can be injected and the BM that can be
produced. A final design of the pilot site will be developed. Also, a
location specific economical evaluation will be performed and a
complete MER study (if required) will be executed.

Phase C:  During this phase the actual development and realisation of an ECBM-
CO2 pilot site will be undertaken. This phase strongly depends on the
results from the pilot site in Poland that is currently developed in the
scope of the EU-funded RECOPOL project.

In addition, since well investment costs appeared to represent a significant share in the
cost breakdown, it was decided to perform a separate study on well drilling technology
and costs [2] (see appendix F).

This report describes the results of phase A, completed in 2003. The main aim of this
phase is a location-specific preparation study for a CO2-ECBM demonstration site, at
the best possible location in the Netherlands. Several potential pilot sites are evaluated
concerning subsurface conditions, gas production and sequestration potential, design of
surface equipment and environmental aspects (via a pre-MER study). It is emphasised
that this first phase is not intended to provide a final design of the pilot site, nor a final
economical evaluation, nor a complete MER.
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This part – as the former study – has been under review by a dedicated soundboard
group in order to get feedback from industry and government. Eventually, it is intended
to build an industrial orientated consortium, willing to support and to take part in the
planned demonstration project.

1.2 Introduction to CBM and ECBM

1.2.1 CBM-production

Coalbed gas is the term used for the occurrences of gas in subsurface coal seams.
Contrary to natural gas, the coal seam is both source rock AND reservoir rock. Coal gas
is mainly composed of methane (often 95% or higher) and is therefore often referred to
as coalbed methane, or CBM. Over 90 % of the gas is adsorbed at the coal surface,
especially in the micropores.

The gas adsorption capacity of coal depends on many factors [3], of which pressure is
the most important. At shallow depth (< 1000m) a coal seam can contain much more
gas than a conventional reservoir rock with similar volume and porosity (Figure 1.1).

Pressure

A
m
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nt
 o
f g

as
 

Coal seam

sandstone

Figure 1.1  - At shallow depth (< 1000m) a coal seam can contain much more gas than a conventional
reservoir rock with similar volume and porosity

CBM is normally produced by reducing the reservoir pressure by pumping of the
formation water in the coal seam. Water production decreases in time. Normally, it
takes time (sometimes up to several years) before the pressure is sufficiently reduced
for desorption of the gas. Gas production will increase until a peak production, followed
by a gradual decrease in production. This production profile clearly differs from that of
natural gas, where there is a gradual decrease in gas production while water production
increases (Figure 1.2)

Ayers Jr. (2002)

gas

water

TIME
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CBM production Conventional gas production

Figure 1.2  - Water and gas production in CBM operations (left) vs. water and gas production in
conventional gas operations. Figure on CBM production (left) after [4]
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Gas production rates per CBM-well are up to several orders of magnitude smaller than
natural gas wells. Nevertheless, CBM production is very successful in the U.S.A.
Coalbed gas made up 8.8 % of U.S. reserves and 9.2 % of U.S. dry gas production in
the year 2000 [4]. In order to achieve these figures, a mining approach was followed
rather than an oil and gas approach, resulting in thousands of wells per basin. Today,
more than 20,000 wells exist in more than a dozen basins in the U.S.A. [4].
Development of the CBM industry in the U.S.A. was stimulated by the government via
a favourable tax regime, the so-called Section 29 tax.

From a European perspective the CBM operations in the Carboniferous Basins are the
most interesting, since the deposits of Carboniferous age in Europe were deposited in a
similar setting as those in the U.S.A. (e.g. Alabama, Appalachian). Specifications of
CBM production from these basins are given in appendix B.

1.2.2 Enhanced Coalbed Methane Recovery with CO2 injection

The injection of CO2 into coal while simultaneously producing coalbed methane (CO2-
ECBM) combines fossil fuel production with CO2 sequestration, resulting in cleaner
energy production. It must be emphasised that CO2-ECBM is not yet a well-established
and mature technology, and therefore, like any field experiment, implies some
inevitable uncertainties and risks. However, the advantages of injecting CO2 into
coalbeds could be numerous: it sequesters the CO2; it shortens the production time for
CBM; and it improves the recovery of CBM (therefore Enhanced CBM production, or
ECBM). Another benefit of this technology is that in situ coal seams that cannot be
profitably mined could still be exploited. So, large amounts of fossil fuel that could not
otherwise be used for energy production would become available. Finally, this new
technology could be used for the decentralised generation of energy in many remote
areas close to coal-bearing basins, minimising the costs of energy transportation. To
date, only a few experimental ECBM/CO2 field sites have been realised in the world,
none of them in Europe, that have shown the great potential of this process for both CO2
sequestration and ECBM production [5-9].
Two main advantages must be emphasised that CO2 storage in coal has above other
subsurface sequestration options. Firstly, injected CO2 replaces adsorbed CH4 at the
internal coal surface, adsorbing firmly to the coal at a near-liquid density. Since the
process of gas adsorption has proven its stability through geological time periods, the
chances of future CO2 release from coal are minimised. Secondly, both laboratory
experiments and field tests have shown that for two sequestered CO2 molecules, one
CH4 molecule is produced. This ratio was reported in the early phase of ECBM research
by various authors e.g. [10-17].
This exchange ratio could imply that, in areas rich in coal, energy plants could be
developed that would have an emission of CO2 per energy unit that is much lower than
that of conventional energy plants or even approaches zero. This would make the
technology of ECBM with gas (CO2) injection a clean source of energy. This exchange
ratio is of specific interest, since the European perspective for ECBM is rather on the
CO2 sequestration potential than on the CH4 production. However, it must be
emphasised that there is still a lot of debate on the relation between the production
potential of CBM and the storage potential of CO2 [18] [19]. Laboratory experiments
showed that the exchange ratio of 2:1 could be even larger at pressures higher than 9.6
MPa, where the gaseous CO2 changes to supercritical CO2 [15] [18]. New results from
laboratory experiments indicate that the exchange reaction is complex and that the
exchange ratio can be lower than 2 e.g. [19]. The exchange relation is therefore subject
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to several ongoing laboratory experiments. The results of field experiments will have to
be carefully evaluated to gain an understanding of this complex relation.

In 2001 the RECOPOL project, which aims at the development of the first European
field demonstration of CO2 sequestration in subsurface coal seams, started. A site was
selected in the Upper Silesian Basin in Poland where two CBM-wells are present at
short distance from each other. One injection well was drilled in between (Figure 1.3) in
the summer of 2003. Injection is planned to start in October 2003 and will continue
until the end of 2004 [20]. The results of the RECOPOL project are of utmost
importance to a future demonstration in the Netherlands.
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Figure 1.3  - cartoon showing the concept of the RECOPOL pilot site in Poland modified after [21]

1.3 Outline of report

ECBM development is considered as a high-risk venture, due to the great variability in
the reservoir parameters, such as gas saturation and permeability.
Therefore, a staged process is required to develop a commercial ECBM project. First, a
test site is started to study the field of interest in order to get more insight in local
geology and quantify coal properties and gas and water production rates to determine
whether the location is viable for ECBM production. When the measured properties
appear to be promising, it can be decided to continue the operation and develop a larger
site with the purpose of commercial exploitation.
In this study, three stages will be considered: a test site, a scaled-up site and a network
consisting of various scaled-up sites in order to store all available CO2 produced at the

C
B
M
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ammonia plant1. The latter two stages are no final concepts in the development of an
ECBM site, but should be considered as possible follow-up steps of a test site.

Table 1.1 ECBM stages considered in this study

Stage ECBM configuration
A Test site 1 deviated injection and 1 vertical production well

707 m apart
B Scaled-up
test site

4 deviated injection and 9 deviated/vertical
production wells

C Network of 19
scaled-up sites

19 similar sites as B

In chapter 2, the geology, possible locations, well drilling, CO2 supply and associated
costs of the test site will be discussed. These aspects are discussed for the scaled-up site
and network of scaled-up in chapter 3, including also the ECBM performance and
economics. In chapter 4 the requirements for an environmental impact assessment are
considered. The discussion of the results is given in chapter 5, followed by the
conclusions and recommendations in Chapter 6.

1 In an earlier study on ECBM development, a similar approach has been used, in which 3 stages are
discussed that need to be realised to provide sufficient information to expand the project to a field-wide scale
[22]. Stage 1 is a micro-pilot test site consisting of 1 injection and 1 production well. Stage 2 is a 5 spot pilot
test site consisting of 4 injection and 1 production well. Stage 3 is a 9-pattern test site consisting of 16
injection and 25 production wells. However, the dimensions of such a field are likely to be too large in a
densely populated area such as Zuid Limburg. Therefore, it is decided to consider various sites with
relatively smaller dimensions.
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2 Selection of location and design of a test site for CO2-
ECBM

F. VAN BERGEN & H.J.M. PAGNIER
TNO-NITG

K. DAMEN
NWS-UU

2.1 Introduction

The previous study on the potential of ECBM with CO2 sequestration [1] indicated that
“an interesting location may be Zuid Limburg, where cheap CO2 may be obtained from
the ammonia production at DSM-Geleen or the coal gasification plant at Buggenum.
Also, the knowledge about the coal reserves in this region is currently most detailed and
relatively high gas production rates can be expected in this area”.

It was therefore decided in an early stage of this current study to focus entirely on the
area in the direct surroundings of the DSM-Geleen ammonia production plant, close
north to the former mining region. It is expected that sufficient coal is present in this
area up to a depth of 1,200 m. Supply of CO2 could possibly be arranged from DSM-
Geleen or CARBOLIM, thereby minimising transport costs.
At the ammonia plant in Geleen operated by DSM Agro, annually 1 Mtonne ammonia
is produced in two units by catalytic steam reforming of natural gas. During this
process, annually 1 Mtonne CO2 is produced. Approximately 50% is used internally
(mainly for the production of urea), from which a part is transported to CARBOLIM,
where high-purity liquid CO2 (>99.99%) is produced. This product is applied in a
variety of industries, among which food and beverage industry, metallurgic and
chemical industry and greenhouses. The remaining CO2 (0.5 Mt/yr) is now emitted to
the air and would be the maximum amount available for sequestration.

2.2 Selection of possible location for an injection/production site

In the first study for Novem [1] potential volumes were calculated of producible CBM
and storable CO2, without taking into consideration any spatial constraints at the
surface. Zooming in at the area near the DSM-Geleen/CARBOLIM CO2 production, at
the current stage of planning an actual test site, does require the evaluation of other
factors. The following criteria were set in order to make a proper selection of locations
for a demonstration site:
1. Distance to DSM/CARBOLIM CO2-production site
2. Distance to buildings
3. Subsurface conditions
4. Distance to roads
5. Regulations

These selection criteria are treated in the following paragraphs.
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2.2.1 Criteria 1: Distance to DSM/CARBOLIM CO2-production site

Any geological storage project involves three distinct components:

• Capture of the emitted CO2 from the source process followed by
dehydration/compression

• Transportation of the CO2 by pipeline to the storage site
• Injection and storage of the CO2 in the geological reservoir

Using the nearly pure CO2 from DSM/CARBOLIM means that the capture costs will be
significantly lower. The second major cost factor is a cost associated with the
transmission of the CO2 from the source to the storage site. In this case, with a high
purity scheme, the cost of transportation will become more of an important factor in the
economics of the whole scheme. However, if storage close to CO2 sources could be
found, so minimising pipeline distances, or existing pipeline infrastructures utilised,
transportation costs could be kept down.

In this project, it was therefore intended to keep the test site within close distance from
DSM/CARBOLIM CO2-production. The selected area is bounded to the West by the
Belgian/Dutch border, to the south by the city of Geleen, to the east by the city of
Sittard. To the north the boundary is, arbitrarily, set at circa 3.5 km from the CO2
production facilities.

1 km

DSM
CARBOLIM

Figure 2.1  – Map of the area north of the DSM ammonia production facilities in Geleen, with in blue the
area that was taken into consideration

2.2.2 Criteria 2: Distance to buildings

The second criterion of the selection procedure is to maintain sufficient distance
between the test site and buildings (houses, farms, offices, etc.) in the area. This
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distance will be determined by regulations. In this study the distance was, as a working
hypothesis, arbitrarily set at 200 meters. There are two main reasons for maintaining
this distance:
• Drilling activities involves heavy traffic, usually on a 24 hour basis, and some noise.
• CO2-ECBM is not yet a well-established and mature technology, and therefore, like
any field experiment, implies some inevitable risks. Carbon dioxide is a natural gas
present in the atmosphere at low concentrations (0,03 %), but can become a risk at
higher concentrations. In this demonstration project, storage and injection facilities
should therefore be at sufficient distance from buildings. A distance of 200 m is
more than sufficient for this safety aspect.

1 km

DSM
CARBOLIM

Figure 2.2  - Map of the area north of the DSM ammonia production facilities in Geleen, with in blue the
area that was taken into consideration and in black the outline of the buildings. In dark brown
the area is indicated that is within 100 meter distance from the buildings, in brown the area is
indicated that is within 200 meter distance from the buildings.

2.2.3 Criteria 3: Subsurface conditions

The target reservoirs are within the sedimentary deposits of Westphalian age. The total
thickness of compacted Westphalian sediments deposited in the area before erosion is
estimated at circa 1925 m [23] [24] (450m of Westphalian A, 625 m of Westphalian B,
750 m of Westphalian C, see appendix A). The seam spacing and thickness varies over
the Westphalian A to Westphalian C trajectory. For more details about the geology is
referred to Appendix A.

The following subsurface criteria were set in order to make a proper selection of
locations for a demonstration site:
3a. Fault configuration
3b. Target depth and stratigraphic level
3c. Coal content & completable coal zones
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3d. Gas content
3e. Permeability
3f. Distance to old mineworks

These selection criteria are shortly treated in the following paragraphs, and moree
detailed in Appendix A.

2.2.3.1 Criteria 3a: Subsurface conditions: Fault configuration

The area of Zuid-Limburg has in its geological history been subjected to several
tectonic phases, resulting in alternating periods of burial and deposition versus uplift
and erosion. The major fault displacement in the area occurred along the so-called
“Heerlerheide fault”. Whereas south of the Heerlerheide fault the top Carboniferous is
at present at a depth of circa 200-300 m, it is at 500-800 m north of the fault. The major
faults in the area are dipping to the north at an angle of circa 50-60°.
In order to prevent major drilling problems and in order to prevent connection with
permeable faults, a safety distance should be maintained to the faults. Taking the dip of
the faults into account, this implies that a well within a distance of circa 600-700 meters
north of the expression of the fault zones at the surface must be avoided. The fault zone
areas are indicated in red in Figure 2.3. However, due to limited data availability (see
appendix A) in the area north of the Heerlerheide fault more faults can be present in this
area.

2.2.4 Criteria 4: Distance to road

A demonstration site implies heavy traffic, both during the drilling and completion
phase as during the injection phase. Trucks will supply the CO2 required during the
injection period, probably at a frequency of one truck a day. To prevent the costs of
road construction, the test site should be located near an existing road. Based on this
criterion and the fault configuration, five possible locations were selected for a test site
(Figure 2.3).
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1
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3

45

Figure 2.3  – Location of the area open for drilling activities, taking into consideration the presence of
buildings (in black and green) and the presence of fault zones (in red). Selection of drilling
locations (in yellow) based on the area available for drilling close to roads

2.2.4.1 Criteria 3b: Subsurface conditions: Target depth and stratigraphic level

In order to achieve sufficient amounts of CO2 to be sequestered, it is anticipated to
inject and store the CO2 in the supercritical phase. The thermodynamic state of carbon
dioxide changes to the supercritical phase at conditions that are present at 800 meters
and deeper. Because permeability (see below) decrease and drilling costs increase with
depth the lower limit is set at 1200 m. The age and characteristics of the coal seams at
this target depth interval depend on the location.

In the area two major zones can be distinguished:
• The area south of the Heerlerheide fault, with deposits of Lower Westphalian C or
Westphalian A/B at the top Carboniferous. Drilling locations 1, 2, and 5 are located
in this area.

• The area north of the Heerlerheide fault, with deposits of Westphalian C at the top
Carboniferous. Drilling locations 3 and 4 are located in this area.

A prognosis of the stratigraphy was made at the five locations (Figure 2.4). Within the
Westphalian succession several rich (Upper Westphalian A, Upper Westphalian B,
Westphalian C) and poor coal zones (Lower Westphalian A, Lower Westphalian B) can
be identified. The rich coal zones are indicated in grey in Figure 2.4.
At every location rich coal zones are present in the depth interval between 800 and 1200
meters. Location 4 is the only location where it is expected that only coal rich zones are
present in the depth interval of interest.
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Figure 2.4 Stratigraphy prognosis at the five selected locations. Coal rich zones are indicated in grey.

2.2.4.2 Criteria 3c: Subsurface conditions: Coal content & completable coal zones

A evaluation was made for the coal content and coal seam density in the Westphalian
A-C sequence. Table 2.1 shows that in the coal rich zones every 25th meter a coal seam
with a thickness of circa 80 cm can be expected. The lateral total thickness of the
individual coal seams is relatively constant.
It will not be possible to complete all coal in the succession. However, in order to
produce significant amounts of CBM it is estimated that at least 5 m of coal should be
completed. This estimate is based on typical completions for CBM in the Carboniferous
basins of the U.S.A. (Northern Appalachian 3.7 m, Central Appalachian 4.9 m, Black
Warrior Basin 7.9 m; see appendix B). In order to complete cumulatively 5 m of coal in
Zuid-limburg, circa six intervals should be completed in a total interval of circa 125 m.
Probably it would be worthwhile also to complete the sandstone layers in this interval in
order to produce more gas and have more sequestration space (see further chapter 5).

Table 2.1 Average thickness and spacing of coal seams in the Westphalian

Median thickness
coal seam [cm]

Median distance
between seams
> 50 cm
thickness [m]

Westphalian C 80 29 Coal rich zone
Upper Westphalian B 68 23 Coal rich zone
Lower Westphalian B 78 46 Coal poor zone

Westphalian A 102 24 Coal rich zone
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2.2.4.3 Criteria 3d: Subsurface conditions: Gas content

Until an actual production test is performed, many uncertainties remain in both the gas
content of the coal and the well performance. At this moment, the following
conclusions can be drawn regarding the gas content in the area:

• The coal in Zuid-Limburg is undersaturated due to the burial history of the coal,
therefore has a lower than maximum (=isotherm) gas content. The methodology
using estimated (hydrostatic) paleo-pressure after uplift seems to be a good
alternative for gas estimates, although many uncertainties remain.

• Although it is expected that in general high rank coal has higher gas sorption
capacity, the position of the coal seam towards the top of the Carboniferous
determines its gas content. Coal close to the Top Carboniferous is more likely to be
degassed than coal that is deeper with respect to Top Carboniferous [25].

• The Stuffken curve can be used in the mined coal seams, but becomes increasingly
unreliable for deeper strata (> 800 m).

• Given the uncertainties that remain, it seems therefore valid to conclude that the
expected gas to be produced will range between 5 and 20 m3 /tonne, with a most
likely value of around 10 m3 / tonne.

At present, we are aware that the exchange ratio between injected CO2 and produced
CBM is complex. As a working hypothesis, it is assumed in this study that the amount
of CO2 that can be stored in the coal seams is twice as high as the amount of CBM
produced. This ratio was reported in the early phase of ECBM research by various
authors (see chapter 1). It was based on isotherm data, and therefore on maximum gas
sorption capacity. For undersaturated coal, the gas content is lower than maximum,
because of degassing in the past during tectonic uplift. However, the sorption capacity
for CO2 can be used until its maximum. The ratio between storable CO2 and in-situ CH4
will therefore be larger for undersaturated coal. Given the assumed gas production of 5
to 20 m3/tonne, it is therefore assumed that the exchange ratio for the undersaturated
coal with low gas content (5 m3/tonne) will be 3 instead of 2.

2.2.4.4 Criteria 3e: Subsurface conditions: Permeability

Permeability in coal seams is mainly depends on depth. Given the burial history of the
Zuid-Limburg area, the permeability in our study area depends on the moment of
deepest burial, at the end of the Carboniferous. The coal seams of Westphalian A age
will therefore have the lowest permeability, while those of Westphalian C age have
relatively the highest. One of the few sources for data on permeability measurements
for coal seams of Westphalian age from the Campine basin is the report on the
Belgium/Dutch CBM-production experiment in Peer [26]. Figure 2.5 shows the range in
permeabilities, as a function of stress, for Upper Westphalian A to Lower Westphalian
B coals. The permeability at a depth of 1000 m varies between 0.06 and 0.65 mD.
Unfortunately, no data is available for Westphalian C coals. The thick black line in
Figure 2.5 is a postulated permeability-depth relation, estimated on the observed trend
for an increase in permeability from Westphalian A to B. It is estimated that the
permeability in the Westphalian C is just above 1 mD. However, this may well be
lower. Measured permeability as a function of pressure, of a coal core of Westphalian
age, in laboratory experiments of TU Delft indicated an permeability range between
circa 0.1 and 0.5 mD at a pressure of 100 Bar [1] [17].
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Figure 2.5  - The thick black line is a postulated permeability-depth relation, estimated on the observed trend
for an increase in permeability from Westphalian A to B after [26]).

The conclusions that can be drawn regarding the permeability in the area are:
• Permeability decreases with depth
• Coal permeability is likely to decrease with the age of the coal (from Westphalian

C to Westphalian A)
• Permeability is expected to range between 0.05 and 2 mD

2.2.4.5 Criteria 3f: Subsurface conditions: distance to old mineworks

The Maurits mine was formerly located on the present-day terrain of the DSM plants.
Coal was produced by the Maurits mine from the area south of the Heerlerheide fault
from 1915 to 1967. Figure 2.6 shows a map of the old mine galleries of the Maurits
mine. Also the boundary is indicated until where coal was produced. In the production
period, millions of tonnes of coal and adjacent rock have been removed from the
subsurface. Almost no parts of the area south of the Heerlerheide fault were left
undisturbed by mining activities. It is not recommended to develop a test site on top of
old mineworks, because drilling through the old mineworks could give problems, and
the injected CO2 could leak to the surface through old mine galleries. Figure 2.6 shows
that locations 1 & 2 are located within the area for mineworks.
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buildings

Figure 2.6  – Map of the area under investigation, with the location of the old mine galleries under the
buildings (in black) and the boundary of mining activities (dotted line)

2.2.5 Criteria 5:  Regulations

Without going much into detail, some general remarks can be made regarding the
permits and environmental impact. Since location 1 and 2 are located on or close to an
industrial terrain, this will in general have less impact on the environment than locations
3, 4, and 5. Location 5 is located in the so-called Graetheide area, historically known for
disputes on environmental issues.

2.2.6 Evaluation of locations

Table 2.1 shows the results of the evaluation of the five locations selected according to
the criteria outlined above. This table shows that there is no clear “best case” among the
locations. Locations 1 & 2 have, in general, better conditions at the surface whereas
locations 3-5 seem to have better subsurface conditions.

For the test site we assume that in total 5 m of coal will be completed. As mentioned
earlier in section 2.2.4.2, this amount of coal requires on average 125 m of Westphalian
succession in a coal rich zone. This succession can be obtained at all locations within
the target depth interval. However, there will be more opportunities at locations 3 and 4
(respectively 325 and 400 m of coal rich zones in at the target depth interval) than at
locations 1 & 2 and 5 (respectively 250 and 200 m of coal rich zones in at the target
depth interval).
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The different criteria will have to be labelled with a relative weight when the actual
selection of the location for a test site is being performed. At this stage there are still to
many uncertainties in the various aspects of the development to determine these
individual weights.

Table 2.2 evaluation of the suitability of the selected locations for the development of a
test site.

L
ocation 1 &

 2

Location 3

Location 4

Location 5

1. Distance to DSM < 500 m
++

< 5km
+

< 5km
+

< 5km
+

2. Distance to households + + + +
3. Distance to road + + + +
4a. Distance to faults +- + ++ +-
4b Target depth (800-1200 meter)
           and
     stratigraphic level

925-1175

UWA

800-1125

UWB – LWB

800-1200

UWB – LWB

800-850 / 1050-1200

LWB / UWA
4c Coal content & completable coal zones - + ++ -

Volatile Matter
-Stuffken
- isotherm

15-28
-
++

24-36
++
-

26-38
-
--

26-30
+
+

4d. Gas content

-Distance from Top Carb. [m] 625
++

175
-

100
--

450 / 800
+

4e. Permeability -- + ++ -+

4f. Distance from old mineworks -- + + +
5. Permits & environmental impact ++ - - -
6. Uncertainty (relative) Low

+
High
-

High
-

High
-

2.3 Site development

2.3.1 Drilling and completion of wells for the CO2-ECBM test site

One of the key recommendations of the previous Novem-study in 2000 was that more
knowledge should be gained on drilling technologies suitable for the situation in the
Netherlands and their accompanying costs, particularly for deviated and in-seam
drilling [1]. The costs involved in in-seam drilling will be too high to motivate further
investigation at this stage of the project. However, deviated drilling from one location at
the surface could be the suitable technology for this kind of operations in the
Netherlands, where spatial constraints limit the available area for drilling operations. A
concept for a “normal” five-spot (4 producers, 1 injector) ECBM site is presented in
Figure 2.7. However, a “reversed” five-spot (4 deviated injectors, 1 producer) is
probably more favourable from an operational point of view. The production well is
completed with a pump that will consist of moving parts, which will cause fewer
complications in a vertical well than in a deviated well. The completion of the injection
well, with tubing and packer, is static after installation. No specific problems are
expected in a deviated well.
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Figure 2.7  - Concept for a normal five-spot ECBM site after [3]

2.3.1.1 Deviated drilling

Deviated wells in for CBM exploitation are nowadays economically drilled in the
U.S.A., e.g. in conjunction with active underground longwall mines. Up to 1300 meters
horizontally can be drilled routinely, allowing drainage of an area over 2500 hectares
(25 km2) from one surface location (CDX Gas, pers. com 2001).
BP has developed an Enhanced CBM field site with Nitrogen injection in the southern
Colorado portion of the San Juan Basin; the so-called Tiffany Unit [9]. It consists of 34
producer wells and 12 nitrogen injection wells; ten of the twelve injection wells were
drilled directionally from existing production well pads [9]. In some cases multiple
wills were drilled from one pad and the injector wellheads are located 20-30 feet apart
[9]. This strategy minimized the surface footprint associated with the injection wells,
and virtually eliminated the costs associated with new roads and well locations [9]. The
directional wells were drilled such that immediately under the surface casing shoe, they
were deviated and extended close to their desired geographic location, then realigned
(close to) vertically before penetrating the coal horizons [9] of Cretaceous age. Lateral
offset of the bottomhole locations were 2,300 to 2,600 feet from the surface locations
[9].
There are also examples of CBM-fields in coal deposits of Carboniferous age that are
developed with deviated/directional drilling. CONSOL Energy, a major producer of
CBM in central Appalachian (southwestern Virginia), started drilling in January 2003 to
develop an Enhanced CBM site with CO2 sequestration in West Virginia, U.S.A. [27].
They are drilling wells from the surface that extend horizontally, up to 3000 feet,
through the unminable coal seam. Benefits of horizontal drilling are considered to be :
- that it does not require a favourable geology to be effective
- that it exploits a large areal extent of the coal reserve from a single surface location
- that it is potentially a more coast effective approach
- that it affords the greatest potential for optimising both CBM recovery and CO2

sequestration.

These examples show that the technique exists to drill deviated/directional and
horizontal wells that are, even in CBM operations, cost-effective.

In Europe, deviated drilling has been performed in the oil & gas industry and in mining
industry. Whereas deviated drilling in the oil & gas industry are multi-million Euro
projects, it is routinely done in the coal mining industry. For example, Ruhrkohle in
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Germany has deviated more than 80% of its 700 boreholes from the surface [28].
Several deviated holes can be drilled in any direction from a single location [28]. The
current extension of drilling technology towards deviated drilling was triggered by
increasing requirements by environmental protection with regard to drilling activities
[28]. According to Schneider & Preusse [28], the deviation drilling technique is
especially suited for reconnaissance of steeply dipping elements of the Ruhr basin’s
cross fault systems (Figure 2.8). The tectonic setting (fault geometry) of the
Carboniferous deposits in the Ruhr basin can be considered as a relatively good
analogue to that of Zuid-Limburg.

Figure 2.8  - Exploration borehole with deviated branches  after [28]

Schneider & Preusse [28] give the following scheme for a deviated well (Figure 2.9):
Section 1: Deviation up to 12° with a Downhole Motor.
Section 2: Conventional rotary drilling with roller bit and special deviation rods.
Section 3: Conventional wireline coring from top Carboniferous up to 70°
Section 4: Coring up to the horizontal with a patented active-passive-system

consisting of two special drilling rods. While the passive non-rotating
rods only take down-pressure, moment and advance, coring is done by
means of the active rod, brought in by circulation. Drive of active rod
and therefore, that of the drill unit, is handled by a bottom turbine,
working by circulation.

Section 5: Horizontal coring with patented active-passing-system up to approx.
500 m.
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Figure 2.9  - Principles of deviating a surface borehole for hardcoal exploration after [28]

Although there are other schemes for this operation, different than the one described
above with the patented techniques, this scheme can be considered as a good guideline
for drilling of deviated wells.

The configuration for a pilot in Zuid-Limburg as proposed previously [3] would be a
five-spot operation, with 4 deviated injectors (or producers) and 1 vertical producer (or
injector). The costs involved for drilling such a pilot are estimated, in the scope of this
project, to be over 5 million Euro [2]. Because this seems to be too expensive, it seems
more feasible to initially develop a demonstration site consisting of one vertical
producer and one deviated injector (Figure 2.10).

2.3.1.2 Completion

It goes beyond the scope of this phase in the project to give a full description of the
completion of the well (during and) after drilling. Nevertheless, a general overview of
the different items is given in this paragraph and schematically presented in Figure 2.10.

Both wells will have to be cased (three sizes) and cemented. After finishing the cement
job, both wells need to be perforated over the correct depth interval. Whereas the coal
interval in the production well has to be fracked for better production, it is anticipated
that this is not the case for the injection well. It is expected that, if injection fails due to
too low permeability, the injection pressure at the surface can be sufficiently increased
to generate fracks with the CO2 itself. Valuable information on this matter will result
from the earlier mentioned RECOPOL project, where a similar approach is followed.
The production well is completed with a wellhead and a downhole sucker rod pump.
The injection well is completed with a wellhead and connected to the CO2 injection
facility. An example of a wellhead used for CO2 injection in the Allison unit of
Burlington Resources is shown in figure 2.11.
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The design of CO2 supply should be very simple and additional investment costs should
be minimal. Basically 2 supply options exist to deliver CO2 to the injection site (see
figure 2.12).

ammonia plant

99% CO2

1.5 bar, 10-45°C

purification & 
liquefaction

100% CO2

15 bar, -27°C

CO2 liquid1 storage

storage

100% CO2

80 bar, 10-50°C

pump

heater

injection 
well

ammonia plant

99% CO2

1.5 bar, 10-45°C

purification & 
liquefaction

100% CO2

15 bar, -27°C

2 storage steal pipeline

100% CO2

80 bar, 10-50°C

pump

heater

injection 
well

Figure 2. 12 - CO 2 supply options for a test site.

Option 1
The existing supply option, in which liquefied high-purity CO2 is delivered by truck,
seems most suitable for a test site. Trucks operated by ACP have a capacity of 24-25 t.
Assuming an injection rate of 20 t/day, this would require 1 truck per day. The storage
tanks at CARBOLIM of 4000 t CO2 is large enough to provide maximal 20 t CO2/day
in the summer. In the winter period approximately 10 t CO2/hr is available for injection
considering the maximum capacity of the compressors [29]. All locations suitable for a
test site (see section 2.2) are easily accessible by road and in relatively close vicinity of
the CO2 source (around 2.5 km). At the injection site, a tank needs to be installed for
temporary storage of CO2 and a pump and heater are required to bring CO2 to wellhead
conditions3. The CO2 is delivered and stored in a cryogenic tank at approximately
–25°C. To prevent thermal stress and operational problems (frost), the temperature of
the CO2 will have to be above 0°C, preferably 5°C or higher. Injection rates will
probably be slow enough for the CO2 to equilibrate with the temperature of the
surrounding rock on its way downward.
In order to inject the CO2 into the coal seams the in-situ injection pressure, at circa 800-
1200 m depth, needs to be higher than the hydrostatic reservoir pressure. The
hydrostatic pressure at circa 800-1200 m depth will be in the range of 0.75 to 1.25 MPa
(75 to 125 bar). Therefore, the injection facility at the surface should be able to deliver
1.5 MPa (150 Bar) in-situ pressure during injection. However, this is not the required
injection pressure at the wellhead at the surface. The weight of the column of
pressurised CO2 in the 800 to 1200 m long injection tubing will generate a pressure of
0.4 to 0.8 MPa (40 to 80 Bar), which results in a maximum required injection pressure
at the wellhead of 1.1 MPa (110 bar).

coal seam considered in this study (about 0.1 to 1.5 mD, see chapter 3). Therefore, the injection rate is likely
to be less than the San Juan basin. In the Recopol project, with coal seams of comparable permeability, it is
aimed at an injection rate of 20 t/day.
3 An alternative is to inject CO2 directly from truck to well (without temporary storage), as has been
performed in the Fenn Big Valley micro-pilot test. This is not feasible when a constant injection rate is
required and is therefore not considered in this study.
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Safety precautions should be taken to secure the site, among which a backflow
preventer and safety valves. Between the heating unit and the wellhead a pressure
regulator and flow meter are constructed.

A concept for an ECBM site is shown in Figure 2.13. This figure presents the injection
facility, as it is currently (August 2003) under development in the scope of the
RECOPOL project. The area that is prepared for drilling (nowadays not more than 2000
m2) [30] [28] should be large enough to place at least 2 containers and receiving
delivery trucks.

Circa 15 m

Flow meter

Heater

CO2 tanks

Gas pipeline

Pump

Water
storage
tanks

Separator

Production
well

Injection
well

Circa 40 m

Circa 40 m

Pressure
regulator

Figure 2. 13 - Pilot site field lay-out (concept)

Option 2
At location 1, the wellhead is in close vicinity of the storage tanks (on the terrain of
CARBOLIM). A small pipeline can be constructed from one of the storage tanks to
transport 20 t CO2/day directly to the injection well. Near the well, a pump and heater
are installed to bring CO2 to wellhead conditions. The set-up for this option resembles,
to some extend, the set-up of the Allison unit (Appendix B).
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Figure 2. 14 - Picture of an existing field example of a CO2 injection facility is the Allison Unit from
Burlington Resources, located in the San Juan basin (Northern New Mexico, U.S.A.).
Photo under courtesy of Burlington Resources.

2.3.3 CBM and water treatment system

Gas production is started by pumping off formation water to decrease reservoir pressure
and allow CBM to desorb from the coal layer. The produced water and gas are
separated at the wellhead. The gas goes to a separator, where the remaining water is
removed. At a test site, CBM produced is generally flared, because it does not pay off to
invest in CBM infrastructure due to the uncertainty in the project feasibility (injectivity,
gas production rates etc).
The main problem with the produced coalbed water is its relatively high salinity [23].
The chemical composition of the groundwater in the old mining area of Zuid-Limburg
varied strongly. In general, the composition varies with depth. There is a clear
separation between the groundwater of the overburden and the deeper coal-bearing
strata. Latter groundwater is of the natrium-chloride type and is relatively “soft”.
Generally, it has a chloride content higher than seawater (19,000 mg/l) [31,32].
The chloride concentration is often the parameter controlling discharge [23].
Considering a production rate of 5 m3/day per well (estimated from other CBM
production numbers, see appendix D) and a composition comparable to that of coalbed
water samples from the Carboniferous at the Peel (see appendix D), discharge to the
surface water seems a feasible option4. Coalbed water is temporarily stored in a vessel,
which is periodically emptied by truck to transport it to the nearest surface water with
sufficient flow (Julianakanaal, which is connected to the Maas river), where it can be
discharged.
However, coalbed water may contain other contaminants like heavy metals, coal
particles, organic trace elements and mineral oil. Coalbed water generally contains

4 For the Maas, an emission policy is formulated for salinity (so-called stand-still principle), which implies
that the concentration of Cl- and SO42- should not exceed 100 mg/l [33]. The expected loads of these anions
for a test site will not threaten this target and can be discharged to the Maas without any treatment, provided
that the heavy metal concentration is very low [33].
.
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significant amounts of metals and oxygen bounding compounds [34]. When water
production is started, a chemical analysis should be performed in order to verify
whether surface discharge is allowed considering water quality standards of the
receiving surface water. If it appears that coalbed water has too high concentrations of
pollutants, wastewater treatment should be considered in order to comply with the water
quality standards.

2.4 Costs of the test site

For the specific conditions of this study, lumpsum prices of (deviated) injection and
production wells were provided by drilling companies [2] and are given in the table 2.3.
These prices seem reasonable in comparison to costs estimates in the Ruhr Basin5. A
cost quotation for all components of CO2 supply for a test site is given by Vansant [29]
(see table 2.4).

Since the coalbed water disposal/treatment system required to comply with water
quality standards is uncertain, a cost range from literature is used to estimate water
disposal/treatment costs. Water disposal costs may range from 0.1 to 1 $/barrel [37],
corresponding to 0.75 to 7.5 €/m3. Costs of several treatment/disposal technologies
given in [23] range between 0.3 for an aeration and sedimentation system and 7 €/m3 for
deep well injection. In this study, a conservative value of 7 €/m3 is assumed.
When development actually starts, additional costs (such as monitoring, permits, land
lease etc.) should be taken into consideration. A rough estimate of these costs, which
are not included in the cost calculations, amount up to at least 350,000 euro.

5 Well drilling, stimulation and completion costs for a 2000 m deviated well in the Ruhr Basin, Germany,
can be reduced from 2.8 (exploration well) to approximately 0.9 M$ (production wells) [35].
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Table 2.3 Drilling costs including logging, completion, pumpjack and barrel, packer,
contingencies and supervision (in million euro)

Configuration Price
injection
well

Price
production
well

Total price

1 deviated injector + 1 vertical producer 1.13 0.72 1.85
1 vertical injector + 1 vertical producer 0.475 0.5 0.975
Coring b - - 0.25
b May not be necessary since logging programme might be good enough to get detailed coal seam
information [2]

Table 2.4 CO2 supply costs of test site (20 t CO2/day)

Costs Option 1 Option 2
Investment costs and one time expenses (k€)
Installation and removal storage tank 4 -
Pump and heater 125 125
Piping system 15 75
Electrical substation (90 kW, 0.4 kV) 20 a -
Total additional investment (k€) 144 200
Fixed costs (€/yr)
Storage tank rental 18000 -
O&M costs 6000 6000
Variable costs (€/t)
CO2 price 50 50
CO2 transport (truck) b 2.60 -
Pumping and miscellaneous energy use c 1.06 0.28
Heating energy d 1.80 0.81
CO2 costs (without investment) (€/t) 58.8 51.9
a Costs to transport and install an electrical substation with a 630 kW transformer 10 kV-230/400 V are
between 29 and 36 k€. The costs of the transformer (10 kV – 400 V) itself are between 15 and 19 k€
for 630 kW and between 6 and 9 k€ for 100 kW [36].
b 60-70 €/trip for a maximum distance of 10 km
c Energy use to increase pressure from approximately 17 bar to 80 bar is 10.6 kWh/t CO2 for option 1
and 6.3 kWh/t CO2 for option 2. Electricity costs are 0.1 €/kWh for option 1 and 0.045 €/kWh for
option 2.
d To increase the temperature from approximately –25°C to 5°C is 18 kWh/t CO2.
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3 Development towards commercial CO2-ECBM

K. DAMEN  & A. FAAIJ
NWS-UU

F. VAN BERGEN
TNO-NITG

3.1 Introduction

If the test site appears to be successful (from a technical point of view), it can be
decided to develop the test site into a larger site, further referred to as an “scaled-up
site”. If the scaled-up site appears to be successful, it can be decided to develop more
scaled-up sites. Whereas the test site is not intended to result in any financial benefits,
the scaled-up sites are designed with the intention of commercial exploitation.

3.2 Scaled-up site

In a scaled-up site, the exploitation area and the number of injection and production
wells are increased to realise higher total CO2 injection and CBM production rates.
However, the area considered in this study for CO2-ECBM is restricted due to the
presence of faults (see section 2.2). The available space is even more limited due to the
presence of houses and infrastructure, but this is not accounted for assuming these
surface constraints can be overcome to a large extent by deviated drilling and clustering
of wells.
The available area that can potentially be exploited directly north of the
DSM/CARBOLIM plants (Figure 3.1) is estimated at 11 km2 in total, which
corresponds to an estimated CO2 storage capacity of circa 3 Mtonnes (Table 3.1).

Figure 3.1  – areas considered open for CO2-ECBM development
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Table 3.1 Characteristics of the five areas in Figure 3.1

Area Surface area (km2) Producible CBM (Mm3) a Storable CO2 (Mt) a

1 3.96 257 1.0
2 2.87 187 0.8
3 0.78 51 0.2
4 1.62 105 0.4
5 1.96 127 0.5
Total 11.2 727 2.9

a Assuming coal density of 1.3 t/m3, 5 m coal (most likely coal thickness in this area [3]), 10 m3 CBM/t
coal can be produced, CO2-CH4 exchange ratio of 2 and CO2-density of 2 kg/m3

As can be seen in Figure 3.1, basically 5 fields can be distinguished. Field 1 seems, due
to its size, to be most feasible for scaled-up exploitation. Based on the dimensions and
shape of this field and the occurrence of faults, development of four 5-spots with a well
spacing of 800x800 m each seems realistic. In total, nine production wells with four
deviated injection wells in the centre have to be drilled (see figure 3.2). It must be
emphasised that the data availability of this field is limited, and it is possible that this
area is structurally more complex. If this is the case, development of a scaled-up site
with those dimensions will be more complicated.
The total (subsurface) coal area that is exploited with this scaled-up site is
approximately 2.6 km2. The surface area required for wellheads and injection facilities
will depend amongst others on drilling technology and safety regulations. Possibly,
some of the production wells also need to be deviated due to (sub)surface barriers.

Figure 3.2  - Possible configuration scaled-up site
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3.3 Network of scaled-up sites

The amount of CO2 that can be stored in a scaled-up site is quite moderate
(approximately 30 kt per year). If the scaled-up site appears to be successful, it can be
decided to develop more scaled-up sites (enlarging the existing site is not very likely,
due to (sub)surface barriers). By increasing the number of sites, larger cost reductions
might be achieved (due to economies of scale) and more significant volumes of CO2 can
be stored. The maximum quantity of CO2 available for injection is about 0.5 Mt/yr
(current emission ammonia plant). Assuming an injection rate of 20 t/day per well
(homogeneous permeability in area) and 330 operational days (load ammonia plant),
circa 76 injection wells are required to inject 0.5 Mt/yr. It is assumed 19 scaled-up sites
need to be developed with 4 injection wells and 9 production wells each, bringing the
total of 76 injection wells and 171 production wells.
In order to evaluate a network of 19 scaled-up sites, the exploitation area considered
needs to be extended to other coal-rich areas in the surroundings. In the former ECBM
study [1], an evaluation was made of the fault-bounded blocks in Zuid-Limburg north
of the Heerlerheide fault. The location of these blocks can be seen in figure 3.3. The
area south of the Heerlerheide fault was not taken into consideration, because of the
former mining activities in this area. In table 3.2, the area and coal thickness of these
fields are given for the coal layers between 1000 and 1500 m (injection depth).

The concept of a network of 19 scaled-up test-sites is visualised in figure 3.4. Due to
the presence of faults, urban areas and infrastructure, deviated drilling is an essential
technology in the development of such a network.

A

B

C

D
E

F

Figure 3.3  – Undeveloped Coal fields in Zuid Limburg (area A-F in red). In blue are the fields within the
Maurits and Maurits Noord field. Apart from the fields in blue, the exact location of faults in the
other fields is unsure, because these fields have not been so extensively studied.
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Table 3.2:  Coal fields in Zuid-Limburg

Field Surface area
(km2)

Coal thickness
(most likely) (m) a

Producible CBM
(Mm3) b

Storable CO2

(Mt) b

A 12.2 5 793 3.2
B 6.2 5 403 1.6
C 11.5 10 1495 6.0
D 12.1 10 1573 6.3
E 11.2 10 1456 5.8
F 13.9 6 1084 4.3
Total 67.1 6804 27.2

a [3]
b Assuming coal density of 1.3 t/m3, 10 m3 CBM/t coal can be produced, CO2-CH4 exchange rate of 2
and CO2-density of 2 kg/m3.

=

Figure 3.4  - Possible scaled-up configuration. In black, the borders of the province Limburg, in red the coal
areas and in yellow the drilling locations.

Several aspects need to be considered in more detail in order to determine whether the
development of such a network of scaled-up sites in Zuid Limburg is technically
feasible. A similar evaluation as performed in this study for the Maurits and Maurits
Noord field (chapter 2) is needed for the other coal fields as well to increase the insight
in the geology and storage capacity of these fields and the restrictions due to the
presence of urban areas and infrastructure. One of the main subsurface restrictions is the
presence of faults, limiting the coal area that can be exploited (to avoid possible
leakage). The total (subsurface) coal area of 19 scaled-up sites, each exploiting 2.6 km2,
is approximately 49 km2. This corresponds to 73% of the total area (see table 3.2).
Considering the safety zones around faults assumed in this study for the Maurits and
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Maurits Noord field, circa 40% of the area is a not suited for injection. If the extent of
faulting can be extrapolated to the other fields as well, the available area might be too
small for the development of 19 sites.  Apart from all the (sub)surface and legal
barriers, it is of course questionable whether the development of such a large area with
so many wells is realistic considering the enormous investment costs associated with
well drilling and infrastructure. The evaluation of this network must therefore be
considered as the most optimistic scenario in order to store all available CO2 produced
at the ammonia plant and to reduce CBM production/CO2 storage costs.

3.4 ECBM potential and performance

A site-specific reservoir model is not part of phase A (this study), so the applicability of
available (generic) ECBM models was studied. Due to the restrictions of these models6,
it was decided to use a simplified approach. For the CBM production in time of the
scaled-up site, the CBM production curve as predicted by the Stars model is used7,
adapting it for the expected CBM production. In a scaled-up site, approximately 166
million m3 CBM is expected to be produced within in the projects lifetime8. Assuming a
CO2:CH4 ratio of 2:1, about 0.66 Mtonne CO2 can be sequestered, corresponding to a
production period of 25 years with 330 operative days per year (load ammonia plant).
When up-scaling the project to store all available CO2 produced at the ammonia plant,
18 more of these sites need to be constructed. These sites are not constructed and
operated simultaneously. When assuming 19 scaled-up sites can be constructed within 5
years9, the expected lifetime is 30 years. Each year, 4 scaled-up sites can become
operative. The last site is started 5 years after the first site has become operative. In the
first and last five years, less CO2 can be injected, because units are not operating yet or
are out of production, because the storage capacity has been reached. The resulting
production curve is the sum of the CBM production per site (see figure 3.5) multiplied
with the number of sites operating in a specific year (see figure 3.6). It is assumed that
all sites can be operative in the 330 days that CO2 is available, although in reality a
certain share of sites will probably not operate due to maintenance or
injection/production problems. The uncertainty accompanied by this approach is
accounted for in the sensitivity analysis, where the total CBM production is varied.
In a network of various scaled-up sites, an estimated 3 billion m3 CBM can potentially
be produced in the projects lifetime10 and circa 12.7 Mtonnes CO2 can be sequestered.

6 The Stars model, which was applied in the former study on ECBM in the Netherlands [1],  was not
available. A model, which accounts for sorption is the Coal-Seq V1.0 model developed by ARI. This model
enables the user to create a CBM production curve for a limited set of scenarios, in which permeability,
spacing, depth, coal rank, injection rate, injection gas composition and injection timing can be chosen. Since
the parameter choice is limited no CBM production curve could be set up for the production scenarios as
considered in this study.
An alternative model is the ECBM Generic Reservoir Model developed within the GestCo project, in which
CO2 injection into an average fault bounded block as found in the Belgian, Dutch and German coal basins is
simulated [38]. However, the simulations in SIMEDII could not be applied for the purpose of this study,
because the set-up for the production scenarios as considered in this study were too specific.
7 Using the model predicted by Stars was most practical since the production period and well spacing
corresponded with the estimated production period and well spacing of the scaled-up site. Its modelled
production curve shows large similarity with the CBM production curves predicted by the Coal-Seq V1.0
and SIMEDII simulators.
8 Assuming production area of 2.56 km2 (four 5-spots of 800x800 m), coal density of 1.3 t/m3, 5 m coal and
(most likely coal thickness in this area [3] ) and 10 m3 CBM/t coal can be produced.
9 It is assumed that a deviated well can be drilled and completed within 20 days (10 days drilling, 10 days
completion). However, a completion rig can work simultaneously with a drilling rig after the first well, so 13
wells (4 injection wells and 9 production wells) can be drilled within 130 days or ± 3 months with 2 rigs.
10 Assuming area of 49 km2, coal density of 1.3 t/m3, 5 m coal and that 10 m3 CBM/t coal can be produced.
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Figure 3.5  - CBM production scaled-up site

Figure 3.6  - CBM production of 19 scaled-up sites

3.5 Site development

3.5.1 Well drilling and completion

Well drilling and completion are assumed to be similar as described for the test site. In
addition, the technical feasibility of deviated production wells should also be
considered.
Regarding well drilling and completion costs, lumpsum prices of injection and
production costs wells provided by drilling companies [2] were given for a maximum of
5 wells. However, costs are expected to decrease when the number of wells to be drilled
increases when up scaling the project. Two important drivers for cost reduction are
technological learning and the effect of economies of scale. When drilling several wells,
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it can be expected that the time required per well decreases with the number of wells
drilled given the experience obtained with earlier drilling. Also the share of several cost
components of total drilling cost (transport costs, use of rig, supervision, construction of
the site) are expected to decrease with increasing number of wells to be drilled.
The cost breakdown of the lumpsum price and dayrates provided by the drilling
companies (see [2]) are used to estimate the cost reduction per well with increasing
number of wells to be drilled. Drilling costs consist of rig mobilisation and
immobilisation (111 k€ each), rigmove between wells (39 k€) and actual drilling itself
(dayrate of 8760 €). The remaining part (total lumpsum price of the well minus cost
components just mentioned) consists of materials (casings, cement, drilling fluids) and
other services. It is assumed that the first vertical well in the scaled-up site (for which
the lumpsum price is used) is drilled in 30 days, whereas the last well can be drilled in
15 days. Deviated wells are assumed to be drilled within 40 days. When “copying” the
scaled-up site to other sites, it is assumed that all vertical wells can be drilled within 15
days and all deviated wells within 20 days11. Costs related to
mobilisation/demobilisation of the rig, site construction and supervision are assumed to
decrease with 10% per well when up scaling the test site. Material costs (casings,
cement, packer and drilling fluids) and completion costs are expected not to decrease
with up scaling.

Table 3.3 Drilling costs including logging, completion, pumpjack and barrel, packer,
contingencies and supervision (in million euro)

Configuration Average price
injection well

Average price
production well

Total
price

Scaled-up site
4 deviated injectors + 9 vertical producers 1.13 0.64 10.30
4 deviated injectors + 9 deviated producers a 1.13 1.04 13.89
Network of scaled-up sites
76 deviated injectors + 171 deviated producers 0.93 0.95 233
a Cost of deviated producer is assumed to be equal to cost deviated injector + costs of pump.

11 The time spent on the drilling of one well is approximately 25 days [2] . According to a study performed
by the Alberta Research Council [22], vertical wells can be drilled within 15 days (1 week drilling and 1
week completion using 2 rigs). The use of PDC bits makes it even possible to drill a well within 10 days
[35]. With 5 wells on turnkey basis (4 deviated and 1 vertical), the total drilling time varies between 150-200
days [2]. Drilling of deviated wells will take some more time, since the distance to reach the same depth as a
vertical well is larger. Considering the casing length for deviated wells with horizontal displacement of 700
m and depth of 1200 m, drilling time will be approximately 1/3 larger than vertical well.
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Table 3.4 Cost breakdown wells (in thousand euro)

Component Deviated
injector
(scaled-up)
test site

Deviated
injector 19
scaled-up
sites

Vertical
producer
test site

9th vertical
producer
scaled-up
site

Deviated
producer 19
scaled-up
sites

Drilling 993 796 566 412 796
Logging 15 15 12 12 15
Wellhead 10 10 10 10 10
Completion 31 31 31 31 31
Pumpjack +
barrel

0 0 25 25 25

Packer 5 5 5 5 5
Location 25 23 25 23 23
Contingency 27 27 27 27 27
Supervision 24 22 20 18 22
Total 1130 928 721 563 953

3.5.2 CO2 supply

Technically, CO2 for underground sequestration does not have to be as pure as the high-
purity CO2 produced by CARBOLIM; the raw CO2 stream (which has a purity of circa
99%) released at the ammonia plant is suitable for sequestration. In other words, several
steps in the process operated by CARBOLIM (e.g. washing, catalytic oxidation and
distillation) are not necessary for sequestration. When the test site appears to be
successful and it is decided to develop a scaled-up site, the construction of a new supply
system might be more economic. In such a configuration, the raw CO2 stream released
at the ammonia plant is transported to the injection site by pipeline.
The exact configuration of the pipeline depends on many factors, among which
crossings with roads, permits, safety regulations, and the number and location of
injection wells. Another issue to be considered in more detail when transporting CO2 by
pipeline is supply security. If one of the ammonia units is shut down (e.g. for
maintenance), CO2 supply will stop temporarily. In an extensive engineering study on
the design of surface facilities, it is suggested to install surge storage capacity. Surge
storage capacity is needed to control pressure transients during flow changes and
ease co-ordinating operation of the compressor and pipeline. Fail-safe valves allow
the flow to be diverted to the surge tanks during start-up and shutdown operations
[39]. However, for the system considered in that study (500 MWe power plants with
an annual emission of several Mtonnes CO2), it is not possible to provide enough
storage to allow continued operation in the event of a prolonged outage, given the
high flowrate and high pressures involved [39]. An alternative back-fall solution in
case the ammonia plant is out of operation is to purchase CO2 from CARBOLIM.
For the construction of a new supply system basically 2 configurations are possible
(option 3 and 4, see figure 3.7)12.

12 Carbolim is considering to construct a pipeline (30 bar) to transport liquid CO2 to a nearby situated train
station [29]. Possibly, a side branch can be constructed to supply CO2 to the injection well. This plan is still
in conceptual phase and is not further considered as supply option in this study. However, it might be an
interesting supply option to transport moderate volumes of CO2 to the injection well.
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Option 3
CO2 is compressed to approximately 80 bar, dehydrated, cooled and transported as a
liquid to the storage site in a steal pipeline, ready for injection. It is assumed that the
output pressure of the pipeline is sufficient for injection (allowed pressure drop is circa
1 bar) so no additional pump is required. This option is the most conventional method
when considering large-scale transport of CO2. An alternative material for steal is
fiberglass reinforced epoxy. In this study, both type of piping will be analysed.

Option 4
An alternative is to transport CO2 released at the absorption unit in gaseous phase in a
low-pressure plastic pipeline (either PE or fiberglass reinforced epoxy) to the injection
site, where it is compressed and dried to wellhead pressure. Eventually, a blower might
be installed before the pipeline to increase the suction pressure of the compressor near
the wellhead to 2-3 bar. Operating a compressor and dehydration unit at the injection
site is more complicated.

Figure 3.7  - CO2 supply options for a scaled-up site.

For the various components in the supply chain, cost quotations given in literature and
provided by manufacturers of chemical and mechanical facilities are used (see table
3.6). CO2 price at the gate of the ammonia plant is assumed to be 0. Further details are
provided in appendix C.
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Table 3.5 CO2 supply costs of scaled-up site(s)

Component Scaled-up
site
(option 3)

Scaled-up
site
(option 4)

19 scaled-up
sites
(option 3)

Investment costs and one time expenses (k€)
Compressor a 630 670 7575
Dehydration b 421 421 4389
Pipeline (steal) c 1250 - 2787
Pipeline (fiberglass reinforced epoxy) d 197 226 2568
Fixed O&M costs (€/yr)
Compressor a 31 33 379
Dehydration b 17 17 176
Pipeline (steal) c 26 - 215
Variable costs (€/yr)
Energy use compression a 121 131 2406
Energy use dehydration b 0.4 0.4 7.3
a For a scaled-up site, a 336 kW reciprocating compressor is used to compress 80 t CO2/day from 1.5
to 80 bar (option 3). In option 4, a 365 kW reciprocating compressor is used to compress 80 t CO2/day
from 1 to 80 bar (suction pressure is lower due to pressure drop pipeline). Capital costs are based on
capital costs for a 4.5 MW reciprocating compressor of 3780 kUS$ [40], applying a scale factor of
0.75.  In order to compress 1500 t CO2/day (19 scaled-up sites) from 1.5 to 80 bar, a 6.7 MW
centrifugal compressor is required. Capital costs are calculated from capital costs of a four stage
centrifugal compressor of 24 M€ to compress 250 t CO2/day from 1 to 80 bar provided by Sulzer [41],
applying a scale factor of 0.75. O&M costs of the compressor are assumed to be 5% of the capital
costs for both reciprocating and centrifugal compressors [41]. The electricity price is set at 0.045
€/kWh. Cooling water requirements and the associated costs is not accounted for, nor the additional
costs associated with an electrical substation when the compressor is installed at the injection site.
b Calculated from gas dehydration equipment capital costs of 26 M€ for a packed particle bed
adsorption unit with a capacity of 5.06 Mt/year [42], applying a scale factor of 0.8. The dehydration
energy is assumed to be 8 KJ/kg CO2 after [43]. The energy costs for regeneration of adsorbent was
estimated using a steam price of 2 €/GJ based on a cost estimation of low-pressure steam given in [39].
The adsorbent can also be regenerated by passing hot CO2 through the drying tower [43]. O&M costs
are assumed to be 4% of initial material costs [39].
c For a scaled-up site, a 2.5 km steal pipeline with a diameter of approximately 50 mm (2 inch) has to
be constructed. Total costs (including material and civil work) are circa 500 €/m [44]. O&M costs are
assumed to be 2% [41].
For a network of 19 scaled-up sites, a 20 km steal pipeline with a diameter of circa 250 (10 inch) mm
has to be constructed. Material, construction and O&M costs of CO2 pipelines with an internal
diameter between 100 and 600 mm for Western European conditions are calculated by means of a
formula given in [45].
d For a scaled-up site, a 2.5 km epoxy pipeline with a diameter of approximately 1.5 inch has to be
constructed when transporting CO2 under high pressure (option 3). When transporting CO2 in the gas
phase (option 3), a low-pressure pipeline with an internal diameter of circa 6 inch is required. For a
network of 19 scaled-up sites, a 20 km epoxy pipeline suited for a transport pressure of 80 bar with a
diameter of circa 6 inch is required. An extensive cost estimation has been performed for the low and
high-pressure systems with fiberglass reinforced epoxy pipeline. Costs include material costs (pipes,
flanges, T-parts, lubricant), transport costs (containers from the USA to the Netherlands) and a budget
indication for civil works (trenching 30 €/m, paving 25 €/m2 and pipeline handling 15 €/m). O&M
costs are negligible for these systems [46]. More detailed technical information on fiberglass
reinforced epoxy pipeline can be found in appendix C.
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3.5.3 CBM production system

A generic scheme of the CBM production system is given in the figure below. Gas
production is started by pumping off formation water to decrease reservoir pressure and
allow CBM to desorb from the coal layer. A downhole rod pump is the most
conventional technology in CBM and ECBM practices. In more modern applications
(e.g. in some operations in the Black Warrior basin), also cavity type pumps are
applied, which have the advantage to be more reliable and smaller and can also be
applied in deviated wells up to an angle of about 45º. At the wellhead, produced gas and
water are separated. The gas goes to a gas/water separator, where the remaining water is
removed, after which it is filtered to remove coal fines (and eventually H2S) in order to
prevent downstream problems. The produced gas is then measured by a gas flow meter
and transported to a central gathering and processing facility, where it is dehydrated,
eventual CO2 contamination removed and compressed for transmission. Dehydration of
CBM is based on conventional glycol systems developed for gas wells. CO2 removal
can be performed with an amine absorption unit. The type of compressor depends on
the CBM production rate and the required discharge pressure.
Costs for gas gathering, treatment and compression (to grid pressure of 55 bar) lie
between 0.1 and 0.25 US$/Mcf [37]. In this study, a value of 5.10-3 €/m3 is assumed
equal to the value assumed in [1].
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Figure 3.8  - CBM production system, including water separation and treatment

The necessity, sequence and location of some components (dehydration, cleaning) may
be different than depicted in figure, partly because the exact composition of the
produced CBM is unknown. In general, CBM is high-calorific gas, consisting mainly of
methane. For example, CBM produced at the Upper Silesian Coal basin in Poland
contains about 91% methane, the other 9% being a mixture of nitrogen, air, CO2, ethane
and some higher hydrocarbons [47]. The configuration also depends on the application
of CBM. In a scaled-up site, approximately 166 million m3 CBM can be produced in the
projects lifetime, which can be used for heating purposes in the industry or households
in the surroundings. A part of the CBM could also be used to fuel a gas engine to drive
the CO2 or CBM compressor, although this is less reliable than an electrical driven
compressor. Another option would be to add the produced CBM to the national gas
grid. In a network of various scaled-up sites, an estimated 3 billion m3 CBM can be
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produced in the projects lifetime13, corresponding to an average production of 3.8 PJ/yr.
This would be sufficient to fuel a 140 MWth combined heat and power (CHP) plant,
corresponding to about 60 MWe. For comparison, the CHP plant at Swentibold located
nearby has a capacity of 230 MWe.

3.5.4  Water treatment/disposal system

Waste water treatment has been discussed in section 2.3.3. When considering scaled-up
test-site(s), coalbed water production will be higher with respect to the test site, due to
the larger number of production wells. The quantity of chloride might be too high for
direct discharge, considering the earlier mentioned salinity emission policy formulated
for the Maas. No new drainings of salts are allowed when the river flow is low (55 m3/s
measured at Borgharen-Dorp). During hot summers, it is possible that the flow does not
exceed the 55 m3/s level for 60-90 days. In such a situation, temporary storage is
required. Hence, the buffer should be constructed accordingly. An alternative to
temporary storage is to construct an aeration and sedimentation pond. These systems do
not affect the chloride concentration of the water, but do allow control of discharge
rates so that maximum allowable chloride concentrations are not exceeded.

3.6 Economics

3.6.1 CBM production costs

In order to evaluate whether a project is attractive, the production costs (break-even
price) of CBM are calculated14. In addition, CO2 mitigation costs are calculated to allow
comparison with alternative mitigation options (like wind and biomass energy). In the
calculation of CO2 mitigation costs, CBM revenues are accounted for assuming a CBM
wellhead price of 0.1 €/m3, equal to the commodity price of natural gas for the period
2003-2010 [48]. Additional CO2 emissions (caused by generation of electricity required
mainly for compression) are accounted by subtracting these emissions from the CO2
injection numbers. A CO2 emission factor for the average Dutch power production of
0.5 kg CO2/kWh is used [49].
Costs and revenues, which are not constant in time, are discounted by calculating the
present value (PV) of these costs and revenues. By dividing the PV of costs and
revenues, the break-even price of CBM gas is obtained. CO2 supply costs are calculated
by means of an annuity factor and are assumed to be constant in time. All investments
are depreciated within 15 years with an interest rate of 10%. The electricity price for
industry is set at 0.045 €/kWh. Income and insurance taxes are not included.

13 Assuming area of 48 km2, coal density of 1.3 t/m3, 5 m coal and 10 m3 CBM/t coal can be produced.
14 The economics of a test site are not evaluated, because test sites are never economically feasible. Only the
costs of CO2 supply and well drilling costs are presented.
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Table 3.6 ECBM scenarios

Scenario Stage CO2 supply Well configuration
B1 Scaled-up site

(option 3)
CO2 compressed at ammonia
plant and transported in high-
pressure steal pipeline (2.5 km)

4 deviated injection and 9
deviated production wells
with a well spacing of 800m

B2 Scaled-up site
(option 3)

CO2 compressed at ammonia
plant and transported in high-
pressure epoxy pipeline (2.5 km)

As B1

B3 Scaled-up site
(option 4)

CO2 transported in low-pressure
epoxy pipeline and compressed
at injection site (2.5 km)

As B1

C1 Network of
19 scaled-up
test sites

Similar as B1, transport distance
circa 20 km

19 similar sites as B1

C2 Network of
19 scaled-up
test sites

Similar as B2, transport distance
circa 20 km

19 similar sites as B1

Table 3.7 Economics ECBM scenarios

Scenario CO2 supply
costs (€/t) a

CBM production
costs (€/m3)

CBM production
costs (€/GJ) b

CO2 mitigation costs
(€/t avoided CO2)

B1 18.7 0.27 7.6 61
B2 12.5 0.25 7.0 54
B3 13.3 0.25 7.1 56
C1 10.3 0.22 6.2 44
C2 9.8 0.22 6.2 44
a Assuming CO2 price at the gate is zero
b LHV of CBM gas is assumed to be 35.8 MJ/m3

These results indicate clearly that the CBM production is not competitive with natural
gas production under current conditions, which can be produced for circa 0.1 €/m3. By
enlarging the project to 19 scaled-up site (injection rate of circa 1500 t/day), CBM price
does not decrease strongly, which indicates that the cost reduction by economies of
scale as assumed in this study is modest.
Fiberglass reinforced epoxy appears to be an interesting and cheaper alternative to steal
for transmission pipelines, especially for somewhat smaller scales like a scaled-up site
(injection rate of 80 t/day). The results also indicate that CO2 transport in a low-pressure
pipeline and compression at the injection site (option 4) is less attractive than high-
pressure transport (option 3). This can be explained by the fact that the price difference
between high and low-pressure epoxy pipeline is quite modest; the impact of pipe
diameter on the price is much stronger. Moreover, compression energy is higher in case
of the low-pressure system (due to lower suction pressure caused by pressure drop).

3.6.2 Sensitivity analysis

There are various parameters in the economic analysis, which are either inaccurate,
uncertain or from which the value is a matter of debate. In this section, the impact of
several of those parameters on CBM production/CO2 mitigation costs is discussed for a
scaled-up site.
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The CBM production (rate) is one of the major uncertainties. According the Stuffken
sorption isotherm, approximately 20 m3/t coal can be produced maximally. The minimal
production number, which can be derived from the adsorption is estimated at 5 m3/t coal
(see section 2.2.4.3).
Another major uncertainty is the CO2:CH4 exchange ratio, which is assumed to be 2:1
in this study. However, as explained in section 1.2, this might well be different.
Obviously, ECBM economics will deteriorate with increasing CO2:CH4 ratio.
The coal thickness is not very accurate either. In the area considered in this study, a coal
thickness between 0 and 10 m can be expected in a depth interval of 600-1500 m [3].
The variation in coal thickness is indirectly accounted for by varying the sorption
capacity.
The impact of CBM recovery and CO2:CH4 ratio on the CBM price is illustrated in
Figure 3.9. It shows that even if a CBM production of 20 m3/t coal can be realised,
CBM production costs are still too high in order to compete with natural gas production.
The figure also makes clear that a CO2:CH4 ratio of 1:1 decreases the CBM price
significantly, but not to the level of current gas prices.
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Figure 3.9  - Impact of CBM recovery and CO2:CH4 exchange ratio on CBM price. Base case is scaled-up
site with high-pressure epoxy pipeline

Apart from the geological features, one can also discuss upon the value of the interest
rate. Economic analyses can be performed from either private perspective or
government perspective. A firm generally applies a higher discount rate than the
government. The impact of the interest rate on the CBM price can be seen in Table 3.8.
The calculations indicate that the even with an interest rate of 5%, the CBM price does
not improve too such extent to make ECBM economically attractive.
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Table 3.8 Impact of interest rate

Interest rate (%) CBM production
costs (€/GJ)

CO2 mitigation costs
(€/t CO2)

5 5.9 35
10 7.4 54
15 8.6 79

3.6.2.1 Impact of well spacing on CBM production

As was pointed out in [1], there is a clear trade-off between well spacing and CBM
production. When decreasing the well spacing, the well density will increase (involving
relatively high investment costs), which increases early revenues and total CBM
production due to relatively high sweep efficiency. When increasing the well spacing,
total investment costs will be relatively lower, but revenues will be postponed and total
revenues will be lower due to relatively low sweep efficiency.
Earlier calculations [1] show that ECBM produced with a well spacing of 400x400 m is
significantly more expensive than ECBM produced at 800x800 or 1000x1000 m fields.
Unfortunately, the difference in production (costs) cannot be attributed only to the well
spacing effect15. To study well spacing effects on CBM production (costs), the Coal-
Seq V1.0 programme developed by ARI was used. For this study, a database of a
limited number of reservoir simulations was available, which can be retrieved and
compared. The user has the possibility to select one of three values for 7 different
parameters (permeability, spacing, depth, coal rank, injection rate, injection gas
composition and injection timing). The model enables the user to compare various
ECBM projects with a CBM reference case.
By means of the model simulations, CBM production (costs) were calculated for a well
spacing of 40 acre (400x400m) and 160 acre (800x800m). In order to make a fair
comparison of different well spacings, the CBM production of the 160 acre variant is
extrapolated from 15 to 60 years16. A total area of 1600x1600 m is evaluated: either
four 5 spots of 160 acre or sixteen 5 spots of 40 acre. The results seem to confirm the
results of the earlier ECBM study, although the difference is not so large. The CBM
price for a well spacing of 160 acre is 5.9 €/GJ, against a value of 6.3 €/GJ for a well
spacing of 40 acre17.

3.6.2.2 Impact of injection period on CBM production

From a CO2 sequestration perspective, CO2 injection should be started simultaneously
with production of CBM in order to maximise the amount of CO2 to be sequestered.

15 The Stars model used for these calculations does not include the sorption component. Moreover, several
well simulation techniques had been assumed (skin factor, inseam drilling) and in each run, this technique
was different, which makes it difficult to attribute a difference in production (costs) to well spacing only.
16 The production rate has just passed its maximum for a well spacing of 160 acre. The model shows that the
maximum CBM production rate of a site with a 40 acre well spacing is reached 4 times earlier than a 160
acre site, from which it can be derived that the production pattern is in fact compressed linearly with the well
spacing. Assuming a lifetime of 15 years for a site of 40 acre (then cumulative production is approaching its
maximum), it would take around 60 years for a site with a well spacing of 160 acre to reach the same
production level. The total cumulative CBM production after 60 years of a 160 acre site is 3.9 times higher
as the CBM production within 15 years for a 40 acre site, whereas in theory the difference should be 4. This
might be caused by the extrapolation of data, but might also be explained by the higher sweep efficiency for
a smaller well spacing (around 2%).
17 The injection rate per well is 750 mscf/day, corresponding to 42 t/day per well. CO2 supply costs are set at
10 €/t.
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However, from an economical perspective, it might be more efficient to start CO2
injection several years after initial CBM production, since the investment costs of the
injection well(s) and the CO2 supply costs are postponed.
Results of the earlier economic analysis of ECBM in the Netherlands revealed that
CBM production costs are lower when the injection is postponed [1]. However, the
difference in CBM production costs could not be attributed to the difference in injection
period only.
By means of the Coal-Seq V1.0 programme, different runs were performed with
injection periods between 1 and 7.5 years, 7.5 and 15 years and 1 to 15 years, which
served as a basis for some rough calculations to determine the impact of timing on
CBM production costs.

Table 3.9 Impact injection period on CBM costs

Timing CBM costs (€/GJ) a
1 - 7.5 yr injection 5.8
7.5 - 15 yr injection 6.3
1 - 15 yr injection 6.3
a sixteen 5 spots of 40 acre each (16 injection wells and 15 production well), injection rate of
42 t/day per well, supply costs of 10 €/t.

It can be observed that constant (1-15 year) or late injection (7.5-15 year) is less
economic than “early” injection between 1 and 7.5 years, which is contrary to what was
found in [1]. This result would mean that the additional benefit obtained by the
enhanced effect of CO2 injection after 7.5 years is not sufficient to justify additional
costs of CO2 supply. Although the results of these reservoir simulations should be
considered as indicative, it is an interesting aspect to be studied in more detail when a
site-specific reservoir model is available.
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4 Pre-study environmental impact assessment

J. S. RIBBERINK
ECN CLEAN FOSSIL FUELS

4.1 Introduction

To introduce the concept of the Environmental Impact Statement (EIS) a general
introduction is given here. In 1994 the Environmental Impact Assessment (EIA) Decree
came into force. This decree is based on European legislation and requires that adverse
effects on the environment of new activities must be taken into consideration in the
decision-making on environmental permits for these activities.

The proponent of a new activity therefore has to draw up an Environmental Impact
Statement (EIS), which is a public report on the expected adverse impact on the
environment of the proposed activity and of alternatives that should reasonably be taken
into account. This EIS is an aid for the government to decide on granting of permits for
e.g. new roads, railways, large industrial installations or new spatial developments.

The decree lists a large number of activities for which it is mandatory to draw up an
EIS, because these activities always have a major adverse impact on the environment
(Annex C). A second lists (Annex D) presents other activities, which only have a
significant impact on the environment in particular circumstances. For these activities
the competent authority must decide on a case-by-case basis whether or not an EIS is
required.

The general scheme of the Environmental Impact Assessment procedure in the
Netherlands is described in Table B1 of Appendix E. Figure 4.1 depicts the general
scheme of both the E.I.A. procedure and the application for the environmental permit.

4.2 Implications of the EIA Decree on the CO2-ECBM project

The main activities of the CO2-ECBM project comprise the extraction of coalbed
methane and the simultaneous storage of CO2 in the coalbed. This operational phase
will be preceded by a building phase, in which deep holes will be drilled in the ground
and facilities for the production of coalbed methane and for the storage of CO2 will be
erected.

Some of the activities of the CO2-ECBM project are listed or are similar to activities
listed in Annex C or Annex D of the EIA decree. Tables 4.1 and 4.2 summarise those
activities for which an EIS is mandatory or may be required upon decision of the
competent authority, respectively. For most of the activities the EIS is only required for
specific cases, which are also described in the tables.
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Figure 4.1  - General scheme of E.I.A. procedure and application for environmental permit.

Table 4.1 Activities and decisions for which an Environmental Impact Statement is
mandatory (Environmental Impact Assessment Decree 1994 as amended by
Decree of 7 May 1999, Annex C)

17.1 Exploration for petroleum or
natural gas

In cases where the activity takes place in a sensitive area as
referred to in point 1, at a, b, or d, of Part A of this Annex, up
to three nautical miles from the coast

17.2 The extraction of petroleum or
natural gas

In cases where the activity relates to extractions of:
more than 500 tonnes of petroleum per day, or
more than 500,000 cubic metres of natural gas per day.

18.5 The creation of an establishment
for the landfill or deep
subterranean burial of non-
hazardous waste other than
dredging spoil.

In cases where the activity relates to an establishment in
which 500,000 cubic metres or more of non-hazardous waste
is land filled or stored.
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Table 4.2 Activities and decisions for which an Environmental Impact Statement
may be required upon decision of the competent authority
(Environmental Impact Assessment Decree 1994 as amended by Decree
of 7 May 1999, Annex D)

17.2 Deep drillings or a change or
extension of such drilling, with the
exception of those carried out in
connection with:
an investigation into the stability
of the soil
archaeological research, or
exploration for or the extraction of
petroleum or natural gas

It is, however, not clear whether or not an EIS will be mandatory or may be required for
a CO2-ECBM project. There are three reasons for this:
1. The word 'coalbed methane' cannot be found in the annexes of the EIA decree.

Does this mean that the EIA Decree does not apply to ECBM projects? Or should
ECBM be seen as a special type of natural gas extraction, which is included in the
Decree.

2. The status of the injected CO2 is disputable. It can be regarded as an auxiliary
substance for the production of coalbed methane or as a (non-hazardous) waste
material that is stored in the coalbed.

3. The possible obligation to produce an EIS often only applies to specific cases with
respect to e.g. the capacity of a facility. On this point there could be significant
differences between specific projects like for instance between a small
demonstration project and a large-scale commercial project.

Table 4.3 presents the different scenarios that can be thought of as a result of the
possible outcome of the first two reasons. For each scenario it is indicated if the
activities from Tables 4.1 and 4.2  will apply to the CO2-ECBM project.

Two experts (Mr. Draaijers from the 'Commissie voor de MER' and Ms. Lammers from
Infomil) have been contacted to answer the question whether or not coalbed methane is
(legally speaking) the same as natural gas. It appeared that there is room for different
interpretation of the law, as the experts had different opinions. So, the question remains.

A final conclusion on the second item is not available either. However, in discussions
with InfoMil there was a clear tendency to label CO2 as a waste material and not as an
auxiliary substance.
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Table 4.3 Overview of the outcome of different scenarios on whether CO2-ECBM
activities fall under activities listed in Annex C or Annex D of the
Environmental Impact Assessment Decree (see Tables 4.1 and 4.2 for a
description of the activities corresponding to the C and D codes used).

Scenario Demonstration project Commercial project

C17.1 C17.2 C18.5 D17.2 C17.1 C17.2 C18.5 D17.2

Coalbed methane is not equal
to natural gas
    CO2 is an auxiliary substance - - - X - - - X

    CO2 is a waste material - - X X - - X X

Coalbed methane is equal to
natural gas
    CO2 is an auxiliary substance X X - - X X - -
    CO2 is a waste material X X X - X X X -

Does a CO2-ECBM project comply with the specific cases?
When activities of a CO2-ECBM project match with activities mentioned in Annex C or
Annex D of the EIA Decree, this does not automatically imply that an EIS is
mandatory. An EIS will only have to be produced if the CO2-ECBM project meets the
specific cases mentioned in the Decree (see Tables 4.1 and 4.2). Furthermore, for
activities in Annex D an EIS will only be required upon decision of the competent
authority.

An answer to the question whether a CO2-ECBM project will fall under the specific
cases mentioned in the annexes cannot always be given:
• Category C17.1 (exploration for natural gas) only applies to activities in ‘sensitive
areas’. This depends on the specific location of a project, so no general conclusions
can be drawn.

• The threshold for the production of natural gas in category C17.2 is 500,000 m3 a
day. Based on the assumption that the ratio between extracted methane and injected
CO2 will be 1:2, a production figure of 5,000-12,500 m3 coalbed methane per day is
expected for one well (see category C18.5 below). For a demonstration project, the
limit of 500,000 m3 per day will certainly not be reached. A commercial project
could surpass this daily production figure, depending on the number of wells.

• The amount of CO2 that can be injected in one well of a CO2-ECBM project is
estimated at approximately 20-50 tons a day (10,000 – 25,000 m3/day). Using only
one injection well the limit of 500,000 m3 of stored waste for category C18.5 will be
reached within 2 months. Both demonstration and commercial projects therefore will
comply with the condition of this specific case.
The mentioned 'm3' in category C18.5 refers to 'waste that is land filled or stored'. In
general this waste will be a solid. In the above it is assumed that in case the waste is
in gaseous form, the 'm3' should be considered as a standard cubic meter at
atmospheric pressure. It may, however, be worthwhile to investigate the legal options
to apply this 'm3' not to the surface conditions, but to the conditions under which CO2
is actually stored: a pressure of around 100 bars. This will decrease the number of
cubic meters stored with the same factor, resulting in a period of around 10 years
before the limit of 500,000 m3 of stored waste will be reached for a facility with only
one well.
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• Category D17.2 addresses deep drillings. The competent authority will have to
decide on the necessity of the production of an EIS for all drillings, except for
drillings for the exploration for or the extraction of natural gas, for investigation into
the stability of the soil and for archaeological research. All CO2-ECBM projects will
therefore be subjected to the decision-making of the competent authority in case
coalbed methane is legally spoken not the same as natural gas.

An overview is given in Table 4.4 of whether a CO2-ECBM demonstration or
commercial project will meet the conditions of the specific cases for the different
categories. Meeting these conditions will result in an obligation to produce an EIS for
C-activities, or for D-activities in the situation that the competent authority will have to
decide on this.

Table 4.4 Overview of whether an Environmental Impact Statement will be
required for a CO2-ECBM project based on the relevant categories of EIA
Decree and following different scenarios.

Scenario Demonstration project Commercial project

C17.1 C17.2 C18.5 D17.2 C17.1 C17.2 C18.5 D17.2

Coalbed methane is not equal
to natural gas
    CO2 is an auxiliary substance - - - D - - - D

    CO2 is a waste material - - yes D - - yes D

Coalbed methane is equal to
natural gas
    CO2 is an auxiliary substance ? no - - ? ? - -

    CO2 is a waste material ? no yes - ? ? yes -
? = depending on the specific project
D = upon decision by the competent authority

The facilities for a CO2-ECBM project will consist of two parts: one installation for the
extraction of coalbed methane, and one for the injection of CO2. In case only one of
these parts falls under the EIA Decree, the EIS will generally still have to be produced
for both parts, because these two installations are seen as parts of one combined facility
used for the execution of one combined activity. An exemption to the above is made in
case the two parts are clearly two different facilities located at different sites more than
a certain distance (about 1000 m) from each other.

Pipelines
Not only for the facilities of a CO2-ECBM project itself, but also for the pipelines for
the transport of CO2 to and of coalbed methane from the well(s) of a CO2-ECBM
project it may be necessary to draw up an EIS. For pipelines with a diameter exceeding
800 mm and a length of over 40 km an EIS is mandatory (category C8 of the EIA
decree). The competent authority will have to decide on the drawing up of an EIS for
smaller pipelines, in case the pipeline is situated in a 'sensitive area' for a length of 1 km
or more (category D8.1). In case an EIS is required for both the CO2-ECBM facilities
and for the pipelines, this can be a combined report describing both subjects.

It is not clear whether an EIS may have to be made for the pipelines of a CO2-ECBM
project. Although the pipelines for the demonstration project are expected to be much
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smaller than the mentioned dimensions, the possible situation of parts of these pipelines
in sensitive areas can only be determined after the specific site for the demonstration
project will have been chosen. Future commercial projects may also meet the criterion
on the dimensions of the pipelines.

4.3 Overview of the contents of an EIS

The contents of the EIS are prescribed in general terms by section 7.10 and 7.11 of the
Environmental Management Act (see Table B2 of Appendix E). This results in the
following practical table of contents for an EIS:

Table of contents:
1) Introduction
2) Problems, purpose and decision-making
3) Description of the proposed activity and alternatives
4) Current state of environment and autonomous development
5) Effects on the environment
6) Comparison of alternatives
7) Lack of knowledge
8) Evaluation programme
9) Summary for the general public (The summary can also be provided as a separate

document).

The CO2-ECBM project will be the first of its kind. It is therefore not possible to get
more detailed information from previously published Environmental Impact Statements
for a CO2-ECBM project. However, several EISs have been drawn up for natural gas
production and underground storage of natural gas, like e.g. for the storage of natural
gas at Norg (1993) and the production of natural gas near 's-Gravenzande (2000). An
impression can be obtained from these reports on the subjects that may need to be
addressed in an EIS for a CO2-ECBM project.

The most important part of the EIS is the description of the effects of the proposed
activity on the environment. These effects can be differentiated into:
• impacts in general
• impacts on soil and groundwater
• impacts on surface water
• impacts on waste materials
• impacts on air and noise
• impacts on nature (flora and fauna)
• impacts on the landscape

For the determination of these effects detailed study may be necessary. The production
of an EIS takes little over a year in average. The average costs of an EIS amount to
90,000-110,000 €.

4.4 Conclusions and recommendations

It is unclear whether or not an Environmental Impact Statement will have to be drawn
up for a CO2-ECBM demonstration project, mainly because the applicable law can be
interpreted in different ways. It is expected, however, that for large-scale commercial
CO2-ECBM projects an EIS will be mandatory in the future.
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It is recommended to start an activity to clear all legal matters of dispute for the CO2-
ECBM project. Besides it is recommended to do a voluntary EIS. This will turn out to
be very time efficient in case an EIS will be mandatory after all and is furthermore an
excellent way to inform the general public of the plans for a CO2-ECBM demonstration
project.
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5.1 Introduction

In general, the outcome of this study shows that there are still many uncertainties
involved in the development and the economical feasibility of CO2-ECBM in the
Netherlands. In the sections below, the most important uncertainties are addressed.

5.2 Location and setting

The area of interest is located on the transition from the London Brabant Massif to the
Roer Valley Graben. This transition is characterised by several major step faults: the
Heerlerheide fault, Geleen fault and Feldbiss fault. The area of interest can be
subdivided in two main areas: the area south and the area north of the Heerlerheide
Fault.
The area south of the Heerlerheide fault is well known due to the former mining
activities. Density of data on the subsurface is very high. However, its mining history
also implies a complication in the sense that there are almost no parts of the area that
are undisturbed by mining activities. Developing a CO2-ECBM site on top of an mined
area implies two main risks:
1. drilling through the former galleries and long walls might give complications
2. the former mining infrastructure might provide leakage pathways for the injected

CO2 to the surface
The area north of the Heerlerheide fault is characterised by a series of tilted fault-
bounded blocks. Data density in this area is relatively low: only a few seismic lines
have been shot in the area and well penetration of the Carboniferous is limited. The
boundary faults have to be carefully mapped, in order to plan the development of
injection/production sites at the surface. The area in between the boundary faults is so-
far assumed to be relatively stable with continuous (coal) layers. For a successful
injection/production operation, the structural framework has to be known to pursue
good lateral continuity of the coal and sand layers. Identification of the major faults is
also of great importance because of their role in the hydrodynamic system in the area.
Knowledge of this system is crucial for success, as shown by the Peer well that failed
because of the water-bearing Donderslag fault [26].
Smaller faults, not shown on seismics, will exist in both areas. Their effect on CO2-
ECBM is not yet well understood, but can be significant. For example, permeability in
the coal seam can be completely dominated by these faults. More effort should be put in
simulating the possible effects of these faults.

It can be concluded that still many uncertainties exist in the selection of the best
location for a test site in Zuid-Limburg. Each of the 5 selected locations has its site-
specific characteristics, and no clear best-case location could be chosen. Reservoir
modelling could help to decrease the uncertainties in the selection process.
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The spatial requirements for the test site can be minimised by the application of
deviated drilling. For a large number of wells the spatial requirements will be, although
minimised by deviated drilling and clustering, even more substantial. Spatial constraints
could therefore become a problem. Technological solutions should be investigated to
minimise nuisance, but the additional costs involved were not taken into consideration.

5.3 Completion for injection

For the test site it is assumed that in total 5 m of coal will be completed, which requires
on average 125 m of Westphalian succession in a coal rich zone. This implies that
injection should take place over a total interval of 125 meter. It is at this moment
unclear what will be the technical requirements for such an operation. It would probably
be cheapest to seal-off the top and bottom of the interval with packers (or bridge plugs).
It should be evaluated what would be the required injection pressure at the surface to
maintain sufficient pressure in the entire interval. Alternatively, different zones could be
individually sealed-off, which will require several sets of packers/plugs.
Another cost reduction could be the use of synthetic casing and tubing. Fiberglass
reinforced epoxy casings and tubings are already applied in the oil and gas industry.
Downhole tubing are available in 1.5 to 4.5 inch with operating pressures up to 275 bar
and casings are available in 4.5 to 10.75 inch with operating pressures up to 170 bar18.

5.4 ECBM performance and CO2 storage capacity

The gas content of the coal and the well performance (in time) are one of the major
uncertainties that remain to be clarified in order to perform a more accurate economic
analysis. If it is decided to perform a more detailed feasibility study, one of the major
goals would be to develop a reservoir model to make a more solid prediction of gas
production rates in time.
Crucial for the amount of CO2 (and economic performance) that can be stored is the
CO2:CH4 exchange ratio for which a large variation (between 1 and 6) exists. At the
moment this study was performed, several laboratory experiments are ongoing with the
purpose to get more insight in sorption behaviour of CO2 and CH4 on coal and the
related exchange ratio19.

5.5 Additional storage capacity

In addition to the coal seams, it would be interesting to evaluate the possibility to
complete the sandstone layers in the interval. Although these are generally tight sands,
it will create additional sequestration space and possibly will deliver extra gas
production. Possibly, open hole instead of cased hole completion could become an
interesting alternative in this respect. An additional advantage of open hole completion
would be a significant cost reduction. In the area north of the Heerlerheide fault a thick
sequence of Triassic sediments are present, mainly consisting of sandstones. In this
area, these Triassic sandstones could also provide an additional storage potential. This
option will require a thorough investigation of the sealing capacity of the overburden.

18 See http://www.centrongre.com/
19 The topic of CO2:CH4 exchange reactions is subject to ongoing research worldwide, among others in the
EU-funded Recopol project.
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5.6 CBM water treatment

The production of coalbed water and the uncertainty with regard its composition is an
important environmental issue that needs more attention when developing a test site.
The procedure for coalbed water treatment will depend on production rates,
concentrations of pollutants and water quality norms for the surface water at which is
discharged. In this study, it is described that coalbed water can be discharged to surface
water, eventually after temporary storage in case the flow of the receiving surface water
is too low. This procedure might be feasible, provided that the concentration of heavy
metals, coal particles and oxygen bounding compounds are so low that water quality
norms are not exceeded. Otherwise, waste water treatment technologies need to be
considered to remove/reduce the concentration of pollutants from coalbed water.

5.7 Economics

CBM production costs calculated in the previous feasibility study of CO2-ECBM in the
Netherlands [1] was somewhat more optimistic than the results of this study. In the
previous study, CBM production costs were estimated to be around 5 €/GJ against 6-8
€/GJ calculated in this study. The difference is mainly due to the assumed well
investment costs. In the previous study, the production well investment costs (with
inseam drilling) were estimated at 1 M€ and (vertical) injection well investment costs
were estimated at 0.3 M€. Based on a cost quotation provided by drilling companies [2],
it can be concluded that 1 M€ is a realistic estimation for deviated wells. However,
using 0.3 M€ for injection well investment costs results in a significant underestimation
of total well costs and consequently in a lower CBM price.
Although the accuracy of the cost indication of CO2 supply and well drilling costs have
improved with respect to the former study, the effect of up scaling the site on well
drilling and completion costs was not accounted for in [2]. Therefore, the costs
reduction was estimated by means of the cost breakdown and day rates provided by the
drilling companies.  From the cost breakdown (see figure 5.1), it can be deduced that
the investment costs of mainly the production wells contribute strongly to total
production costs. Consequently, cost reductions of up scaling is a very relevant factor
that should be assessed more accurately when performing a more detailed economic
analysis of a scaled-up site.
It remains the question to what extent deviated drilling is required. Deviated drilling
was considered to be an essential technology in a densely populated area such as Zuid-
Limburg to limit the required site dimensions at the surface at a minimum. The faulted
nature of the deposits also complicates vertical drilling. However, at some locations,
vertical wells might be feasible as well, which are about 40% cheaper than deviated
wells. Even when all production wells can be drilled vertically, CBM production costs
are still not competitive (5-6 €/GJ). This is essentially the crux of ECBM economics:
the high well density and large well investment costs is one of the main reasons why
ECBM is not a competitive technology with conventional gas production, where
relatively high gas rates can be realised with relatively few wells.
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Figure 5.1  - Cost breakdown for a scaled-up site

Despite the variation in parameters due to uncertainties or choices, the results clearly
indicate that ECBM, without CO2 incentives, is not competitive yet with natural gas20,
even when up scaling the project to its maximum considering the available CO2 flow
produced at the DSM ammonia plant. So it can be concluded carefully that CO2-ECBM
in Zuid-Limburg needs an incentive in order to make it economically feasible. This
incentive can be a bonus for avoided CO2 emissions, a tax on CO2 emissions or carbon
credits in a future carbon emission trading system. Another possibility could be given
by production of 'climate-neutral' electricity from the produced CBM (e.g. in WKK
Swentibold). Producers will receive a subsidy per kWh produced “climate-neutral”
electricity via the MEP regulation21. Until now, the exact subsidy is not defined yet,
since climate neutral energy is not produced in the Netherlands yet.
When operating a scaled-up site, the introduction of a CO2 bonus of 52 €/t or a MEP
subsidy of 0.037 €/kWh (when electricity is produced from CBM22) would make CO2-
ECBM competitive with natural gas. For a network of scaled-up sites, a CO2 bonus of
42 €/t or a MEP subsidy of 0.03 €/kWh would be sufficient to simulate competition
with natural gas. Prices of CO2 credits in a future emission trading market are not
certain yet, so it cannot be determined whether these prices will be sufficient to make
the project economically feasible. The required MEP subsidies fall within the range as
proposed for renewable electricity and combined heat and power production, which
ranges from 0.0057 to 0.068 €/kWh.

Although CO2-ECBM in Zuid Limburg cannot compete with natural gas without
incentive, it can offer a more cost-effective opportunity as CO2 mitigation option in
comparison to other mitigation options such as renewables and alternative CO2 storage
options (aquifers and depleted gas fields). From this perspective, ECBM might be an
interesting option among the various options of the Dutch strategy to reduce greenhouse
gas emissions.

20 Commodity price of natural gas is about 0.1 €/m3 [48] corresponding to 3.2 €/GJ.
21 See http://www.enerq.nl/. MEP is the Dutch acronym for “Electricity Generation Environmental Quality”.
22 Assuming CBM is converted into electricity in a CHP with an electric efficiency of 42% [50]
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Table 4.7 Electricity costs indication renewables derived from [51] versus ECBM in a
CHP plant. Photovoltaics is not accounted for, because its mitigation costs are very high
Renewable Electricity costs

(€/kWh)
CO2 mitigation costs
(€/t avoided CO2) a

30 MWe Bio CHP b 0.12 183
Wind onshore c 0.08 107
Wind offshore d 0.08 107
ECBM Zuid Limburg e 0.07 44-61
a Assuming 1 “renewable” kWh replaces 1 kWh of Dutch electricity with an emission factor
of 0.5 kg/kWh and a price of 0.027 €/kWh. CO2 mitigation costs for ECBM can be found in
table 3.7.
b Investment costs of 2900 €/kW, fixed O&M costs of 250 €/kW, fuel costs of 4 €/GJ,
efficiency of 30%, load of 7000 hrs/hr, lifetime of 15 years and interest rate of 5%
c Investment costs of 1100 €/kW, fixed O&M costs of 39 €/kW, load of 1800 hrs/hr, lifetime
of 15 years and interest rate of 5%
d Investment costs of 2000 €/kW, O&M costs of 0.023 €/kWh, load of 3350 hrs/hr, lifetime
of 15 years and interest rate of 5%
e Investment costs of 750 €/kW, variable O&M costs of 0.004 €/kWh, fixed O&M costs of
14 €/kW, fuel (CBM) costs of 7 €/GJ efficiency of 42%, load of 7500 hrs/hr, lifetime of 20
years and interest rate of 5% [50]

5.8 Monitoring

As mentioned before, CO2-ECBM is not yet a well-established and mature technology,
and therefore, like any field experiment, implies some inevitable risks. Carbon dioxide
is a natural gas present in the atmosphere at low concentrations (0,03 %), but can
become a risk at higher concentrations. During the last years, the attention to
requirements for monitoring of possible leaks has been increasing. With monitoring
techniques it is intended to get insight in the fate of injected CO2 during and after
injection, to make sure the CO2 is at the intended location and to detect eventual
leakages. This will be of major importance in the Zuid-Limburg area, with its relatively
high population density of more than 500 people per square kilometer.

The seal for the CO2 in Zuid-Limburg are mainly the clay layers in the Westphalian
succession. Most important possible leakage pathways to the surface in the area are:
• Faults and fractures
• Abandoned coal exploration wells
• Old mineworks
Several types of monitoring techniques could be applied, both in the subsurface
(seismic monitoring) and at the surface (gas composition, CO2 flux at the surface,
groundwater composition, etc.).
However, no leakage is expected because groundwater studies showed that the oldest
deposits of the Cretaceous in the area (Vaals and Aken Formations) provide a good seal
between the Carboniferous sediments and overburden [52]. This should be subject to
further investigations.

In this study, the technical feasibility and costs for monitoring are not accounted for.  It
is advised to give attention to the aspects of monitoring in the follow-up of this project.
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5.9 Follow-up

If a decision is made to investigate CO2-ECBM more intensively in the Zuid-Limburg
area, a step-wise approach is advised to resolve various uncertainties that came up
during this study:
- The first step would be simulation of the process with the aid of simulation

software and input of the results of the RECOPOL project, to assess the potential of
the different sites and scenarios. Scenarios that would be worthwhile to consider
include a scenario with different well lay-outs and a scenario with sandstones
(intra-Carboniferous or Triassic) for additional storage capacity. Also, fluid flow
modelling with geomechanical software could be applied, in order to investigate
fracking behaviour when injecting and the possible effects of smaller faults. This
could be a safety issue.
The more detailed reservoir study is also a first step towards a more robust
economic evaluation. One issue that could have a major impact on the economics
is, given the permeability, the rate of injection that can be reached (e.g. 50 instead
of 20 tonnes/day per well).

- Evaluation of the hydrogeological setting of the area, together with investigation of
the sealing capacity of the intra-Carboniferous deposits and overburden.

- Evaluation of the potential additional storage capacity in intra-Carboniferous
sandstones and/or Triassic sandstones.

- A technical evaluation should be made per block of coal, to assess the possible
location and number of sites that could be developed per block when up-scaling the
test site to various sites. When up-scaling the project is considered, insight must be
gained in cost reduction when increasing the number of wells to be drilled.

- Evaluation of several completion possibilities, including, open hole completion,
synthetic casing, etc.

- In a follow-up study environmental and legal issues should be addressed. The
application of the Mining Law on CO2-ECBM should be further investigated. It is
unclear whether or not an Environmental Impact Statement will have to be drawn
up for a CO2-ECBM demonstration project, mainly because the applicable law can
be interpreted in different ways. It is expected, however, that for large-scale
commercial CO2-ECBM projects an EIS will be mandatory in the future. It is
therefore recommended to start an activity to clear all legal matters of dispute for
the CO2-ECBM project. Besides it is recommended to do a voluntary EIS. This will
turn out to be very time efficient in case an EIS will be mandatory after all and is
furthermore an excellent way to inform the general public of the plans for a CO2-
ECBM demonstration project.

- The follow-up step would be the selection of the area to execute a small seismic
survey (High Resolution 2D seismic line), accompanied by a vertical
exploration/reconnaissance well for detection of fault density and offsets. It is
preferred to drill this well in the area North of the Heerlerheide fault (near location
3, 4, 5), because data density is low in this area. This well should be fully cored.
Also, the Triassic deposits should be part of the investigation.
Part of this phase would be integrated laboratory experiments to research the
geological conditions (stratigraphy, lithology, gas content, permeability, etc.) and
possible effects of injected CO2.

- The final step would be the actual development of a test site. In order to come up
with a more detailed design of a scaled-up site and the phase beyond, a better
insight in local geology (faulting) and surface restrictions of the study area are
required. Also a more detailed technical evaluation of CO2 supply is needed.



67 / 76

The vertical exploration/reconnaissance well could be developed in a later stage as
a production well. In addition, a deviated injection well could be drilled and the site
could be developed for CO2 supply and CBM production.

- In addition to the test site, an extensive monitoring programme should be developed
in order to build public confidence and social acceptance in CO2 storage.  Both
surface (gas (isotopic) composition of injected and produced gas, sensors at the
surface, tracers, etc.) and subsurface monitoring technologies (seismic monitoring)
should be taken into account.

- Water treatment procedure and associated costs remains an important issue to be
studied, also considering water quality standards for the surface water at which
coalbed water can be discharged.
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6 Conclusions and Recommendations
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6.1 Conclusions

The goal of this feasibility study was to perform a first assessment of technical,
geological, economical and legal aspects involved in the development of CO2 storage
with coalbed methane production in the Netherlands. This has been done, based on the
information generated in the former study [1] and on current knowledge on ECBM
(technology), by the following steps:
- Selection of the best area among the various coal rich areas in the Netherlands;
- Selection of possible drilling location considering (sub)surface conditions and

limitations;
- Preliminary technical design and cost calculation for a test site;
- Preliminary technical design and cost calculation for upscaling of that test site,

being the first step towards a commercial sized project;
- Preliminary design and cost calculation for storage of the direct available CO2, a

project of commercial size;
- A first scan of applicable (environmental) laws and regulations

The area of Zuid-Limburg was selected as the best one for a first test, based on the
following three reasons:
- The presence of at least one major (high purity) CO2 producer

(DSM/CARBOLIM) in the area;
- The presence of sufficient net - and presumable CBM-containing - coal in the area;
- The mining history of the area, resulting in a high data density for at least parts of

the region

A first test is obligatory for any further action in the development of this option. A test
site is the first phase in order to verify whether subsurface conditions are suitable for
CO2 injection and gas production. By means of surface and subsurface criteria, 5 sites in
the vicinity of DSM/CARBOLIM were identified as potential test sites.
Total investment costs of a multiple well test site are around 2.3 million euro, including
1 deviated injection well, 1 vertical production well and CO2 facilities at the site. For a
test-site, the present-day CO2 infrastructure in which liquefied high-purity CO2
produced at the CARBOLIM plant is delivered to the injection site by means of a truck
seems most feasible. Supply costs are in the range of 52-59 €/t. Based on a range for
various procedures, water treatment/disposal costs are estimated to be around 7 €/m3.

In a scaled-up site, the number of injection and production wells is increased. Based on
field size and presence of faults, four 5-spots with a well spacing of 800 m each (and a
total of 4 injectors and 9 producers) were considered as the maximum configuration
possible.
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An estimated 0.66 Mtonne CO2 could be stored and 166 Mm3 could be produced in the
projects lifetime (25 years). When upscaling the test site, CO2 supply from the ammonia
plant by (high-pressure) pipeline is more cost-effective than the CO2 supply by truck.
Supply costs (including compression, dehydration and pipeline transport) are circa 13
€/t. CBM production costs are estimated at 7 €/GJ (about 0.25 €/m3 versus a natural gas
price of approximately 0.1 €/GJ). CO2 mitigation costs are approximately 55 €/t.

The network of scaled-up sites is dimensioned to inject all available CO2 produced at
the ammonia plant; at the moment this is about 0.5 Mt/yr, representing around 0.25% of
the annual Dutch CO2 emission. To store this amount of CO2, a network of scaled-up
sites should be established.  A preliminary calculation results in a total of 76 injection
and 171 production wells. The spatial constraint caused by this number of wells can be
a problem, although this can be minimised by deviated drilling and clustering of wells.
In this scenario about 3 Gm3 CBM could be produced during the project lifetime (30
year), corresponding to an average of 3.8 PJ/yr. This would be sufficient to fuel a CHP
plant of 140 MWth (circa 60 MWe).
CO2 supply costs are about 10 €/t and CBM production costs are estimated at 6.2 €/GJ
(about 0.22 €/m3). CO2 mitigation costs are approximately 44 €/t.

Under current circumstances ECBM is not competitive with natural gas, mainly because
of the high well density and therefore large investment costs.
ECBM needs an incentive to be economically feasible (or attractive to industrial
investors). This could be given by a bonus for avoided emissions or a tax on emissions,
which can be based on emission trading systems in the nearby future. Another
possibility could be given by production of 'climate-neutral' electricity from the
produced CBM via the MEP regulation.  A first calculation indicates that the
introduction of a CO2 bonus between 42 and 52 €/t, or a MEP subsidy between 0.03 and
0.037 €/kWh, would make CO2-ECBM competitive with natural gas.

In a follow-up study environmental and legal issues should be addressed. A CO2-ECBM
project will need a licence under the Mining Law. However the application of the
Mining Law on CO2-ECBM is not explicit until now. The question which mining
licenses are required cannot be answered in a generic way. Therefore, it needs to be
clarified in case a field project comes under consideration.
It is unclear whether or not an Environmental Impact Statement will have to be
drawn up for a CO2-ECBM demonstration project, mainly because the applicable law
can be interpreted in different ways. It is expected, however, that for large-scale
commercial CO2-ECBM projects an EIS will be mandatory in the future. It is therefore
recommended to do a voluntary EIS in case of a planned test. This will turn out to be
very time efficient in case an EIS will be mandatory after all and is furthermore an
excellent way to inform the general public of the plans for a CO2-ECBM demonstration
project.

6.2 Recommendations

To get insight in the merits of CO2-ECBM, a test site is necessary. This test site should
be developed as a standard exploration site, with the procedures as known from the oil-
& gas industry. In addition, data from the RECOPOL project should be used on
forehand in the design of this test site in Zuid-Limburg.
Summarising the following steps need to be taken to start this first test:
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- Simulation of the process by means of a reservoir model, including development of
scenarios for the well lay-out and evaluation of additional storage capacity
(surrounding sandstones).

- Evaluation of the hydrogeological setting of the area, including sealing capacity.
- Technical evaluation of the possible location and the number of sites per (coal)

block, including well completion methods and costs reductions (technological
learning and economies of scale).

- Execution of a dedicated seismic survey on the chosen area.
- Detailed technical design for the test site in the specific area, including water

treatment/disposal system.
- Installation of an extensive monitoring programme.
- Start a voluntary (the preparation for an) Environmetal Impact Statement.
- Intensive communication with the (regional/wider) public to bring confidence in

the technology at stake.
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A Selection of location and design of a test site for CO2-
ECBM

Criteria 3: subsurface conditions

F. VAN BERGEN & H.J.M. PAGNIER
TNO-NITG

The target reservoirs are within the sedimentary deposits of Westphalian age. These
sequences were deposited in the major foredeep basin north of the Variscan front. In
general the Westphalian deposits show a regressive trend from the Westphalian A to
Westphalian C; there is a transition from fluviodeltaic to fluvial deposits. In Zuid-
Limburg there are no deposits present of Westphalian D age. The total thickness of
compacted Westphalian sediments deposited in the area before erosion is estimated at
circa 1925 m (450m of Westphalian A, 625 m of Westphalian B, 750 m of Westphalian
C) [24] (see also Figure A.1). The seam spacing and thickness varies over the
Westphalian A to Westphalian C trajectory.

For more details about the geology and composition of the Westphalian deposits is
referred to [24], Pagnier et al. (1987), [53], [54].

The following subsurface criteria were set in order to make a proper selection of
locations for a demonstration site:
3a. Fault configuration
3b. Target depth and stratigraphic level
3c. Coal content & completable coal zones
3d. Gas content
3e. Permeability
3f. Distance to old mineworks

Some additional information on these selection criteria is given in the following
paragraphs.
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Figure A.1 – Distribution of coal seams in the deposits of Westphalian age in Zuid-Limburg
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A.1 Criteria 3a: Subsurface conditions: Fault configuration

The area of Zuid-Limburg has in its geological history been subjected to several
tectonic phases, resulting in alternating periods of burial and deposition versus uplift
and erosion. Figure A.2 shows the modelled burial history of the deposits in the
Kemperkoul-1 well. The most important phase of coalification, and therefore gas
generation, occurred at the end of the Carboniferous, before the Saalian event. During
the Saalian uplift resulted in the erosion of the deposits of Westphalian C age in the
southern part of the area, causing the exposure of sediments of different age
(Westphalian A-B in the southern part of the area, Westphalian C in the northern part)
at the top Carboniferous.
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Figure A.2 – Modelled tectonic subsidence in time of deposits in well Kemperkoul-1

The tectonic activity during several events resulted in the re-activation of older faults
and in the formation of new faults throughout the area (figure A.3). The fact that
coalification patterns are strongly related to the stratigraphy, e.g. as shown in figure
A.4, rather than to depth indicates that all fault displacements occurred after the end of
the Carboniferous.
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Figure A.3 – Present-day location of major faults in the subsurface, indicating the most important
fault zones in the area.
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Figure A.4 – This figure shows the correlated stratigraphy of three wells in the Douvergenhout-Oost
area (Emma-Hendrik Noord veld). There is no relation between rank and depth: the
coalification follows the stratigraphy. Also, no relation between rank and depth could
be discerned in the mined area of the Maurits mine (south of Heerlerheide fault).

The major fault displacement in the area occurred along the so-called “Heerlerheide
fault”. The area to the north subsided along this fault during the Mesozoicum (figure
A.5). Whereas south of the Heerlerheide fault the top Carboniferous is at present at a
depth of circa 200-300 m, it is at 500-800 m north of the fault. The major faults in the
area are dipping to the north at an angle of circa 50-60°. A sketch of a present day
profile (SSW-NNE) is shown in Figure A.6.
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A.2 Criteria 3c: Coal content & completable coal zones

The coalification pattern is strongly related to stratigraphy rather than to depth. This is
shown in the coal seams in both the area south as well as north of the Heerlerheide
fault. This implies, in general, that the older Westphalian A deposits that were buried
the deepest will have the highest maturity. The coal rank varies from high volatile
bituminous coal in the Westphalian C to semi-Anthracite in the Lower Westphalian A.
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Figure A.7 –  Coalification trend in Westphalian deposits in Zuid-Limburg. There is a strong
relation between between V.M. and the most commonly used rank indicator %Rr (see
Figure A.8).
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Figure A.8 – Relation between Volatile matter content and Vitrinite reflectance

In an evaluation of 32 wells in Zuid-Limburg it was found that circa every 25th meter a
coal seam is expected with a thickness of about 80 cm [3]. These wells were mainly
drilled in the area north of the Heerlerheide fault, therefore representing mainly the
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Westphalian C. A new evaluation was made based on of wells DB XIV, DB LV, DB
XV, Kemperkoul-1, DB VII, and DB VIII in order to distinguish between the
stratigraphic levels. These wells represent the Westphalian A-C sequence.

Table 2.1 shows that in the coal rich zones every 25th meter a coal seam with a
thickness of circa 80 cm can be expected. The total thickness of the individual coal
seams is relatively constant, as shown by the thickness map of seam C (Figure A.9).
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Figure A.9 – Thickness evaluation in seam C in the Maurits mine.

A.3 Criteria 3d: Subsurface conditions: Gas content

It is well known from isotherm data that the gas sorption capacity of a coal depends on
pressure, temperature and coal characteristics e.g. [55] [18]. The most important coal
characteristic influencing gas sorption capacity are, according to a study on Black
Warrior coal, rank and ash content [56]. It is expected that this same relation is valid for
the Westphalian coals in the Zuid-Limburg area23. Based on the Black Warrior isotherm
data, it is known that gas sorption capacity of coal increases with rank [56].

However, a different relation was found by Stuffken [57]. Stuffken established an
empirical relation for the gas desorption per tonne of mined coal in Zuid-Limburg
mines and their rank (Figure A.10).

23 In the adsorption study by Krooss [18] a relation between rank and gas sorption capacity could not be
confirmed. However, the used sample set of three samples with different composition was probably too
small to discern any relation.
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Figure A.10 – Empirical relation for coal in Zuid-Limburg mines by [57])

This relation indicates a clear optimum of the gas content of almost 25 m3/tonne at a
rank of circa 25% V.M., and very low gas content at V.M. lower than 10% or higher
than 35%. This high value of 25 m3/tonne is not in agreement with the isotherm values
of the Westphalian coal samples from the Achterhoek area, with maximum gas contents
of circa 14 m3/tonne [18]; [3]. Also, the Stuffken relation does not seems to be logical
from the point of view of internal surface area. The internal surface area determines the
gas sorption capacity. Since the internal surface area decreases with increasing rank
(Figure A.11), there is no explanation for the form of the Stuffken curve. An alternative
explanation of this Stuffken curve is given by Van Tongeren and Laenen [25], who
relate the form of the Stuffken curve to the development of porosity with increasing
rank (Figure A.11) and to the burial history. As mentioned in 3.2.3.1., the coal seams
reached maximal burial depth at the end of the Carboniferous (see Figure A.2). This
means that it is very likely that the coal at present-day are probably undersaturated (see
also Figure A.12).
The coal seams, especially at the top of the Carboniferous, degassed during uplift phase.
Those coal seams with relatively high porosity degassed easier than lower porosity coal,
explaning the form of the Stuffken curve.
This results in a degassed zone at the top of the Carboniferous interval, with an
increasing gas content at greater distance from the top Carboniferous. This pattern is
known to exist in Carboniferous deposits in Poland and in Belgium [58] [26] [3]. In
fact, this implies that more than the rank itself or the age of the deposit, its position
towards the top of the Carboniferous determines its gas content.
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Figure A.12 – Explanation for the existence of undersaturated coal. An undersaturated coal
experienced a degassing in its geological past as a result of an uplift. Present depth is
shallower than before the uplift after [59] [3].
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Figure A.13 – Example data for unsaturated coal in Upper Silesian basin, Poland, after [47]
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Figure A.14 - Sorption isotherms for methane on dry and moisture-equilibrates Hengevelde-1 VI coal
at 40, 60 and 80°C, after [3]. Rank of the coal is 0.72 %Rr / 41.18 % V.M.

Figure A.14 shows the isotherm for a coal seam of Upper Westphalian B age. In lack of
better data, it is assumed that the 40°C isotherm is also typical for coal with similar rank
(approximately Westphalian C) in the area of Zuid-Limburg. As can be deduced from
the burial curve of the deposits in the Kemperkoul well, the present-day depth of the
coal seams is approximately 400 – 500 m deeper than at the degassing stage, equivalent
to circa 4.5 MPa of hydrostatic pressure. Whereas the gas content of a saturated (dry)
coal at 1000 m (10 MPa / 100 Bar hydrostatic pressure) is around 12 m3/tonne, the
actual gas content will be the isotherm value at 5,5 MPa (55 Bar) of circa 9 m3 / tonne.
Assuming that the pressure in the production well can not be reduced further than 0.5
MPa (5 Bar) the gas content of the (dry) coal is not likely to become lower than circa 2
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m3/tonne. The resulting maximum gas that can be produced from the coal would than be
7 m3/tonne.
This is in fairly good agreement with the desorption data of the coal seams from the
Peer well, where the average amount of desorbed gas was around 8 m3/tonne of coal,
with peaks at 11 m3/tonne [26].

However, many uncertainties remain in both the gas content of the coal and the well
performance. It is therefore more realistic to conclude that the expected gas to be
produced will range between 5 and 20 m3 /tonne, with a most likely value of around 10
m3 / tonne.

A.4 Criteria 3e: Subsurface conditions: Permeability

Permeability in coal seams is obviously mainly dependent on depth (figure A.12). See
also [47] for Polish coal seams.
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10
00
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Figure A.15 – Relation between permeability and depth in various U.S.A. basins, after [4] [60]

A.5 Data availability

For the evaluation of the subsurface near DSM-Geleen several sources of
information were used:
- Maps per coal seam from the former mining activities
- Geological maps (based on seismic lines and wells)
- Wells, mainly drilled for coal exploration



Appendix A.13/ 14

Mining maps

Figure A.16 – Example of a mining map used as input

Geological maps

Figure A.17 – Example of a geological map used as input
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Figure A.18 – Map showing mapped faults in the area (red), sesimic lines (purple) and wells
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B (E)CBM operations in the USA

B.1 CBM production in Carboniferous basins in the U.S.A.

Central Appalachian
(West-Virginia, Virginia, Kentucky, Tennessee)

Coalbed gas: 5 Tcf (0.15 x 1012 m3),
recoverable 2.4 Tcf (0.07 x 1012 m3)

Number of producing wells (1996): 814
Typical net coal: 16 ft (4.9 m)
Average well production: 120 Mcf/d (3400 m3/d)

Northern Appalachian
(Pennsylvania, West-Virginia, Ohio, Kentucky, Maryland)

Coalbed gas: 61 Tcf (1.73 x 1012 m3),
recoverable 10.57 Tcf (0.30 x 1012 m3)

Number of producing wells (1996): 85
Typical net coal: 12 ft (3.7 m)
Average well production: 50 Mcf/d (1400 m3/d)

Black Warrior
(Alabama, Mississippi)

Coalbed gas: 20 Tcf (0.56 x 1012 m3),
recoverable 4.35 Tcf (0.12 x 1012 m3)

Number of producing wells (1996): 2739
Typical net coal: 25 ft (7.6 m)
Average well production: 100 Mcf/d (2800 m3/d)

Reference: Gas Research Institute

B.2 Allison Unit, New Mexico, U.S.A.

The Allison unit is an existing field example (Figure 2.22) of a CO2 injection facility
from Burlington Resources, located in the San Juan basin (Northern New Mexico,
USA). The Allison Unit is an ECBM with CO2 injection project, which consist of 16
production wells, four CO2 injection wells, and one pressure observation well. Injection
of CO2 took place from April 1995 until August 2001 [9]. CO2 is delivered by pipeline.
The 58-km pipeline connects the injection facility to a major CO2 transport pipeline
with a main line pressure at the tap point of 15.2 MPa (152 Bar; 2,200 PSI). At the
injection facility the CO2 can be delivered at a pressure of 12.4 Mpa  (124 Bar; 1,800
PSI), which is in fact greater than desired – pressure reduction is required at the wellsite
[9]. At the Allison unit, the CO2 is passed (at elevated pressure) through an ethylene
glycol heating unit that heats the CO2 to reservoir temperature (about 49 °C) to
minimise tubing contraction/expansion during shut-down periods. The heating unit is
fuelled by the gas gathering system [9]. The heater (which is fuelled with CBM gas
from the production well) is equipped with various safety devices to shut itself down in



Appendix B.2/2

the case of high pressure, temperature and/or other unsafe conditions. Between the
heating unit and the wellhead a pressure regulator and flow meter are constructed [9].
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C CO2 production and supply

C.1 CO2 production

At the ammonia plant in Geleen operated by DSM Agro, annually 1 Mtonne ammonia
is produced in two units by catalytic steam reforming of natural gas. In this process,
natural gas is converted into a mixture consisting of CO, CO2, H2, H2O, N2 and some
unconverted natural gas. In the subsequent water gas shift reaction, steam reacts with
carbon monoxide to produce carbon dioxide and hydrogen. CO2 is then removed from
the process stream (mainly consisting of hydrogen) in an absorption process. The
process stream is then cleaned of remaining carbon compounds, compressed and
introduced in the ammonia reaction loop, where hydrogen is guided over an iron
catalyst reacting with nitrogen to form ammonia. A part of the produced ammonia is
sold to other industries (e.g. for production of fertilizers like ammonium-nitrate) and the
remaining part is used for the production of carpolactam and urea. Urea, which is
produced by reacting ammonia with CO2, is applied as raw material for the production
of melamine.

C.1.1 CO2 removal and application
CO2 is removed in two absorption units. At the desorption units, a stream with a CO2
content higher than 99% is released at a pressure of approximately 1.5 bar and a
temperature between 15 and 45°C. It is saturated with water and contains traces of
nitrogen, hydrogen, carbon monoxide, methane, methanol and several other organic
compounds.
Annually, approximately 1 Mtonne of CO2 is produced24, from which roughly 50% is
used internally and the other 50% is vented. When both units are operating, 127 t
CO2/hr is released (68 and 59 t CO2/hr in unit 1 and 2, respectively), from which
approximately 43 t CO2/hr is used internally, of which 38 t CO2/hr for urea production.
From the remaining CO2, a part is transported by pipeline to CARBOLIM (a joint
venture of ACP and Air Liquide), where high-purity liquid CO2 (>99.99%) is produced.
This product is applied in a variety of industries, among which food and beverage
industry, metallurgic and chemical industry and greenhouses. The unit has a capacity of
240.000 t CO2/yr. In the summer, when the unit is operating at full capacity, between 30
and 32 t CO2/hr is required from the ammonia plant.
The remaining CO2 (at least 52 t/hr25 or circa 0.5 Mt/yr) is now emitted to the air and
would be the maximum amount available for sequestration26. However, when one of the
ammonia units is shut down, there is practically no CO2 available for injection. This
needs further consideration in order to safeguard a secure CO2 supply.

C.1.2 CO2 purification and liquefaction
The purification and liquefaction of the recovered CO2 from the ammonia plant is
performed by two independent units. The raw CO2 stream, which enters the process at a
pressure of 0.3-0.5 bar and a temperature of 15-30°C, is washed to remove several
contaminants (such as methanol). Oxygen is added to the gas stream, which is then

24 This does not include CO2 emitted during combustion of natural gas in the furnace to provide heat for the
reformer.
25 Assuming Carbolim requires 32 t CO2/hr when operating at full capacity
26 Considering a coalbed methane content of between 2 and 4 billion m3 and a CO2 sequestration potential of
8-17 Mt, we assume that the current CO2 recovery in ammonia production is sufficient. Consequently, no
other CO2 sources at the DSM terrain are considered.
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compressed to approximately 20-24 bar. In the next step, catalytic oxidation is applied
to remove hydrocarbons. The gas stream is then dried and eventual aromas are
neutralized, after which condensation occurs by cooling the gas stream by means of
liquid ammonia. Finally, the liquid CO2 is distillated and stored in cryogenic tanks,
where pressure and temperature vary between 14 bar, -30°C to 20 bar, -20°C. A total
storage capacity of 4000 (4 x 1000) ton is present. CO2 is finally pumped into a truck,
which delivers the product to the customer, where it is stored in cryogenic tanks, ready
for use.

C.2 CO2 supply scaled-up site

The components that need to be considered for the design of a new supply CO2 system
by means are CO2 compressing, drying, cooling and transport by pipeline.

C.2.1 CO2 compression
The raw CO2 stream is compressed to increase the density of the CO2 flow by means of
a multistage compressor with interstage cooling. Multiple compression steps are
necessary to control temperature rises caused by compression and to allow water to be
separated during the compression process. Each compression step requires its own
scrubber (to remove condensed liquids), cooler, and in some cases dryer. Since water
will condense during compression and the mixture of CO2 and water (carbonic acid) is
corrosive, the compressor requires corrosion resistant materials, such as stainless steel
[39].
The choice of a compressor depends mainly on the flow-rate and the differential
pressure required. For the compression of large, continuous quantities of gasses,
generally a (multi-stage) centrifugal compressor is used. Centrifugal compressors range
from inlet flows of 850 m3/h to 340,000 m3/h [61]. It is assumed that for the
compression 500 kt/yr (or 63 t/hr) of CO2 in the most optimistic scenario, a centrifugal
compressor is most suited.
In the CARBOLIM liquefaction plant, CO2 is compressed to approximately 20-24 bar
by means of a reciprocating and rotary compressor. Reciprocating (piston) compressors
are preferred where high pressures are required at relatively low flow rates, since the
isentropic efficiency is relatively higher at such low flow rates. This type of compressor
is also suited for non-continuous flows. Considering the quantity of CO2 to be
compressed for the scaled-up site (about 27 kt/yr or 3 t/hr), a reciprocating compressor
seems most suited.

In order to determine the capacity of the compressor, the shaft power (for each stage) is
calculated by means of the following formula. It is assumed that all compressors are
electrically driven.
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in which:
His = isentropic head (kJ/kg)
Z  = average compressibility factor (1 for ideal gasses)
R = gas constant (8.314 J/mol.K)
T1 = suction temperature (K)
M = molar mass
k = isentropic component (Cp/Cv), 1.293 for CO2
p1 = suction pressure (bar)
p2 = discharge pressure (bar)
W = shaft power (kW)
w = flow (kg/s)
ηis = isentropic efficiency
ηme = mechanical efficiency

Sulzer, a compressor manufacturer, has calculated the required compression energy for
a centrifugal compressor with a capacity of 70 kg/s compressing CO2 from 1 to 80,
which is 385 kJ/kg27 [41], corresponding to a shaft power of 27 MWe. The isentropic
efficiency is 75%.
For the sizing of reciprocating compressors, a tool available on the website of Process
Associates of America28 is used. By means of this tool, the number of compression
stages, discharge temperature, head and horsepower required per stage can be calculated
for reciprocating and centrifugal compressors. Input data are the flow rate, heat capacity
ratio (1.293), compressibility factor (assumed to be 1), suction pressure and temperature
and discharge pressure.  For multi-stage compressors, interstage cooling is applied with
the assumption that the compressed gas or vapor is non-condensible. The results of this
simulation program should be considered as indicative values and are not suitable for
real-life plant operation and/or design purposes.

The costs of compression consist of capital costs and O&M costs of the compressor
(including interstage cooling and knock out drums to remove water29) and the driver
and electricity costs to drive the compressor.
For a reciprocating compressor, capital costs are based on a reported capital costs for a
4.5 MW reciprocating compressor of 3780 kUS$ [40], applying a scale factor of 0.75.
Capital costs for a centrifugal compressor are calculated by means of the following
formula, which is deduced from the formula given in [41]. A scale factor of 0.75 is used
to correct capital costs for the required capacity [1]. O&M costs are assumed to be 5%
of the capital costs.

27 Assumed that CO2 is cooled to 35°C between compression stages.
28 http://www.processassociates.com/process/tools.htm
29 During the first compression stages, the majority of the present water will be removed by drains in the
intercooler. The remaining water is removed by means of a knock-out drum between the third and fourth
compression stage. The solubility of water in CO2 is at its minimum at this pressure. In the last stage, the
solubility increases, which makes under saturated with water.
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in which:
I = investment costs (M€)
C = 5.42 M€ (based on capital costs of a four stage centrifugal compressor

of 24 M€ to compress 250 t CO2/day from 1 to 80 bar provided by Sulzer)
p1 = suction pressure (bar)
p2 = discharge pressure (bar)
w = flow (kg/s)
ws= 70 kg/s
R = scale factor (0.75)

C.2.2 CO2 cooling
After the last compression step, cooling is needed prior to introduction in the pipeline to
preclude damage to coatings from high temperatures. Another reason to cool is that the
density of CO2 can vary significantly with pressure and temperature. At high pressures
considered for CO2 transport, the density is strongly depending on temperature (see
figure C.1). Therefore, cooling is needed to bring the fluid temperature close to ambient
so that temperature decreases due to heat transfer to the surroundings or small pressure
decrease due to frictional losses do not cause major density variation [39]. In the
Netherlands, pipelines are often put in the soil for safety reasons. At a depth of 1.25 m,
the soil temperature is 10°C [41]. When the input temperature is higher, CO2 will cool
during transport, and the density will increase, so cooling to 10°C might be required.
Meeting these cooling requirements will be a significant challenge, especially when the
compressor is installed at the injection site. Cooling could be provided by a circulating
water cooling system or a dedicated refrigeration system [39]. In order to cool to 10°C,
a small refrigeration step is needed. The energy demand for circulating and compressing
the refrigeration fluids is estimated to be 8 kJ of steam/kg CO2 and the investment costs
for the refrigeration step are relatively small [43]. In this study, additional costs for
cooling are not accounted for in the economic evaluation. In a follow-up study, cooling
needs to be considered in more detail provided that up scaling the ECBM site is realistic
and a new CO2 supply system must be developed.
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Figure C.1 Density of CO2 as a function of temperature and pressure

C.2.3 CO2 dehydration
In the presence of moisture, CO2 dissolves in water forming carbonic acid, which causes
corrosion of carbon and low alloy steal. Water in the pipeline can also cause hydrate
formation [62]. Without free water in the system, carbon steal should not corrode [45].
According to the engineers of Woodhill [45], operating below 60% relative humidity
normally provides a margin to avoid moisture condensation. According to Mohitpour
[63], water concentrations between 288 kg/106 m3 to 480 kg/106 m3 (corresponding to
358 and 597 ppm) typically are adequate for CO2 transmission in carbon steel pipe.
Based on water contents of natural CO2 transported by pipeline in the USA, the
acceptable concentration is assumed to be circa 50 ppm [64], which is considerably
lower than the concentration at saturation level.
The CO2 stream from the ammonia plant is 100% saturated. Water will condense during
compression and will be removed between the compression stages by means of
scrubbers. Scrubbers reduce the water content to near the saturation content (at the
pressure and temperature in the scrubber). At a pressure of 55 bar the solubility of water
in CO2 is minimal (around 580 ppm). With further compression, water solubility
increases [65]. Here, scrubbers are no longer effective to reduce the water content,
because the water does not condense into droplets. In order to reduce the water content
below the saturation level, chemical adsorption or absorption must be used. Adsorption
involves the use of packed beds of desiccants such as zeolites or molecular sieves [39].
Absorption involves the use of hygroscopic liquids such triethylene glycol. By means of
state-of-the-art glycol dehydration systems, water concentration of 1-5 lbs/MMscf can
be obtained, corresponding to a range of 20-100 ppm30. In the study performed by
Woodhill, glycol dehydration is proposed for CO2 dehydration prior to compression
[45]31. Glycol systems are usually used at low pressures only due to the natural affinity
between CO2 and glycol at high pressure. Adsorption based dehydration systems are

30 See http://www.natcogroup.com/Content.asp?t=ProductPage&ProductID=17
31 In the Carbolim plant, drying is performed after compression with Al2O3 (desiccant) and in some other
plants, molecular sieves are applied [29]. Dry siccant processes are generally applied where complete water
removal is desired, as is in high-purity CO2 production.
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more suitable when the CO2 stream is compressed or very low moisture output is
required, but tend to have higher capital costs than absorption based systems [66]. In
this study, it is assumed that dehydration is performed by means of adsorption in a
packed particle bed similar as in [39].

C.2.4 CO2 transport
CO2 should be transported at high pressures to ensure a high density in order to
minimise the transported volume32. For the transport of large quantities of CO2 under
high pressure, a steal pipeline is generally considered33. However, the quantities of CO2
considered in this project are quite moderate in comparison to quantities transported in
the USA for enhanced oil recovery and quantities considered in several literature
studies based on power plant emissions. An alternative for steal might be to use
fiberglass reinforced epoxy pipeline, which is widely applied in the oil and gas industry.
The CO2 transported from DSM to CARBOLIM is also transported in a fiberglass
reinforced epoxy pipeline. Fiberglass reinforced epoxy pipeline feature high corrosion
resistance both internally and externally (without cathodic protection) and can be used
to transport a variety of compounds, among which: sweet and sour crude oil, refined
petroleum products, fresh water, brines, H2S, CO2, acids, bases and natural gas. The
thermosetting epoxy pipe is suitable for temperatures up to 93°C. The joining system
can be an adhesive bonded joint or a threaded joint.
For the purpose of this study, a cost indication has been given for fiberglass reinforced
epoxy pipelines with threaded joints [46]. The cost indication has been performed for
both the high-pressure system (option 3, transporting CO2 in liquid phase after
compression near the ammonia plant) and the low-pressure system (option 4,
transporting CO2 in gaseous phase to the injection site, where it is compressed).
Specifications of these systems are given in the table below:

Table C.1 Epoxy pipeline systems

high-pressure
system (scaled-up
site)

high-pressure system
(19 scaled-up sites)

low-pressure
system (scaled-
up site)

Centron system SP2000 SPH2000 SP300
Working pressure (bar) 0.5-2.5 80-90 80-90
Working temperature (ºC) 5-35 5-35 5-35
Capacity (t/day) 80 1500 80
Internal diameter (inch) 1.5 6 6
Length (km) 2.5 20 2.5

Pipeline diameter calculation
The optimal pipeline diameter is an important factor to be considered for the pipeline
design. When choosing a smaller pipeline diameter, allowing a relatively high pressure
drop, the compression energy to compensate for this pressure drop will increase. When

32 The output pressure of the pipeline is set at circa 80 bar, which is based on the expected injection pressure
and the minimal pressure in the pipeline to ensure that CO2 does not enter the gas-liquid region below the
supercritical point [65]. The optimal operating pressure for a pipeline might be higher, also depending on the
injection pressure required.
33 Since a steal pipeline involves large investment costs, a supply agreement is required to guarantee CO2
supply for the longer term.
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choosing a higher pipeline diameter, material and construction costs will increase. In
this study, no extensive cost optimisation for the pipeline design could be performed.
Instead, a more simplified approach has been used and therefore, the pipeline diameter
and pressure drop should be considered as indicative.
The method to calculate a suitable diameter for CO2 transport is iterative. First a
diameter d is taken and the resulting pressure drop is calculated by means of the
formula below. Depending on the result a new value for the diameter has to be tried.
The allowed pressure drop is set between 1 and 5 bar for the high-pressure systems (to
avoid pressures below supercritical pressure of 74 bar). For low-pressure system (option
4), the pressure is allowed to drop from 1.5 to circa 1 bar. If the pressure drop is too
large, the calculation is done again with a bigger pipe diameter. If the pressure drop is
considerably smaller than the maximum pipeline drop, the pipe diameter is probably too
large, resulting in higher material and construction costs. The goal is to construct a pipe
with an optimal diameter and an acceptable pressure drop. The calculations are
performed assuming straight pipelines (curves in the pipeline will lead to larger
pressure drops).

First the annually transported tonnes of CO2 are translated to cubic meters per second.
The density ρ of CO2 at 20°C and 80 bar is 830 kg/m3 and 1.8 kg/m3 at 20°C and 1 bar.
From the transported volume of CO2 and the chosen diameter now follows the axial
velocity:

2

4
1 d

Fv
π

=

in which:
ν = axial velocity (m/s)
F = CO2 flow (m3/s)
d = diameter of pipe (m)

The behaviour of fluids is characterised by the dimensionless Reynolds number:

µ
ρ dv ⋅⋅

=Re

in which:
Re = Reynolds number (-)
µ = dynamic viscosity at transport conditions (7.6·10-5 Pa at 20°C, 80 bar

and  1.47·10-5 Pa at 20°C, 1 bar).

When Re < 2·103 then the flow is laminar. In laminar flow the friction factor f can be
calculated from:

Re
16

=f

in which:
f = friction factor (-)
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In most cases Re will be larger than 2·103: the flow is turbulent. For determining the
friction factor for turbulent flow, the relative roughness of the pipe is needed. This is the
roughness of the pipe surface divided by the pipe diameter. The roughness for
commercial steel fiberglass reinforced epoxy is 0.0457 and 0.0053 mm, respectively.
The friction factor can now be read from Figure 5-28 in Perry [67].

The pressure drop follows from the Fanning, or Darcy, equation:

d
lvfp 2

2
14 ρ⋅=∆

in which:
∆p =  pressure drop (Pa)
l  = length of pipe (m)
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D Water production and treatment

In the early production phase, coal gas wells usually produce significant volumes of
water. Water production tends to decline as gas production begins [23] (see Figure 1.2).
Initial production volumes at the Peer project (a CBM demo project in Belgium, which
is closely located to the site considered in this study) were around 18 m3/day [26].
Similar volumes are expected at the Recopol ECBM demo site, with an expected
decrease to around 5 m3/day within a few weeks [20]. However, the amount of
dewatering required may vary greatly between coalfields and between wells within an
individual field [23]. In this study, an average water production of 5 m3/day per well is
assumed over the project lifetime.

The main problem with coalbed water is its relatively high salinity [23], usually
measured by the concentration of total dissolved solids (TDS). The water produced
from coal seams is expected to contain dissolved salts, predominantly sodium chloride
and bicarbonate. The chemical composition of the groundwater in the old mining area
of Zuid-Limburg varied strongly. In general, the composition varies with depth. There
is a clear separation between the groundwater of the overburden and the deeper coal-
bearing strata. Latter groundwater is of the natrium-chloride type and is relatively
“soft”. It has generally a chloride content higher than seawater (19,000 mg/l). Due to
mining activities in the area south of the Heerlerheide fault, the pyrite in the coal can be
oxidised as a result of dewatering, giving the water a high sulphate value and a low pH.
This acidification could cause release of other contaminants to the water. Possibly, there
might be an effect of the remaining mining material in the abandoned mines [31,32].
Water compostion data are available from wells in the Peel area in Northern Limburg
[68]. Although the actual values will be different from the water in Zuid-Limburg, the
data do give an indication of the range that can be expected. Water taken from
Westphalian deposits at several wells in the Peel area has TDS varying between 18 and
52 g/l. As a comparison, TDS concentrations in produced waters generated in the USA
are in the range of 0.2 to 27 g/l [23]. Seawater has a TDS of approximately 35 g/l. So
there are strong indications that the TDS of the water produced from coal in Zuid-
Limburg is relatively high. High concentrations of TDS are considered a problem
because they can cause undesirable effects on aquatic organisms and fresh water
resources in addition to scale forming in the installation. Apart from salinity, coalbed
water can contain other pollutants as well. In some cases, suspended solids (like coal
particles) may pose a problem. Other possible pollutants include inorganic (heavy
metals) and organic trace elements and mineral oil. Just as the quantity of water pumped
from the coal seam varies, so does its quality, depending on the geology associated with
the coalbeds, aquifers, and region [23].

There are several solutions to deal with coalbed water, among which reinjection,
surface evaporation, discharge to surface water and advanced treatment systems [23].
The latter can be applied to reduce chloride and TDS concentrations to levels at which
the water may be used beneficially (e.g. irrigation) or discharged to water courses with
lower flow rates.
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Table D1 Composition of water samples of from deposits of Westphalian age in the
Peel area (pH between 6.8 and 7.8) [68]

Min. conc.
(mg/l)

Max. conc.
(mg/l)

Low flow
test site a

(kg/day)

High flow
test site b

(kg/day)

Low flow
scaled-up site a

(kg/day)

High flow
scaled-up site b

(kg/day)
Cations
Na+ 5481 15847 27 238 247 2139
K+ 101 143 0.5 2.1 4.5 19
Ca2+ 420 1627 2.1 24 19 220
Mg2+ 157 553 0.8 8.3 7.1 75
NH4+ 12 41 0.1 0.6 0.5 5.5
Anions
Cl- 8814 28945 44 434 397 3907
SO42- 3.4 160 0.02 2.4 0.2 22
HCO3- 157 713 0.8 11 7.1 96
CO32- 0 0 0 0 0 0
NO3- 0 0 0 0 0 0
NO2- 0 0 0 0 0 0
PO43- 0 0 00 0 0 0
SiO2 6.8 7.3 0.03 0.1 0.3 1
TDS 17934 51540 90 258 807 6958
a Assuming an average water production of minimal 5 m3 per well.
b Assuming an average water production of maximum 15 m3 per well.

In the San Juan Basin in the US, reinjection of coalbed water into depleted gas
reservoirs is broadly applied. In Zuid Limburg, coalbed water could be reinjected in the
Trias formation. The main disadvantage of reinjection is the high costs associated with
well drilling and completion. Drilling costs in the US range from around 0.4 to 1.2
MUS$ per well [69]. This makes reinjection only feasible when large volumes of water
are produced. Moreover, it is the question whether reinjection of coalbed water is
allowed under Dutch law.
Surface evaporation pits have been used for disposal of small quantities of water in
regions with a suitable climate. This method does not seem appropriate considering the
moderate climate in Zuid Limburg. Possibly, the heat produced during compression can
be used to evaporate the water, only leaving a small amount of salts. This is executed on
small-scale at some operations in the San Juan basin. A more detailed study would be
required to evaluate whether this method is viable.
The suitability of surface discharge depends on the composition and quantity of the
coalbed water, geography and climate of a region that determine the capacity of water
sources to accept discharges, and the regulations and permits that are enforced. Surface
discharge is an environmentally acceptable method, provided that concentrations of
dissolved salts and other pollutants are low or there is ample opportunity for dissolution
[23]. When loads of certain elements are too high, the produced coalbed water can be
treated by aeration and settling, which has proved to be a cost-effective method.
Sedimentation and treatment ponds typically receive water from multiple wells. By
means of aeration some of the soluble ions are oxidised and precipitated. Adding
caustic or acid feed might be required for flocking salts. Bacteria and algae can
breakdown complex organic substances into soluble matter and absorb the material as a
source of energy and nutrition [23]. However, the high salinity of coalbed water may
affect the bacteria population. From earlier studies of the feasibility of CBM, it
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appeared that the wastewater treatment at the DSM terrain cannot handle coalbed water,
because the bacteria will be killed as a consequence of the high salinity [70].

Considering the presence of the Maas in close vicinity of the production site and the
expected water production for a test site (relatively small), surface discharge of coalbed
water seems a feasible option. For the Maas, an imission policy is formulated for
salinity (so-called stand-still principle), which implies that the concentration of Cl- and
SO42- should not exceed 100 mg/l [33]. The expected loads of these anions for a pilot
project will not threaten this target and can be discharged to the Maas without any
treatment, provided that the heavy metal concentration is very low [33]. The load of Cl-

as can be expected for a scaled-up site is not always acceptable. In accordance with the
“salinity policy”, no new drainings of salts are allowed when the flow is low (55 m3/s
measured at Borgharen-Dorp). In such a situation, temporary storage is required.
During hot summers, it is possible that the flow does not exceed the 55 m3/s level for
60-90 days. Hence, the buffer should be constructed accordingly. The buffer is emptied
periodically by a truck. The water can be transported to the Julianakanaal (connected to
the Maas), where it can be discharged. It might be possible to discharge the coalbed
water in the effluent of the DSM treatment plant. An alternative to temporary storage is
to construct an aeration and sedimentation pond. These systems do not affect the
chloride concentration of the water, but do allow control of discharge rates so that
maximum allowable chloride concentrations are not exceeded.
In a later research stage, the concentrations of NH4+ do need further attention when
surface discharge is seriously considered, since this might cause ammonia production
[33]. Since coalbed water generally contains significant amounts of metals and oxygen
bounding compounds [34], this aspect also needs more attention.
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E General scheme of the Environmental Impact
Assessment procedure

Table E1 General scheme of the Environmental Impact Assessment procedure in the
Netherlands.

Environmental Impact Assessment
(EIA)

What happens?

inception memorandum The proponent presents the inception memorandum (also called: notification
of intent or starting note) with a brief description of the proposed activity.
The competent authority makes the memorandum public. The procedure
begins.

public participation In a public participation period of 4 weeks, the public and the advisers
comment and advising on the memorandum to the competent authority. This
participation and advising aims at the guidelines for the contents of the EIS.
Especially the advice of the EIA Commission on the guidelines is important.

guidelines 13 weeks after the publication of the inception memorandum the competent
authority draws up the guidelines. The guidelines define the environmental
effects and alternatives to be assessed in the Environmental Impact
Statement.

production of the Environmental
Impact Statement (EIS)

The proponent is responsible for drawing up the Environmental Impact
Statement There is no maximum time limit. In this phase an intensive
interaction between the EIS process and the development of the project or
plan is recommended. As soon as the EIS is ready, the proponent sends it
with the permit request or draft plan to the competent authority.

acceptation of the Environmental
Impact Statement

The competent authority checks the Environmental Impact Statement on the
basis of the guidelines and legal requirements within 6 weeks.

publication of the Environmental
Impact Statement and permit
request or the draft plan

The competent authority publishes the Environmental Impact Statement
within 8 weeks after receiving it. The EIS is published simultaneously with
the permit request for public comment and advising. An EIS for a plan is
published together with the draft plan.

public participation, advising and
hearing

The public and the advisers give their comments on the Environmental
Impact Statement and on the permit request or draft plan. The public
participation period is at least 4 weeks. A hearing is included.

review of the Environmental Within 5 weeks after the public participation period, the EIA Commission
reviews the EIS both for completeness and scientific quality, taking into
account the comments from the advisers and public participation.

Decision The competent authority decides on the basis of the EIS and the received
comments and advices. It motivates in the decision how the EIS (impacts
and alternatives) and comments were taken into account. The competent
authority must also formulate an evaluation programme.

Evaluation In cooperation of the proponent, the competent authority evaluates the
environmental impacts on the basis of the evaluation programme. If
necessary, the competent authority may order extra mitigating measures to
reduce the environmental effects.
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Table E2  Demands on the EIS as described in the Environmental Management Act

Environmental Management Act, Section 7.10:
1. An environmental impact statement shall contain at least:

a. a description of the purpose of the proposed activity;
b. a description of the proposed activity and the manner in which it will be carried

out, and of the alternatives which should reasonably be taken into consideration
and the

c. reasons for choosing the alternatives to be taken into consideration
d. an indication of the decisions in the preparation of which the environmental impact

statement is to be drawn up, and a review of the decisions previously taken by
government bodies relating to the proposed activity and the alternatives described;

e. a description of the current state of the environment in so far as the proposed
activity or the described alternatives may affect it, and the expected developments
in the said environment in the event that neither the said activity nor the
alternatives are undertaken;

f. a description of the effects which the proposed activity or the described alternatives
may have on the environment, and an explanation of the manner in which the said
effects have been determined and described;

g. a comparison of the expected developments in the environment, as described under
d, with the described effects of the proposed activity on the environment and with
the describe I effects on the environment of each of the alternatives considered;

h. a review of the omissions in the descriptions referred to under d and e, due to lack
of the necessary information;

i. a summary providing sufficient information for the general public to be able to
evaluate the environmental impact statement and the effects on the environment of
the proposed activity and of the alternatives described therein.

2. The environmental impact statement shall be drawn up in the Dutch language, unless
the competent authority, when issuing the guidelines referred to in Section 7.15, gives
the person undertaking the activity permission to draw up the report in another,
specified language. The summary referred to in subsection one, under h, shall always be
written in the Dutch language. If an activity, in preparation for which an environmental
impact statement must be drawn up, may have serious adverse effects on the
environment in another country, the person undertaking the activity shall send the
competent authority of that country, at its request and within a period to be stipulated in
that request, a summary of the statement in the national language of that country.

3. The alternatives to be described in accordance with subsection one, under b, shall in any
case include an alternative which prevents the adverse effects on the environment or, in
so far as this is not possible, reduces them as far as possible using the best means
available of protecting the environment.

4. The competent authority may stipulate that, if it is not possible to limit all adverse
effects on the environment, the description of the alternatives in accordance with
subsection one, under b, must include a description of the possible arrangements which
may be made or measures which may be taken elsewhere to compensate for the
remaining adverse effects.

5. Rules may be laid down by order in council with respect to the manner in which the
information referred to in subsection one shall be determined and described.

Environmental Management Act, Section 7.11
1. Information which, in the interests of proper decision-making, an environmental impact

statement should contain in addition to that referred to in Section 7.10 may be designated by
order in council. Rules may also be laid down as to how the said information shall be
determined and described.

2. It may be laid down by order in council pursuant to subsection one that a piece of
information shall be required or a rule shall apply only in the categories of cases stipulated.

3. Our Ministers may jointly lay down rules with respect to the form of an environmental
impact statement.
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1.0 INTRODUCTION

During March 2001 a report has been published by Novem, titled
Potential for CO2 sequestration and Enhanced Coalbed Methane production in The
Netherlands

According to the preambule written by Harry Schreurs of Novem the results of the
project were encouraging with shown uncertainties on the technological side as well
on the jurisdictional side.

One of the recognised uncertainties were the cost of the wells to be drilled and were
reported in the report to be in excess of 1 million Euro.

2.0 SUMMARY

This report will discuss the different options available and the cost involved.

Although there is new drilling technology available to do in seam multi lateral drilling
the cost there off is so excessive that this new technology has to mature first to
become of interest.
This is contrary one of the recommendations of the above mentioned report and seems
to be in conflict with the  special focus on drilling techniques in a pilot project.

It is the opinion of the author that a pilot project is very important and therefore focus
should be on cost first to be able to prove the commerciality of the total process.
A very extensive inquiry has been sent to all known, oil/gas industry drilling
contractors, waterwell drilling contractors, geothermal drilling contractors and some
others across  Europe.
Some interesting feedback has been received and it is clear that oil/gas field drilling
contractors are not low cost operators, risk averse and only offered their rigs on a day
rate basis plus fixed mob/demob.
Lowest dayrates from all contractors received  varied between euro 8670 and 15600
per day.
Unofficial lumpsum offers were received from 4 parties and prices varied
considerably between the option with vertical wells only and the option with 1
vertical producer and 4 deviated injectors
Lowest lumpsum offer was from Contractor 1 with a total of  2.400.000,- Euro for 5
vertical wells, one producer and 4 CO2 injectors and the highest was Contractor 2
with a total of 5.217.500 Euro for one producer well and 4 CO2 deviated injectors.
The numbers given by the contractors for the 5 well programme give confidence that
the programme can be executed  for 5 million Euro, utilising Contractor 1 for the
vertical well.
To core the Carbon will result in an additional 250.000 Euro investment and it is felt
that the logging programme is good enough to get detailed coalseam information.
Glassfiber tubing cost was found to be excessive and therefore normal steel 2
7/8”tubing will be used .
Included in the lumpsum is a Chinese manufactured pumpjack with suckerrods and
pumpbarrel
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Due to the fact that data from this report may become public, it has been decided to
have all company names removed.
All backup data and quotations have been handed over to TNO-NITG.

3.0 RECOMMENDATIONS

To establish a multidiscipline team to investigate the details of fraccing and the
application of vertical  or deviated  injection wells.
If the project is feasible a detailed followup and serious tender excersize

4.0 CONCLUSIONS

The wellcost as described in the NOVEM report in the range of 300-500.000.- Euro is
not realistic, except for the vertical wells.
The well cost in the Novem report appendix of 1.008.000.- Euro out of 1986 by a
contractor out of the oil and gas industry are found to be valid for deviated wells
drilled in 2003 by a low cost drilling contractor from the geothermal drilling industry
The pilot project is to be executed after some more detailed study of a multi
disciplinary team.

5.0 THE INQUIRY

Below the text of the inquiry sent out to the industry

The Coalbed Methane Production with CO2 Injection Project

The pilot project Coalbed Methane production with CO2 injection  is initiated by the
Ministry of Economic Affairs and executed for Novem by TNO-NITG and Dick
Swart Consultancy B.V. Subcontractors of TNO-NITG are Energy Center of the
Netherlands (ECN) and Utrecht University.
Location is circa  1-2 km North of the DSM factory site in Geleen
The geological column  is as follows:

Tertiair 0-350m

Chalk 350-430m

Trias- 430-700m

Carboniferous 700-1200m

 The pilot project will consist out of  one injector and 1 producer or 4 injectors and 1
producer..The deviated well with 707m horizontal displacement at a TVD of 1200m
and in case of 4 injectors the underground CO2 injection points are 1000m apart from
each other. The five Star well pattern has a 1000m grid
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Also please furnish the minimum size location to accommodate the 2 or 4 wells, the
location will be constructed according to your minimum needs.

There maybe a requirement in the vertical well only to wireline core  (PQ coring) the
500 meters of Carboniferous.
Please quote this separately

MWD services (with Gammaray, density, resistivity) will determine the coalseams,
cheaper alternatives are to be considered. Please specify standby rates during logging
in case no lumpsum is quoted.

Note: common practice in CBM industry in the US is the use of density log for
determination of coal seams. Logging will be required if MWD services are not used

There have been coal exploration wells in the surrounding and they were drilled with
a mud weight of 1,06 max and no losses were encountered

As the drilling advisor for the consortium I like to receive the following information.
Please indicate lumpsum prices for the following

1. Drilling the 2 wells on turnkey basis

2. Drilling the 5 wells on turnkey basis

3. Drilling the vertical well and coring the complete Carboniferous section and
run the casing or liner

4. Complete the producer and perforate and frac the wells as indicated

5. Complete the injector(s) as indicated

Alternatively please quote dayrate prices for rig, directional drilling services and other
services
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Please select the cheapest option of the casing programmes below. If you feel that
there are cheaper or more fit for purpose solutions, do not hesitate to present them

Vertical well Option 1 Option 2 Vertical well Option 3 Option 4

Casing Setting depth Setting depth Casing Setting Depth Setting depth

14” or 13 3/8” conductor 5 -75m 5-75m 10” or 9 5/8” conductor 5-75m 5-75m

9 5/8” casing 375m 700m 7 5/8”  or 7” casing 375 m 700m

7” casing 1200m 1200m 5 ½” or 4 ½”casing 1200m 1200m

7” liner No As alternative 5 ½” or 4 ½” liner No As alternative

Deviated well Option 1 Deviated well Option 2

Casing Setting depth Casing Setting depth

14” or 13 3/8” conductor 5-75m 10” or 9 5/8” conductor 5-75m

9 5/8” casing + KOP 375m 7 5/8” or 7” casing + KOP 375m

7” casing* 1200m TVD Around 1600m MD 5 ½”or 4 ½” casing* 1200m TVD Around 1600m MD

*well TD to accommodate 707m horizontal displacement

• Contractor will be responsible for cost of cutting and drilling fluid disposal,
power requirement if taken from grid, cost of water supply

• Wellheads to be fit for purpose and thus simple

• Completion of producer
Individual coal seams are expected to have thicknesses of 0.50 to 1.50 m. The
vertical production  well will be perforated in 3 zones of up to 15 m in order to
perforate a (cumulative) total of at least 5 meters coal and completed with 2
7/8" tubing to td with pumpbarrel and pumpjack  at the surface.
The pump should be able to pump off up to a maximum of  30 cubm per day

The 3 zones will be fracced before installation of the pump.

• The Completion of  injector

same zones, 3 zones of up to 15 m, will be perforated as those perforated in the
producer well.

2 7/8” Glassfiber tubing with simple packer above perforations for corrosion
protection

Because fraccing may be considered tubing to have 250 bar burst pressure
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If the project will be executed on a dayrate basis the Well construction team
manager (DSC or somebody else) will arrange all logistics and supplies
The purpose of this  inquiry is to  confirm that the project can be executed, if the
wells are too expensive there will be no project.
If wells can be drilled at reasonable cost the project commencement date may be
end of 2004, early 2005
The IADC turnkey contract adjusted for Dutch law will be the contract form
All contacts and inquiries are to be directed to undersigned and under no
circumstances DSM, NOVEM, TNO-NITG and  Ministry of Economic Affairs are
to be contacted direct.
Appreciate to receive your budgetary quotation by Friday May 2nd , latest at the
address below, by email or courier

 Dick Swart Consultancy B.V.
Vechtstraat 29
9725CS Groningen
The Netherlands
Tel: +31-50-5251418
Mob: +31-651423227
Fax: +31-50-5251472
Email: swart100@worldonline.nl

NB An extension was granted until May 23rd due to difficulties with the
timeframe to respond.

mailto:swart100@worldonline.nl
mailto:swart100@worldonline.nl


DICK SWART CONSULTANCY B.V.
Vechtstraat 29

9725 CS Groningen
The Netherlands

TEL: +31-50-5251418                                            FAX : +31-50-5251472                 EMAIL : swart100@worldonline.nl

DICK SWART CONSULTANCY B.V. 8 03-11-03

6.0 INVITED COMPANIES

The inquiry has been sent to the following companies

Country & Company Response Response

Germany Dayrate Lumpsum

KCA-Deutag X DECLINED

Itag X DECLINED

EEW X DECLINED

H. Anger’s Soehne GMBH X X

EM-Bohr X DECLINED

Saarkholen DECLINED DECLINED

Deilmann-Haniel DECLINED DECLINED

Austria

Trans Globe Energy GMBH DECLINED X

The Netherlands

Haitjema DECLINED X

BakerHughes Intec X for directional drilling NO

BJ Services coiled tubing Too Expensive NO

Balanced Point Control HWU Too Expensive NO

United Kingdom

Edeco DECLINED DECLINED

BDF X X

France
Cofor NO RESPONSE NO RESPONSE

Belgium

Desmet NO RESPONSE NO RESPONSE

Switserland

Foralith NO RESPONSE NO RESPONSE
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7.0 WELLDESIGN OPTIONS

4 vertical well options were  presented and naturally many more combinations are
possible
in order to give the contractors the highest flexibility with respect to equipment
selection and thus price.

Vertical well Option 1 Option 2 Vertical well Option 3 Option 4

Casing Setting depth Setting depth Casing Setting Depth Setting depth

14” or 13 3/8” conductor 5 -75m 5-75m 10” or 9 5/8” conductor 5-75m 5-75m

9 5/8” casing 375m 700m 7 5/8”  or 7” casing 375 m 700m

7” casing 1200m 1200m 5 ½” or 4 ½”casing 1200m 1200m

7” liner No As alternative 5 ½” or 4 ½” liner No As alternative

Deviated well Option 1 Deviated well Option 2

Casing Setting depth Casing Setting depth

14” or 13 3/8” conductor 5-75m 10” or 9 5/8” conductor 5-75m

9 5/8” casing + KOP 375m 7 5/8” or 7” casing + KOP 375m

7” casing* 1200m TVD Around 1600m MD 5 ½”or 4 ½” casing* 1200m TVD Around 1600m MD

*well TD to accommodate 700m horizontal displacement
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The picture below represents a combination of several options to drill and complete
the wells vertically and or deviated

Circa 15 m

Circa 500 - 700 m

cement

Sucker rods

2 3/8” production tubing

fracks

2 7/8” injection tubing

packerRod pump

9 5/8” production casing

5 1/2” production casing
5 1/2” production casing

Corrosion inhibitor fluid

perforated casing

9 5/8” production casing

13 3/8” stove pipe
13 3/8” stove pipe
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The opties presented below are the possibilities to execute the programme in vertical
and / or deviated mode
Optie 1 is 1 vertical producer well and 1 deviated injector well

Optie 2 is I vertical producer well and 4 deviated injector wells

Optie 3 consist out of  2 vertical wells only, one producer and one injector

Optie 4 consist out a 5 spot well pattern with one vertical producer surrounded by 4

vertical injectors at a distance of 700m

8.0 DAYRATE

6  contractors responded with prices for Mobilisation inclusive rigging up on location
and Demobilisation inclusive rigging down and indicated a dayrate and hourly rate as
indicated in the table below

Contractor Mobilisation Demobilisation dayrate hourly rate
rigmove between
wells

A 290.000 270.000 15.960 665 120.000
B 125.000 125.000 15.000 625 105.000
C 190.000 110.000 13.500 563 120.000
D 98.300 74.300 12.600 495 88.000
E 102.000 102.000 10.500 438 73.500
F 111.300 111.300 8.760 365 39.000

Optie 2Optie 1
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The dayrate offer of contactor F is the best unless the programme will be drilled by
contractor D in about 10 days less, being the result of the lower mobilisation and
demobilisation.
Dayrate offers were received for a coiled tubing unit and Hydraulic workover unit and
both were around 25.000,- Euro per day making them both unattractive.
The dayrate offers do not justify a dayrate contract due to the number of
uncertainties and the fact that all risk will have to be born by the operator.

9.0 LUMPSUM

The lumpsum offers received from the 4 parties have standardised for the extra cost
involved and not included in the lumpsum offers.
The most elaborate offer was made by Contractor 2 and in the extra’s as indicated
below some of their quoted cost were used.
The cost quoted by Contractor 1 and Contractor 2 will reflect the most likely cost if
the project becomes a reality.

Extra's producer vertikale injector gedevieerde  injector
Logging 12.000 12.000 15.000
Wellhead 10.000 10.000 10.000
Completion 31.200 31.200 31.200
pumpjack + barrel 25.000
Packer 5.000 5.000 5.000
Location 25.000 25.000 25.000
Contingency 26.800 26.800 26.800
Supervision 20.000 20.000 24.000
Total 155.000 130.000 137.000

Contractor 1 has offered only vertical wells and are from a drilling point of view the
cheapest option.
Cost of surface pipelines between 2 locations are lower than the cost of the deviated
wells, but this needs verification

Contractor 1 Lumpsum Extra's Total
2 vertical wells 690.000 285.000 975.000
1 vertical producer  & 4 vertical injectors 1.725.000 675.000 2.400.000

Contractor 2  has made the most elaborate and detailed quotation and furnished also a
coring price of  253.000,- Euro for 500m core in the Carbon. Contractor 2 also
furnished prices for  4 different options from the  inquiry and for comparison purpose
the cheapest option has been selected
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Contractor 2 Lumpsum Extra's Total
2 vertical wells 1.131.660 292.000 1.423.660
1 vertical producer  & 1 deviated injector 1.558.990 292.000 1.850.990
1 vertical producer  & 4 deviated injectors 4.538.470 703.000 5.241.470

Contractor 3 is based upon an email and hardly any details are given other than the
lumpsum prices. Furthermore it is clearly stated that meetings are required to further
discuss and negotiate the quotation.

Contractor 3 Lumpsum Extra's Total
1 vertical producer  & 1 deviated injector 2.250.000 292.000 2.542.000
1 vertical producer  & 4 deviated injectors 4.500.000 703.000 5.203.000

Contractor 4 has made a dayrate proposal as well as a lumpsum offer and also made a
lumpsum offer for 500m core through the Carbon and was found inline with the
coring price of Contractor 2  with 245.000.- Euro.

Contractor 4 Lumpsum Extra's Total
2 vertical wells 1.475.000 292.000 1.767.000
1 vertical producer & 1 deviated injector 1.845.000 292.000 2.137.000
1 vertical producer & 4 deviated injectors 4.385.000 703.000 5.088.000

10.0 SUMMARY OF LUMPSUM QUOTATIONS

Although the offer of Contractor 2 is highest of the 3 offers according to optie 2, but
their quotation is well documented and thus the most accurate.

Contractor 1 Contractor 2 Contractor 3 Contractor 4

Optie 1

1 vertical & 1 deviated

1.850.990 2.542.000 2.137.000

Optie 2

1 vertical & 4 deviated

5.241.470 5.203.000 5.088.000

Optie 3

2 vertical wells

975.000 1.423.660 1.767.000

Optie 4

5 vertical wells

2.400.000
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11.0 GLOBAL OVERVIEW WELLCOST

In the March 2001 report of NOVEM there is a table published with cost of CBM
wells on a global basis. The wells as indicated in the table with an asterisk reflect the
cost from this survey. The wells without asterisk are all vertical wells and the cost of
the Dutch vertical wells are reasonably in range with the wells drilled in Australia,
Germany and US Washington State as can be seen in the column the cost in
Euro/meter.

LOCATION DEPTH (M) COST IN EURO FRAC EURO/(M)
Canada Hatton 550 79.000 yes 144

Canada Athabasca 680 157.000 yes 230

Canada Pelican 690 116.000 no 168

Canada Stettler 1330 242000 no 182

US Powder R.Basin 243 64.000 no 263

US Black W Basin 915 272.000 yes 297

US Washington State 600 398.000 yes 663

China 400 115.000 yes 287

New Zealand 472 675.000 yes 1430

New Zealand 570 716.000 yes 1256

Australia 900 497.000 yes 552

The Netherlands vertical injector* 1200 475.000 no 396

The Netherlands vertical producer* 1200 500.000 no 417

The Netherlands deviated injector* 1550 1.125.000 no 725

The Netherlands 1986 900 1.008.000 no 1120

Germany 2000? 1.000.000 no 500

* 2003 cost, all others earlier than1999
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12.0 DEPTH VERSUS TIME PROGRESS CURVE

 ECBM  Days v Depth
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Time spent on the drilling programme of one well:
With 5 wells on turnkey  the total time varies between 150-200 days
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13.0 APPENDIX 1 Options Vertical and Deviated wells, hole- and casing sizes

mailto:swart100@worldonline.nl
mailto:swart100@worldonline.nl


DICK SWART CONSULTANCY B.V.
Vechtstraat 29

9725 CS Groningen
The Netherlands

TEL: +31-50-5251418                                            FAX : +31-50-5251472                 EMAIL : swart100@worldonline.nl

DICK SWART CONSULTANCY B.V. 17 03-11-03

mailto:swart100@worldonline.nl
mailto:swart100@worldonline.nl


DICK SWART CONSULTANCY B.V.
Vechtstraat 29

9725 CS Groningen
The Netherlands

TEL: +31-50-5251418                                            FAX : +31-50-5251472                 EMAIL : swart100@worldonline.nl

DICK SWART CONSULTANCY B.V. 18 03-11-03

APPENDIX 2    Offer  from the USA

At the meeting of 12 June at the TNO-NITG  office presenting the findings of this
report  business cards of representatives of American coalbed methane contractor’s
were handed over and the inquiry was sent by email to them below you will find an
summary of  their reply received on June 20.

Directional Drilling / Steering operations
In addition to maintaining sufficient consumables, parts, and supplies for operating
one directional drilling system 24 hours per day, seven days per week.
Rates include:  Two Directional Technicians, Portable Operations Trailer, 8” Mud
Motors, MWD-EM, Non Mag Collars, UBHO Sub, Float Sub, MWD-E as back-up
only, Planning/Plotting/Completion Software.

Estimated Operating Rates:

1. Mobilization / Demobilization:Airfare and shipping $Cost + 15%

2. Operating: Per Day $7,850.00

3. Stand-by: Per Day $2,800.00

4. Perdiem: Per Day $100.00 / Man

5. Ground Transportation: Customer Provided or Cost + 15%

6. Motor Service Charge: Per Operated Motor                $800.00

7. Excessive wear / motor damage As Incurred                         Cost + 15%

Estimated costs for drilling equipment are as follows:

Mobilization/Demobilization                                                         $96,000.00 Each way
For equipment from USA to Geleen, Holland

Day Rate – Operating                                                                     $9,600.00 Per Day

Day Rate - Non-Operating (With Crews)                                       $8,400.00 Per Day

Standby Rate (Without Crews)                                                       $3,000.00 Per Day

BOP Rental                                                                                     $18,000.00/Mo
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Wireline coring equipment is included in the dayrate and therefore if coring is
required the offer may be the most interesting.
The directional drilling equipment is about 60% of what contractor’s in Europe charge
The quotation is very interesting , but the following need to be realised:
The equipment is not having the CE marks and thus not approved and the tax situation
is unclear
If the project  will be continued a further in depth investigation and clarification with
respect to the legal and commercial situation will have to be made as well as an
evaluation of the total cost of the wells.
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