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Executive summary

Introduction

This final report summarises assessments of the carbon dioxide storage potential in north-eastern
China, which were undertaken as part of the Near Zero Emissions in China (NZEC) project between
January 2008 and December 2009. Strong collaborative links have been developed between Chinese
and UK researchers. In NZEC, the UK storage experts have supported their Chinese counterparts in
their assessments of storage potential. Fruitful and open discussions of methodologies and results
have been held throughout the project. Strong collaboration has also been achieved between the CO,
storage teams in NZEC, COACH and Geocapacity projects.

Storage potential has been evaluated at two scales: firstly, at a regional basin scale, and secondly, at
a site-specific scale where more detailed assessments of storage potential have been performed. At
both scales, we have calculated the potential storage capacities as part of enhanced oil recovery
(EOR), where CO, can be used to increase oil production from oilfields, and also by direct storage into
aquifers which contain saline, non-potable water for which there is likely to be little or no other use.

Oil and gas fields are prime targets for CO, storage because they are geological structures that, by
definition, have contained buoyant fluids for geological time periods. Increased production from
mature and depleting oilfields is a clear priority for field operators both to maximise revenues and meet
China’s increasing energy demands. CO,-EOR offers some potential to increase production,
providing additional energy production to meet China’s increasing energy consumption, and also has
the added benefit of storing some CO, during the flooding project. However, the greatest storage
potential is only realised at the end of field's productive life, when a depleted field can be used as a
dedicated CO, storage reservoir. The additional revenues generated by increased oil production may
also offset some of the additional costs of CCS.

While estimates of storage capacities in saline aquifers are typically large, these estimates are often
based on gross simplifications and extrapolation across large areas (e.g. basin-scale) from a limited
range of data. Such estimates of storage potential in saline aquifers are therefore suitable to compare
different regions in broad terms and can be used to help prioritise more-detailed analysis of storage
potential in saline aquifers to refine site-specific assessments. In contrast to oil and gas fields, where
exploration and production lead to a large amount of geological data, detailed information for saline
aquifers is often lacking, since the absence of economic resources have not encouraged extensive
investigation.

Several approaches to estimating storage capacities have been undertaken in this study. The
methods chosen are based on published methods and their application is based both on the
availability of data and the need to ensure consistent estimates for storage capacities were produced.
In order to ensure that the calculated storage capacities can be compared for both basin and site
assessments made here, and with other regions of China, and more widely, a consistent calculation
method has been applied based on that published by the Carbon Sequestration Leadership Forum
(CSLF).

Two basins were selected for storage capacity assessment: the Songliao and Subei Basins. The
Songliao Basin, in North-eastern China has been the largest oil and gas producing province in China
with two large hydrocarbon provinces, the Daqing and Jilin oilfield complexes. The area also emits
significant CO, from power plants and industrial sources. Although smaller, the Subei Basin, the
onshore part of the Subei-Yellow Sea Basin was also assessed as it contains mature oil and gas
fields, as well as known natural CO, accumulations.

These areas were selected for a number of reasons:

They contain large, onshore, active, mature oil and gas fields where relevant information is
available in the public domain.

The presence of oil and gas fields, where hydrocarbons have been naturally trapped on
geological timescales, provides confidence that CO, may be permanently stored in these or
similar structures.
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The Chinese partners have considerable current experience of working in these oilfields and
with the operators.

In these mature fields, tertiary recovery is increasingly being sought to improve declining
production and there is consequently great interest in these regions for enhanced oil recovery
including via CO,-flooding.

Pilot CO; flooding tests have been carried out in both the Jilin and Jiangsu oilfields.

In mature oil provinces, depleted oil and gas fields can be used for dedicated CO, storage
fields once production ceases.

These regions were selected to complement those being studied within the COACH and
Geocapacity projects which evaluated onshore fields in the Bohai Basin.

Songliao Basin

The Daqing Oilfield complex comprises numerous individual oilfields with a variety of structural
characteristics. Seven fields were selected for study following an initial site screening. Storage
capacity of these seven fields was calculated to be approximately 593 Mt CO, (based on a volumetric
replacement of the original oil in place), with two fields, Lamadian and Sa’ertu, comprising 84% of
estimated capacity. It was estimated that between 269 and 1343 million barrels of additional oil could
be recovered through EOR from these seven fields. This range is based on reserve estimates
reported in 2000 and by applying a theoretical EOR recovery factor of between 2-10% for these seven
fields. Comparisons with other CO, EOR projects suggest that this requires injection of up to 12 Mt of
CO,, depending on the efficiency of the CO, flooding project. CO,-EOR projects typically produce
between 2 and 4 barrels of oil for every tonne of CO, injected, though some achieve significantly
greater efficiencies than this.

The Jilin Qilfield complex is divided by faults into eastern, central and western areas. Five large fields
were selected for initial assessment of storage potential with an estimated storage capacity limited to
102 Mt CO,. The additional oil which could be recovered through EOR from these five fields was
estimated to be 46 - 230 million barrels. More detailed evaluation was carried out on the Honggang
and Xinli oilfields of the Jilin QOilfield complex, where storage potential was estimated to be 5 Mt CO,
and 13 Mt CO, respectively. These two fields were selected on the basis of their relatively simple
structure and the suitability of their oil reservoirs for storage and EOR.

Saline aquifers around the Jilin Oilfield complex in the Songliao Basin were selected for study as a
limited amount of deep geological information about these aquifers was available from oilfield
exploration. Initial site screening indicated that the deep saline aquifers suitable for CO, storage are
mainly located in the Qingshankou Formation. Using the CSLF-based methodology and a 2% storage
coefficient, the effective storage capacity is estimated to be 692 Mt CO, across the basin. Detailed
assessment at one site in the Daqingzi area of the Jilin Oilfield complex indicated a storage capacity of
288 Mt CO,. Detailed aquifer flow models were constructed to illustrate movement of CO, within the
aquifer, though such illustrations were constrained by the limited data available.

In 2006, total primary energy use in Jilin Province amounted to 72 Mtce (million tonnes coal
equivalent), of which 75 % was produced from coal. Total CO, emission from these sources was
estimated to be 190 Mt CO,/yr. More detailed emission estimation was then carried out for the largest
sources in the province and these were mapped into a GIS (geographic information system) along
with the Jilin Oilfield as a potential storage site. A source — sink matching exercise was then carried
out for selected sources and storage sites. As an example of the types of information needed for
developing initial CCS demonstrations, a least-cost route for a pipeline was mapped for a case study
in Jilin Province. Qian’an Oilfield in the Jilin oilfield complex had an estimated storage capacity of
about 40Mt CO, using the CSLF based methodology which includes water displacement and
repressurisation. A more conservative estimate of 18 MtCO, was calculated using the CUP Beijing
dissolution methodology. This field has the largest capacity and so was selected for source-sink
matching by Tsinghua University. The GIS-based Decision Support System (GIS-DSS) maps the
most cost efficient pipeline route considering geographical features such as slope and urban areas.
The Changshan Power plant with current generating capacity of 1000 MWe for generation units
numbers 6 — 9 and emissions of about 6 Mt CO, per year was selected as the source. The pipeline
route selected using the GIS-DSS had a length 75 km and an estimated cost of 128 million RMB (13.1
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million Euros). This store could potentially store 6 years of emissions from the source if all emissions
were captured. This indicates that more than one store would be needed for this single power station.

Generally, storage capacities of individual oilfields within the Jilin and Daqing oilfield complexes are
small, (with the exception of the Lamadian and Sa’ertu in the Daging oilfield complex) compared to the
annual emissions of power stations currently being built in China. For example, the average CO,
emissions of power stations built in 2004 in the Shandong Province are 2.5 Mt/a, this means the
storage capacity required for just one power station for the 30-year life of the power station would be
about 75 Mt.

The estimated capacity of specific saline aquifer structures within these fields offers additional
potential for storage but further work is necessary to refine these estimates which are based on simple
assumptions. Further, saline aquifer sites do not have proven intrinsic ability to store buoyant fluids
over geological timescales and the available data is limited to that around oilfields which required
considerable extrapolation to produce these estimates. Such extrapolation does not take into account
the potential for structural complexity for adjacent oil-bearing fields in the area.

Subei Basin

The Subei Basin is an onshore hydrocarbon-bearing basin with many small oil and gas-fields. The
basin as a whole orginially contained 1472 million barrels of oil and up to 8 billion m® of gas. The
region within which it lies is heavily developed with many medium to large cities and there is a high
density of significant industrial sources of CO, in this area.

The Jiangsu Oilfield complex within the Subei Basin is relatively small with complicated geological
features. The total CO, storage capacity in the Jiangsu Oilfield complex is estimated at 20 Mt CO,.
This is a conservative estimation due to the assumptions applied. This figure could potentially be
doubled based on the CSLF methodology if water displacement by CO, and reservoir re-
pressurisation is considered. Thus the CO, storage capacity in the Jiangsu Oilfield complex may be in
the range of 20-40 Mt CO,. The Caoshe Oilfield was considered in more detail as a CO,-EOR pilot
was carried out there in 2006.

The small and strongly compartmentalised oilfields of the Subei Basin would provide relatively small
CO, storage potential. As part of the regional assessment, 108 oil reservoirs have been evaluated in
this study, of which 75 reservoirs are considered to be suitable for CO,-EOR. However, the estimated
CO, storage capacity using EOR is limited to approximately 16 Mt CO,, and the expected incremental
oil production is 35 million barrels of oil. The remaining 33 reservoirs are suitable for CO, storage
without EOR and have an estimated total CO, storage capacity of around 5 MtCO,.

There are also many aquifers that formed in similar faulted structures associated with the oil reservoirs
which may be considered as sites for CO, storage. Little is currently known about the aquifers
because they haven't been as extensively examined as the hydrocarbon bearing reservoirs. There are
however many oil reservoirs which have associated (or connected) large lateral or underlying aquifers.
To some extent, these aquifers can be considered as good targets for further characterisation
because they occur below proven seals and data has been collected by oil companies providing a
certain amount of knowledge regarding their physical properties.

There are also many natural CO, reservoirs within the Subei Basin, which in the last ten years have
been used to support CO, flooding pilot projects. The natural CO, reservoirs can be considered as
analogues for CO, storage, giving confidence in the potential of the area to store CO2; these might
even be used for storing captured CO; if they are depleted for oil industry use.

Conclusions

At a technical level, CO,-EOR has been shown to be possible in the Daging, Jiangsu and Jilin oilfields
through pilot schemes and the evaluations undertaken there. Active oil producing fields where CO,-
EOR is technically possible provide credible opportunities to initiate CO, storage demonstration
projects. However, significant further investigations, including detailed site appraisals would be
necessary before such fields can be considered as technically and economically suitable for CO,
storage. The additional revenues generated via increased oil production could be used to offset some
of the costs of CO, storage, assuming other funding is also available for CCS. Our estimates have
shown that even when they have been depleted, individual reservoirs have relatively low storage
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capacities. Storage capacities in oilfields are generally small compared to emissions from power
stations — this is because the reservoirs are typically geologically complex with moderate porosity and
permeability. This complexity implies a higher number of wells will be required to access the available
pore space. The high well densities also suggest that containment risks due to potential well leakage
will be a significant issue if left unmitigated. The typically small storage capacities in these oilfields
also mean that for CO, volumes greater than those that can be accommodated in oilfields, more saline
aquifer storage will be required relative to other oil-producing areas internationally, if CO, emissions
from larger coal-fired power plants are to be stored underground. In the Jilin Province, sources are
available within reasonable distances of possible storage sites.

Options for future activities

We have identified future activities that would contribute more information to enable China to further
evaluate the potential for CCS.

For practical purposes in NZEC Phase 1 we have only used data available in the public domain. This
has allowed us to make estimates of storage capacities. However, if future CO, storage projects are
to include CO,-EOR activities or utilisation of depleted oil or gas fields, to undertake more detailed
site-specific feasibility assessments will require geological data which field operators will own (or may
not have) concerning their sites. Therefore where any demonstrations of CO, storage may consider
inclusion of active or depleting oil/gas fields, the confidential nature of this data must be taken into
account.

The integrity of wells in mature oilfields with significant well densities of varying ages is likely to be a
key priority during the early stages of any future project. It is therefore suggested that an assessment
of the field-specific well integrity of oilfields should be investigated.

This study concludes that saline aquifers offer significant potential storage capacities in the areas
studied. However, this conclusion is largely theoretical, being based on very limited data from
relatively small areas where data is available, namely around the oilfields. Improvements to these
estimates for saline aquifers are required to provide better-informed decisions on their potential future
role in CO, storage in China.

GeoCapacity, COACH and NZEC have all assessed storage capacities in north-eastern China. Other
regions of China remain to be evaluated in the same level of detail. Notably the eastern coastal
region, offshore regions of the Bohai and Subei Basins and basins in southern China remain to be
assessed. These basins include the Pearl River Basin and areas of the South China Sea where
active oil and gas production (including gas with high CO, contents) is taking place. All these regions
have very significant industrial sources of CO, (especially in Guangdong and around Shanghai for
example). In addition, industrial development and increasing coal production and potential coal-to-
liqguid plants in western China would also make the Ordos Basin a further priority for detailed
evaluation.

Natural CO; fields occur within the Subei Basin have been used as sources of CO, for pilot CO,-EOR
injection tests and therefore offer great potential as analogues for Chinese CO, storage projects. By
understanding the processes that have enabled CO, to be trapped for millions of years in these fields,
our ability to maximise CO, storage will be significantly increased both in China and worldwide.
Preliminary investigations undertaken here and previously, suggest that these fields are directly
analogous to CO, storage options being considered worldwide and as such represent significant
opportunities for increasing the understanding of long-term processes of CO, storage. Finally, natural
CO, fields, if carefully evaluated, may also be suitable target sites for future CO, storage themselves,
since they already contain proven traps.

We have been very grateful for the support and access field operators have given the NZEC team
during this project. It is clear that for future phases of NZEC to be successful this collaboration with
field operators should be further strengthened Field operators have a wealth of experience that is
directly relevant to the specific geological conditions and reservoir properties to be encountered in
future storage projects. They also hold data necessary to undertake more detailed feasibility studies
through reservoir simulations derived from geological models that are derived from sufficiently detailed
site characterisation. In addition, previous pilot CO, flooding projects could provide valuable
information on CO, behaviour in these fields.

vi
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Opportunities for phase 2

In addition to the areas of further work listed above, additional opportunities are identified for NZEC
Phase 2:

The feasibility of the potential for dual injection into both an oilfield and saline aquifer could be
assessed. This has not been undertaken elsewhere to date and would therefore represent a
significant contribution by China to testing the feasibility of CO, storage.

Timings for field depletion should be assessed to understand in detail how opportunities for
CCS can be realised.

A combined dataset for NZEC, COACH and GeoCapacity information should be produced to
help select the most appropriate sites for further feasibility assessment for demonstration of
CO, storage.

Within the regions assessed in this study, other oilfields may offer further potential for CO,
storage, notably in the Daging Province where the three largest fields, Sa’ertu, Lamadian and
Xingshugang oilfields, offer a potential storage capacity of 578 Mt. These fields should be
evaluated to the same level of detail as other fields in the region.

As well as undertaking geological site characterisation, feasibility studies for assessing the
suitability of sites for demonstrating CO, storage should include assessing the technical,
regulatory and financial requirements for assessing the risks to containment and the mitigation
of those risks, including the development of appropriate monitoring programmes.

Vii
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Foreword

This final report summarises results of assessments of the storage potential in north-eastern China,
undertaken as part of the Near Zero Emissions in China (NZEC) project between January 2008 and
July 2009. The report concludes by identifying opportunities and options on future activities which
would enable more detailed assessments of CO, storage potential to be undertaken in China. The
report forms one component of a wider range of reports which provide details of the outcomes of the
NZEC project (details available from www.nzec.info).
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1 Introduction

This final report summarises assessments of the carbon dioxide storage potential in north-eastern
China, which were undertaken as part of the Near Zero Emissions in China (NZEC) project between
January 2008 and July 2009. The report concludes by identifying opportunities and options for future
activities that would enable more detailed assessments of CO, storage potential to be undertaken in
China.

1.1 Introduction to NZEC

The joint UK-China Near Zero Emissions Coal (NZEC) initiative addresses the challenge of increasing
energy production from coal in China and the need to tackle growing carbon dioxide (CO;) emissions.
Carbon dioxide emissions from China’s increasing coal use are set to double to more than 5,000
million tonnes per year by 2030 under a business as usual scenario (International Energy Agency
2007).

The EU-China NZEC agreement was signed at the EU-China Summit under the UK’s presidency of
the EU in September 2005 as part of the EU-China Partnership on Climate Change. The agreement
has the objective of demonstrating advanced, near zero emissions coal technology through carbon
capture and storage (CCS) in China and the EU by 2020 (http://ec.europa.eu 2005) The UK-China
bilateral NZEC initiative was developed in support of this wider agreement.

CCS involves capturing the carbon dioxide in fossil fuels either before or after combustion and storing
it for the long-term in deep geological formations such as depleted oil or gas fields, or saline aquifers
that are not required for other uses. As part of the storage process, the captured CO, can be used to
enhance hydrocarbon (oil, gas) production. CCS technology can reduce carbon dioxide emissions
from large industrial sources and coal-fired power stations by around 85%. CCS therefore has the
potential to be an essential technology to significantly reduce greenhouse gas emissions and allow the
continued use of fossil fuels for energy security, without damaging climate security.

The agreement envisages a three-phase approach to achieve the NZEC demonstration objective.
Phase 1, within which the work described in this report was performed, evaluated storage capacities in
selected regions and built capacity in organisations for assessing CCS potential in China. Phase 2 will
carry out further development work on storage and capture options leading to Phase 3, which aims to
construct a demonstration plant by 2014.

Phase 1 of NZEC was a two year work programme which helped to build capacity for CCS technology
in China, developed stronger links between Chinese and British experts, and assessed the potential
for early demonstration of CCS for coal-fired power generation in China. Phase 1 began in November
2007 and was completed in Autumn 2009. Its scope was developed through extensive consultation
between the UK and its Chinese partners, including a major international workshop in Beijing in July
2006. Phase 1 was supported by funding of up to £3.5 million from the UK Government's Department
of Energy and Climate Change, DECC’, and has been taken forward in partnership with the Chinese
Ministry of Science and Technology (MOST). Phase 1 objectives were to:

Enable knowledge transfer between academic and industrial Chinese and UK parties.
Model China’s future energy requirements, specifically including CCS technology.
Produce case studies of potential carbon dioxide capture technologies.

Build capacity in China for evaluation of CO, storage potential and undertake preliminary
screening of potential sites suitable for geological storage of CO,,

Develop a technical and policy level roadmap for CCS.

Knowledge sharing with other CCS initiatives has been a key activity for the project. Strong
collaborative links have been developed between Chinese and UK researchers. Students from China

* Formerly the Climate Change Group within the Department for Environment, Food and Rural Affairs (DEFRA) and the Energy Group from the
Department for Business, Enterprise and Regulatory Reform (BERR).
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University of Petroleum have begun storage-related doctoral theses at Heriot Watt University and
other joint collaborative proposals have been submitted by Chinese and UK research organisations to
other funding agencies in the UK and Europe on CO, storage. Strong collaboration has also been
very actively pursued and successfully achieved between the CO, storage teams in NZEC and
COACH (Cooperation Action within CCS China-EU), due both to the fact that many partners were
involved in storage assessments in both projects and to the positive approach of all institutes involved.
In NZEC, the UK storage experts have supported their Chinese counterparts in their assessments of
storage potential. Very fruitful and open discussions of methodologies and results have been held
throughout the project. Early discussions at the beginning of NZEC also ensured that the regions
selected for assessment were complementary to those being evaluated in the COACH and
Geocapacity projects.

Further information on the results from these work packages is available at www.nzec.info.

1.2 Introduction to Storage Assessments

Storage potential has been evaluated at two scales: firstly, at a regional sedimentary basin scale, and
secondly, at a site-specific scale where more detailed assessments of storage potential have been
performed. At both scales, we have calculated the potential storage capacities as part of and
following enhanced oil recovery (EOR), where CO, can be used to increase oil production from
oilfields and also as direct storage into aquifers which contain saline, non-potable water for which
there is likely to be little or no other use. Oil and gas fields are prime targets for CO, storage because
they are geological structures that, by definition, have contained buoyant fluids for geological time
periods. The additional revenues generated by increased oil production may also both offset some of
the additional costs of CCS and provide additional energy production to meet China’s increasing
energy consumption. However, it is widely recognised that oilfields generally can not provide sufficient
storage capacity for CO, and that additional storage will be required in saline aquifers. While
estimates of storage capacities in saline aquifers are typically large, these estimates are often based
on gross simplifications of the available volumes of suitable reservoir rock and extrapolation across
large areas from a limited range of data. Such basin-scale estimates of storage potential in saline
aquifers are therefore suitable to compare different regions in broad terms and can be used to help
prioritise more-detailed analysis of storage potential in saline aquifers to refine site-specific
assessments. In contrast to oil and gas fields, where exploration and production have generated a
large amount of geological data, detailed information for saline aquifers is often lacking, since the
absence of economic resources has restricted previous extensive investigation.

The geological team comprised the following partners:
British Geological Survey (BGS) (WP4 leader) - Jonathan Pearce, Ceri Vincent, Karen Kirk,
Nikki Smith
China University of Petroleum (CUP(Beijing)) (WP4 co-leader) — Prof. Li Mingyuan, Prof. Peng
Bo, Zhou Hua, Wang Min and Wang Hongmei
China University of Petroleum (CUP(Huadong)) - Prof. Ren Shaoran, Prof. Zhang Liang and
Zhang Yin
Institute of Geology and Geophysics Chinese Academy of Sciences (IGGCAS) - Prof. Li
Guomin and Duoxing Yang
3E (Energy Environment and Economy) Research Institute, Tsinghua University — Prof. CHEN
Wenying, Huang Lingyan, Xu Ruina, Chen Jiyong and Xiang Xin
BP — Tony Espie
Heriot Watt University — Mehran Sohrabi and Min Jin
China United Coalbed Methane Corporation (CUCBM) — Dr Fu Xiaokang

Primary data collation, interpretation and calculations of storage capacities were undertaken by
CUP(Beijing), CUP(Huadong) and IGGCAS. Throughout the project other partners supported those
undertaking the studies through discussions during a series of workshops and seminars, and through
review of the individual study reports that have been published (Chen et al., 2009; Li, G. et al,,
2009a,b; Li, M. et al., 2009a,b; Ren, 2009 and Ren et al., 2009).
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Initially basin-scale assessments were undertaken and provided an overview of likely storage potential
in two basins (Figure 1):

The Songliao Basin is located predominantly within the Heilongjiang and Jilin provinces in
Northeastern China. The potential for CO, storage within oilfields of two large hydrocarbon provinces,
the Daging and Jilin oil provinces were examined by CUP(Beijing). In addition, the regional storage
capacity of a selected saline aquifer, the Qingshankou Formation, was estimated by IGGCAS.
Installed generating capacity in the area of this basin in 2005 was 6.4 GW. A total of 78 sources were
assessed including all power plants, iron and steel plants, oil refineries, ammonia plants and the
largest cement plants. Total emission from these sources is around 70.5 Mt CO2 per year. The
Songliao Basin has been the largest oil and gas producing province in China for over 40 years with a
current annual oil production of around 350 million Bbl.

The oilfields within the Subei Basin, the onshore part of the Subei-Yellow Sea Basin were studied for
their CO, storage potential by CUP(Huadong).

These areas include large onshore active, mature oil and gas fields where relevant information is
available in the public domain and is held by the Chinese partners involved who have considerable
current experience of working in these oilfields and with the operators. In such mature fields tertiary
recovery is increasingly being sought to improve declining production and there is consequently great
interest in these regions for enhanced oil recovery including via CO,-flooding. Pilot CO, flooding tests
have been carried out in both the Jilin and Jiangsu oilfields. In mature oil provinces (as seen in areas
such as the North Sea), an opportunity also presents itself to convert depleting oil and gas fields to
dedicated CO, storage fields once they are depleted. These regions were selected to complement
those being studied within the COACH and Geocapacity project which evaluated onshore fields in the
Bohai Basin.

Following the basin-scale assessments, specific oilfields and sites of possible storage in saline
aquifers were selected for more detailed analysis to establish the potential storage capacities at
specific sites. The oilfield assessments considered the storage potential both during CO, enhanced oll
recovery (EOR) projects and subsequently after field depletion.

Results from Jilin Oilfield were collated in a geographical information system (GIS) by Tsinghua
University to aid development, and provide an example of, a decision support tool. Such tools are
being developed internationally to aid site selection, match CO, emission sources to appropriate
storage locations and allow preliminary examination of the options for the pipeline route. By linking
emission sources and storage sites with possible transport routes, indicative costs may be estimated.
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Figure 1: Locations of area assessed for their CO storage potential in NZEC Phase 1.

Note: The NZEC project originally included an evaluation of storage potential in selected coal seams
within coal fields of Shanxi province. However, following the Sichuan earthquake in May 2008 and a
reorganisation of CUCBM, their participation in the project was unfortunately delayed until July 2009.
Consequently their results have not been included in this final report.

1.3 Report Structure

This report is the final report by WP4 for the NZEC Phase 1 Assessments of storage potential in
selected regions of northeastern China. The report provides a summary of the results obtained and
draws conclusions from these to identify options for future activities. The report is divided into the
following chapters:

Chapter 1: Introduction.
Chapter 2: Previous and current work on CCS in China.
Chapter 3: Methodologies employed during this study.

Chapter 4: A summary of storage potential in oilfields and a selected saline aquifer in the Songliao
Basin and for selected sites.

Chapter 5: A summary of storage potential at the basin scale and in selected oilfields in the Subei
Basin.

Chapter 6: Discussions of results.
Chapter 7: Conclusions.
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2 Previous and current work

2.1 APEC report

The APEC report (Asia Pacific Economic Cooperation 2005) considered the potential carbon dioxide
storage of China on a basin scale and graded the selected basins as having good, medium or poor
potential. Basin ratings were determined from the basin evolution and geological characteristics
obtained from published data. The Bohai Subei and Songliao Basins were selected as having good
potential for storage in this assessment. Basins in north-east China, including the Bohai, Subei and
Songliao have potentially suitable reservoir lithologies at appropriate depths for storage of CO.,.
However, these reservoirs were formed in depositional environments that lead to complex structures
that result in the quality of the reservoir (essentially its permeability and porosity) potentially varying
from good to poor over short horizontal and vertical distances. Consequently, this makes finding
reservoirs with a good thickness and strata of high porosity and permeability a challenge.

2.2 GeoCapacity project

The GeoCapacity project is an EU Framework 6 project with a budget of around 1.9 million, which
ran from January 2006- 2009, led by the Geological Survey of Denmark and Greenland (GEUS). The
GeoCapacity project focussed on storage in Europe and updating and building upon results of
GESTCO (GEological STorage of CO,) project. It also began to build a framework for cooperation
with China. Geological storage potential for selected sites in the Bohai Basin, specifically, the Heibei
Qilfield complex and aquifer formations in the Jizhong Depression, were assessed. Large sources of
CO, in the Hebei Province were also catalogued in a GIS. More information is given on the project
website http://www.geology.cz/geocapacity.

2.3 COACH Project

The COACH (Cooperation Action within CCS China-EU) project is partly funded by the EU Framework
6 and has a budget or around 2.6 million. The project runs from November 2006 — November 2009.
Geological assessment focuses on the Bohai Basin; specifically, geological storage of CO, in the
Dagang and Shengli oilfield complexes, aquifer formations in the Huimin sub-basin of the Jiyang
Depression and coals of the Kailuan mining area. An inventory of large sources of CO, in the
Shandong Province was collated in a GIS. More detail is available on the website http://www.co2-
coach.com/.

2.4 Project 973

Started in 1997, the National Basic Research Programme (also known as Project 973), is an ongoing
programme organised and implemented by MOST. It is designed to perform basic research to meet
the major strategic needs of China. The main aims of the programme are to rejuvenate the country
through science and technology and sustainable development. The main tasks of the programme are
to conduct multidisciplinary research to provide a scientific foundation for development of the economy
and society in the fields of agriculture, energy, information, resource, environment, population and
health, materials; to develop relevant and explorative research; to develop scientific skills to support
China; to support high-level scientific and technological research centres. Project 973 has 8 sub-
projects related to capture, transport and storage of CO, which are being coordinated by PetroChina:
Standard definition and potential evaluation of CO, for China; geological theory of CO, subsurface
storage; Theory and technology of monitoring and movement during CO, storage; Phase theory of
multi-phase and multi-component simulation for CO, flooding processes; non-linear flow mechanisms
and multiphase and multi-component mixture of fluids during CO, flooding; O,/CO, circulation during
coal combustion and pollutant capture; CO, separation and concentration from industrial gas flows;
Avoidance of pipeline corrosion and scaling during CO, transport. A full overview is given in the NZEC
report for WP5 of other relevant projects.
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3 Methodologies

3.1 Introduction to range of methodologies used

There are several methods which may be used to calculate the storage potential for EOR and of
depleted oil fields and saline aquifers. Essentially each calculation is based on an estimate of the
volume of pore space available in a given reservoir for CO, storage. This volume may be derived by
simplistic calculations of the size of the reservoir and assumptions of the proportion of the reservoir
volume that CO, storage might utilise, or by using the volumes of oil and/or gas as guides to the
volumes of CO, that could be stored. The density of CO, at the relevant reservoir conditions is also
taken into account.

The methods described below are approximate; many factors have been either simplified or ignored
e.g. water influx, gravity segregation, reservoir heterogeneity, reservoir permeability and fluid viscosity.
Technological and economic factors may influence reservoir selection, for example storage in deep
reservoirs may be more expensive than that in shallow reservoirs because of the cost of CO,
compression. The methods chosen are based on published methods. The approaches taken have
been chosen based both on the availability of data and the need to ensure a consistent estimate for
storage capacities have been produced. In order to ensure that the calculated storage capacities can
be compared for both basin and site assessments made here, and with other regions of China and
more widely, a consistent calculation method has been applied based on those published by the
Carbon Sequestration Leadership Forum (CSLF) (Bachu et al., 2007). These methods, reflecting the
types of storage being assessed and availability of data, are discussed below.

In addition, for the estimates of storage capacities in the oilfields in Jilin, Daging and Jiangsu, different
methodologies have been employed by CUP(Beijing) and CUP(Huadong). These reflect the
increased data availability at these sites and the different approaches used by each institute.

Different assumptions are made for these various methods and have different inherent benefits and
limitations. These are briefly described in each section. The results obtained using the CSLF formula
are smaller than those obtained using the CUP(Beijing) methodology as the CSLF method assumes
that CO, is stored by only replacing the oil in the reservoir, thus the estimate is related to the
estimated recoverable reserves. The CUP(Beijing) method assumes that CO; is rapidly dissolved into
the oil and water in the reservoir and the pore water in the underlying aquifer, during the period in
which EOR is undertaken. Assuming rapid and complete dissolution into the water leg is likely to lead
to an over-estimation of the storage capacities. This is for a number of reasons: no experimental data
is available on the proportion of CO, that could dissolve in these specific saline waters, it is very
unlikely that CO, could access and completely dissolve in the formation waters during the injection
period and no simulations have been undertaken to establish how pressure increases during injection
may limit the rate of CO2 injection into the water leg. For example at Sleipner, where the Utsira
Formation has very high permeabilities (1-8 Darcy) and porosities (35-40%) approximately 8.4 Mt CO,
had been injected after 10 years (2006 figures from Hermanrud et al., 2009). Though simulations
predict that eventually most of this CO, will dissolve into the formation waters, this process will take
hundreds of years, Chadwick et al. (2005) estimated that approximately 85% of the CO, could be
observed as supercritical CO, on seismic survey (i.e. not dissolved) and the remainder was distributed
in a low saturation form or dissolved in the saline pore fluid. As the reservoirs of the Jilin oilfields are
lower quality, with lower permeabilities and porosities and are more compartmentalised, it can be
assumed that rates of CO, dissolution into the formation water could be slower than at Sleipner due to
reduced mixing. In addition, in this study, IGGCAS have estimated the proportion of CO, that may
dissolve during injection into the Qingshankou saline aquifer. Their calculations indicated that
following injection of 450kt of CO,, after 300 years, 75-80% would still remain as free supercritical
CO,.

Due to the commercial sensitivity of much of the geological data for active oil and gas fields, estimates
produced within NZEC have been limited to non-commercially sensitive data that has been available
to Chinese partners. In addition, as with other regions worldwide, data is very limited or non-existent
for appraising saline aquifers since these formations have previously not had an economic value and
are therefore largely unexplored and uncharacterised (except during very preliminary regional and
often very early hydrocarbon exploration). For this study of saline aquifer storage potential in the
Songliao Basin, publicly available data has been collated wherever possible. These data have been
largely been acquired indirectly as a consequence of oil and gas exploration and production, and are
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therefore limited to those regions around Daqing and Jilin in the centre of the Songliao Basin, and also
to saline aquifers immediately adjacent to the oil reservoirs. Consequently, we have limited our
estimate to the best formation in terms of reservoir characteristics, where most data is available. This
has required large-scale extrapolation to provide an estimate of capacity for the whole basin with
corresponding significant uncertainty.

While these constraints may limit detailed appraisal of the feasibility of specific sites for future storage
projects, for the broader assessments undertaken here, we consider these limitations to be less
significant, given the NZEC Phase 1 objectives.

3.2 CSLF methodology for oilfield CO , storage capacity
estimation

The storage capacity potential of the oilfields has been estimated using a Carbon Sequestration
Leadership Forum (CSLF) derived methodology (Bachu et al., 2007). This calculation assumes that
the volume of recoverable reserves of the oil can be largely replaced with CO,. This is generally valid
for pressure-depleted reservoirs that are not subject to water drive from surrounding aquifers, or
where water-flooding has not been applied. Where water has invaded the reservaoir, it is assumed that
CO, can displace some but not all of this fluid, and so the estimated storage capacity is reduced. For
the simple calculations performed for this report, it was assumed that the reservoir pressure could be
returned to the initial pressure as a result of CO, injection. Though it can be assumed that CO, will be
injected into depleted reservoirs until the initial reservoir pressure is restored, in some cases, it may be
safe to increase the pressure beyond the initial reservoir pressure. Alternatively, depletion may have
damaged the reservoir and it may not be possible to inject CO, until the initial reservoir pressure is
reached. The formula used here, including a discount to allow for irreversible water invasion, is as
follows:

M =V B, PCO, " S, Equation 1

co,D

o

Where
MCO2D = estimated storage capacity (Mt)

VOIL(stp) = Volume of oil at standard temperature and pressure (Mt converted to m3 using API value of oil which is
typically 33API in the Jilin oilfield)

Bo = Formation volume factor (Assumed to be 1.1)
CO2 = Density of CO2 in the reservoir (0.6 t/m3)

Scoeff = storage coefficient to discount for water invasion etc is assumed to be 0.4

3.3 CSLF methodology for aquifer capacity estimatio  n

For significant storage to be possible, it is necessary for a significant proportion of the native pore fluid
to be displaced from the aquifer over the injection period. This may be occur either by production of
formation water (additional wells required) and/or by migration of groundwater into adjacent formations
and/or to the ground surface or seabed. Overall storage capacity is the amount of CO, that will be
eventually trapped by filling structural and stratigraphic traps plus CO, trapped on the migration
pathway or dissolved into the pore fluids. Mineral precipitation is considered a slow process and so not
considered over injection timescales. The calculation of storage capacity for aquifers mainly depends
on the estimated volume for the aquifer which lies within closed traps. The theoretical CSLF
calculation assumes all the pore space can be filled. The effective capacity considers the volume of
closed traps, trap heterogeneity, irreducible water saturation and buoyancy coefficient. For NZEC,
these capacity limiting factors were amalgamated into a single storage coefficient (as for the
GeoCapacity and COACH projects). The Carbon Sequestration Leadership Forum (CSLF) based
methodology (Bachu et al., 2007) for storage capacity in aquifers is calculated using the following
formula:
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Mcozc =A"h"F’ (1' Swirr)

Equation 2
Where
MCO2C = estimated storage capacity (Mt)
A = area of the aquifer
h = average height of the aquifer x net:gross ratio
= average porosity of the aquifer
Swirr = irreducible water saturation
For the basin-scale assessments this was simplified to
Mcoe =A" h" F7 S Equation 3

Where St is an estimated storage coefficient, for regional scale calculations, this was assumed to
be 2% (Vangkilde-Pedersen et al., 2008).

34 CUP (BEIJING) Estimate of CO2 storage capacitie s
in Jilin oilfields
CUP(Beijing) developed a dissolution model for CO, based on the geological conditions, rock

properties, crude oil and formation water of the Jilin Oilfield complex based on Tanaka et al., 1995. A

typical structure of the oil and water-bearing reservoirs is shown in Figure 2.

gas cap
oil reservoir

aquifer

Figure 2: Schematic model for estimating storage ca  pacities using the CUP(Beijing) dissolution model.
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The equation used for calculating CO, storage capacity in oil-bearing reservoirs and water formations
is as follows:

Meop =M, +M, + My +M, Equation 4

Where:

Mcozo = total storage capacity of CO, (m°)

M, = storage capacity of CO, dissolved in the oil and formation water in the oil bearing reservoir
M, = storage capacity of CO, dissolved in the formation water of the aquifer underneath the oilfield
Mjs = storage capacity of CO, replacing oil in the oil bearing reservoir during CO, flooding

M, = storage capacity of CO, through long-term chemical reactions with reservoir rocks

Information about CO, reaction with the rock is not available for the reservoirs in Jilin oil field.
Therefore the assumption has been made that the volume and porosity of the water formation is the
same as the volume and porosity of the oil-bearing reservoir, so equation 4 is modified as follows:

Mcomo =E¢ " A" R[S, Roco, +(1-S)° Rmcoz]"'h, A"F’ Sweo, +

Mcooo =My + M, + M, Equation 5
M, 4%
r f
Equation 6

Where
E¢ = overall sweep efficiency (fraction), E=5%-25%, assume E~=18%
A =area of oil-bearing reservoir (m?
h =thickness of reservoir (m)

=porosity of reservoir (fraction)
S, = oil saturation in reservoir (fraction), assume S,=65%
Ro co2= CO; solubility in oil (fraction)
Ruwcoz = CO; solubility in water (fraction)
Swcoz = CO; solubility in formation water (fraction)
Mp—residual oil in reservoir (10%)

¢ = oil density in formation (kg/m?)

The area and height of the reservoir used in this formula is based on the summed area and height of a
number of reservoirs within each oilfield.

For site assessment, the capacity of the oilfields was calculated during EOR and after depletion. The
following equation was used to calculate capacity when the hydrocarbon field is depleted;

(
MCOZD=|\/|O +M, +M, Equation 7

Where
M, = storage capacity of CO, in the gas reservoir
M1 = CO, dissolved in the oil and water of the oil-bearing reservoir

M, = CO, that may be dissolved in the underlying aquifer formation water

Meosp =E¢ " A" h'[S,” Ry + - S;)" Ryeg ] +h” A F 7 Sy Equation 8

It is assumed that the injection of CO, will terminate once the reservoir pressure reaches original
pressure, the gas reservoir will be filled with CO, instead of natural gas (Equation 7) and the volume of
formation water will be three times that of oil.
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3.5 CUP (Huadong) Estimate of CO2 storage capacitie s
in Subei oilfields

The following methods were developed by CUP (Huadong) to screen appropriate oilfields for CO,-
EOR and direct CO, storage. Storage capacities were calculated for the selected fields.

3.5.1 Screening and assessment methods used in the Subei Basin

Selection methods used for natural gas storage in geological reservoirs have been adapted for use in
screening oil reservoirs for CO, storage. As not all oil reservoirs may be suitable for enhanced oil
recovery by injecting CO, (CO,-EOR), modified screening criteria have been applied to identify those
that are suitable.

The method used by CUP(Huadong) to distinguish between reservoirs that are suitable for CO,-EOR
or just for storage in a depleted reservoir follow the screening criteria proposed by Zeng et al. (2005).
These criteria are summarised in Table 1.

Table 1: Screening criteria for gas injection reseroirs — for storage in depleted reservoirs (Zeng &l., 2005)

Appraisal characteristic Standard value
parameter
Recovery percent of recoverable reserves >85%
3 Recovery percent of reserves Recovery percent of OOIP >30%
% < Effective Porosity >15%
B £ | Effective Permeability >50x10-3 m° (50.7 mD)
= C
28 | ool >0.02 Mt
Injection Production Capability / >35%
Planning Requirements
- Annual Oil Recovery Capacity <0.01 Mt
Ke]
T Distance to Emissions Sources <150km
S
s . .
_5 Storage Capacity / Planning >35%
=3 Requirements
O

Reservoirs were first screened for their potential for enhanced oil recovery and were then ranked
based on technical data. Table 2 summarises the criteria used for CO2-EOR (after Zhao, 2001) which
considers the conditions in a selection of oil fields in China.

Table 2: Screening criteria for CO-EOR reservoirs (Zhao, 2001)

Reservoir Parameter Appraisal Index Criteria
Depth / m >762

Crude Oil Gravity /API >22

Viscosity / MPa-s <10

Crude QOil Saturation / % >0.20

3.5.2 Assessment process

All candidate reservoirs for CO, storage capacity were evaluated. The screening process allows
reservoirs suitable for gas injection as well as those suitable for the application of EOR techniques to
be identified. Recoverable reserves greater than 85% of the original oil in place (OOIP) from selected
reservoirs is a standard screening criteria for selecting fields suitable for gas injection (Zeng et al.
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2005). Reservoirs that are unsuitable for EOR can be considered as depleted reservoirs for CO,

storage only.

The classification process follows six stages (Figure 3):

Stagel: Data collection of candidate reservoirs.

Stage2: Candidate reservoirs are divided into two groups: reservoirs that are suitable for CO,
storage and reservoirs that unsuitable for CO, storage.

Stage3: Reservoirs suitable for CO, storage are subdivided into: reservoir suitable for EOR
and reservoirs unsuitable for EOR. Reservoirs unsuitable for CO, storage are further
divided into: reservoirs with a recovery factor greater than 85% and reservoirs with
recovery rate less than 85%.

Stage4: Reservoirs with recovery factors greater than 85% are considered as depleted
reservoirs that can be further divided into reservoirs that are suitable for EOR and
reservoirs that are unsuitable for EOR. Similarly, reservoirs with recovery rates less
than 85% can also be divided into reservoirs suitable and unsuitable for EOR.

Stage5: Reservoirs that are suitable and unsuitable for EOR are summed together.

Stage6: EOR and storage potential calculations are then performed on each group.

Stage 1 Stage 2 Stage 3 Stage 4
| o T T T s s 1
. Classification Roservoirs .
. Le
| for Sereening n suitable for EOR [
s — e = - T Reservairs suitable R
for gas injection Reservoirs 1
unsuitable for EOR
- Reservairs 1
Candidate .
Reservaoirs Recovery percent of suitable for FOR
recoverable reserves Reservoirs I
Reservoirs <85% unsuitable for EOR
unsuitable for gas ] |
injectian Reservairs
I Recovery percent of suitable far EOR ]
recoverable reserves .
. =35% Reservairs I
I unsuitahle for EOR
CO; Storage T — B
Patentials || caichiation | Reservoirs suitable | 1
Extra oil due to J I for EOR -
0, EOR . |
calculdtion Reservoirs -—
C0O, Storage P . - L e me =s -
Potantials I unsuitable for EOR S ¢ )
--------------- T "= =.4 Classification '
= for Calculati
Stage 6 Stage 5 p reraleuiation

Figure 3: Reservoir screening process and EOR and s torage potential calculation

Visual Basic software code has been written for the assessment process described above. The
standard data structure contains 19 parameters (Table 3 shows an example of this data).
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Table 3: Standard reservoir data requirement (datasheet example)

Reservoir name unit reservoir 1 | reservoir2
Crude Oil Saturation % - -

Storage Potentials / Planning Requirements % - -
Injection Production Capability / Planning Requirements % - -
Distance to City m - -
Recovery percent of OOIP % 21.91752 8.197337
Recovery percent of URR % 87.67009 27.32446
Qil production past Mt 0.219175 0.130338
Depth m 3175 2930
Effective porosity % 12 21.8
Effective permeability mD 15.37 33

API API° 35.758 26.955
Qil density (under- ground) - 0.774936 0.817988
Qil density (ground) - 0.846 0.893
Viscosity (ground) mpa.s | 1.3 6.3
Viscosity (under- ground) mpa.s | 6.5 45.7
Ultimate recovery % 25 30

URR Mt 0.25 0.48
OOoIP Mt 1 1.59

3.5.3 Estimating CO ; Storage Capacity during EOR in the Jiangsu oil fie

of the Subei Basin

Ids

CUP Huadong decided, after a review of possible methods of estimating CO2 storage capacity, to use
a method published by the Ecofys and TNO (Hendriks et al., 2004), because the assessment
conditions are well suited to those of the Jiangsu Oilfield. The storage capacity calculation considers
the amount of CO, remaining in the reservoir at the end of EOR and the amount of CO, injected to
return the reservoir to initial formation pressure. Therefore an equation has been included to estimate
the amount of CO, required to reach this pressure. Adjustments have been made to the equations and

parameters to reflect the conditions in the Jiangsu Oilfield complex:

(i) Maximum Value:

EOR,., =ER,,, OOIP" C=ER,,~

MCOZmax = EORnax, I:e(:ozmax

(i) Optimized Value:

EOR,; =ER,; " OOIP" C=ER,;"

M

URR
[API +5]/100

oolP

URR
API +5]/100

COopti — EOR)pti ’ RCOZopti

OOoIrP

’

Equation 9

Equation 10

Equation 11

Equation 12
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(iiiy Minimum Value:

Where:

The API gravity is calculated as follows:

1415

EORnin =

URR = ultimate recoverable reserves, barrel;
OOIP = original oil in place, barrel;
AP, = API gravity;

C = contact coefficient, a conservative value is 0.75;
EOR = extra oil due to enhanced oil recovery by CO; injection, barrel;

Mco2 = the volume of CO; that can potentially be sequestered, tonnes;

R,, OOIP" C=ER,~

URR

[API +5]/100

M cozmin = EORuin ™ Reozmin

“C

oolIrP

Equation 13

Equation 14

Rco2 = the ratio for net CO, injection versus oil production, tonnes/barrel, and the maximum, minimum and optimized

value equal to 0.80, 0.15 and 0.45 respectively;

ER = enhanced oil recovery factor by CO; injection, which is derived from Stevens, 1999 empirical curve of the
relationship between API and enhanced oil recovery factor, and the maximum, minimum and optimized value

separately (Figure 4).
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Figure 4: Relationship curve for API gravity and ex

Where:

API = API gravity of the oil
S, = Specific gravity of the oil

API =

- 1315

tra oil from EOR (Stevens, 1999)

Equation 15

Not all the oil will come in contact with the injected CO,, though a miscible displacement mode has
been presumed for the Caoshe Qilfield. It is assumed that 85% of the resource oil would be amenable
to miscible flooding with CO,, therefore, a “contact factor” C is applied; the original oil in place in

contact with CO, (OOIP,) is determined by:
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OOIPc=00IP x C Equation 18

And the extra oil due to CO,-EOR can be the calculated as follows:

9
EOR= YExtra OOIR, Equation 19
100

Where:

OOIP, = Original Qil In Place in contact with CO,

C = Contact factor (0.85)

EOR = Additional oil recovered due to CO,-EOR

%EXxtra = expected percentage of additional oil recovered

For the Caoshe Oilfield, EOR,p, the amount of CO, to be injected is calculated as:

Mcoz = EORgy X R Equation 20
Where:

Mcoz = CO, stored (t)
EOR,, = Optimised additional oil recovered (t)
R = ratio of tonnes CO, to recovered tonnes of oil

354 CO, Storage in Depleted Reservoirs

The following equation is used to estimate the amount of potential storage in depleted reservoirs:

MCOZ = Viotal " BO’ I co2 °S Equation 21
Where:

Mcoz = mass of stored CO, (tonnes)
Vot = total oil produced in the past, (barrels)
BO = Volume of one barrel of oil 0.159m?;
co2 = density of CO; at reservoir conditions, 750kg/m3;

S = 'space factor’, that is % of the original space that can be used for CO, storage, 80, 40, and 60% respectively for
maximum, minimum, optimized value.

3.55 Volumetric method

In this method, the CO, storage capacity is estimated as the total volume of oil and water produced,

which will be replaced by CO, injected under prevailing reservoir conditions. The CO, stored can be
calculated as:

Meo, = (\/op +Vfw), r Equation 22

co,

Which can be expanded as follows:

M — [OOIP/roiI], Bo e
CO2 S

oi

(Soi ’ [Rcri + EOI% +[Swi - cho]), rCOZ Equation 23

Where:

Mcoz = volume of CO, stored B, = formation volume factor
Vep = volume of oil produced S,i = initial oil saturation

Vi = volume of free water S,i = initial water saturation
OOIP = Original Ol In Place R = standard oil recovery factor
Jiis =surface density of oil EOR = CO,-EOR injection factor

coz = density of CO, Sy, = connate water saturation
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If other mechanisms of CO, storage are not considered, such as the dissolution of CO; in oil and
water, the reaction between CO, and reservoir rocks and fluid, this method can calculate the upper
limit of the CO, storage capacity.

28



4 Storage Capacity Estimates in the
Songliao Basin

4.1 Geographical overview

The Songliao Basin is the largest sedimentary basin in north-eastern China, the majority of which is
located in Heilongjiang and Jilin provinces, with the western and the south-western areas in Inner-
Mongolia and the southern part of the basin in the Liaoning Province (Figure 5). The basin measures
750 km north-south and 370 km east-west. The Jilin Province covers an area of approximately
187400 km? and is an established industrial and agricultural province. Further information on the Jilin
Province is given in Chen et al., 2009.

The Songliao Basin has been the largest oil and gas producing province in China for over 40 years
with a current annual oil production of around 350 million barrels. The main accumulations lie in the
Jilin and Dagqing oilfields (Figure 5).

Figure 5: Geographic location of the Songliao Basin

4.2 Geological overview

The Songliao Basin is one of the largest Jurassic-Cenozoic continental rift-basins in China. It
comprises a central depression with an area of about 39265 km® which contains the Jilin Oilfield
Complex. The central depression fill comprises over 11km of Mesozoic sedimentary rocks.
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4.2.1 Main structures in the Songliao Basin

The structural development of the Songliao Basin can be divided into four phases; pre-rift, syn-rift,
post-rift and compression. Initial rifting, characterised by intense volcanic activity, began during the
Late Jurassic Period, and was followed by formation of fault-bounded grabens and half grabens.
During the post-rift phase, the basin formed a broad lacustrine depression. During compression,
inversion of structures occurred (Huang et al., 2004).

The main tectonic structures in the Songliao Basin are; western clinoform, northeast uplift, southeast
uplift, southwest uplift, north plunge and central depression. The latter five of these contain 32 sub-
basins and anticlinal structures (Figure 6). The Western clinoform is located in the west of the
Songliao basin and covers an area of 41,982 km®”. The total thickness of the Cretaceous rocks here is
about 1,000-1,500 m and the depth to the base of the sedimentary cover is between 2,000 to 2,500 m.
The sediments are gently dipping at an angle of about 1°, the clinoform structure formed slowly so
shows no faulting. Conditions for generating and storing crude oil were favourable around the centre
of this structure. The Northeast uplift has an area of 31,566 km”and is located in the northeast of the
Songliao basin. Sediment cover varies from 500 to 3,000 m. The stratigraphic column is incomplete
with the Upper Cretaceous sequence being absent. The Southeast uplift is located in the southeast of
the Songliao Basin and has a total area of 52,192 km?. The bedrock is faulted and the burial depth
ranges from 500 to 3,500 m. The Upper Cretaceous sequence is missing in the sequence of the
Southeast uplift. The Southwest uplift is located in the southwest of the Songliao Basin. The bedrock
is shallow occurring at depths between 250 to 1,000 m. The total area of Southwest uplift is 62,408
km?®. The North plunge is located in the north of Songliao basin and has an areal extent of 27,904 km?.
The bedrock occurs at a depth of between 100-3,500 m. The cover dips in a north-northeast direction,
plunging underneath the central depression.

1-Honggang Terrace
2-Changling Sag

3-Fuxin Uplift

4-Huazijing Terrace
5-West Clinoform
6-Changchunling Anticline
7-Denglouku Anticline
8-Wangfu Sag
9-Diaoyutai Uplift
10-Lishu Sag
11-Qingshankou Anticline
12-Dehui Sag

13-Yushu Sag

14-Jiutai Terrace

Figure 6: Regional structures in the Songliao Basin

4.2.2 Faulting

There are four major fault zones in the northern Songliao Basin, with a total of 64 faults. There are 26
faults with a north-northeast or northeast trend, 20 of the faults are aligned in a north-northwest or
northwest direction, 11 faults trending north-south and 7 faults trending in a roughly east-west
direction. Four of the faults are large scale and deep cutting crustal faults; there are eight regional
faults and 51 basement faults. Faulting is strongly developed mainly in the oil fields in the central and
eastern east part of the Songliao Basin, being concentrated in the axes of the fold structure than the
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limbs. Fault development is also influenced by the characteristics of the strata under stress; e.g.
calcareous sandstone is brittle and shows more developed fractures than mudstone which is more

malleable.

There are five regional fault zones, trending north-northeast to south-southwest, which cut through the
sedimentary cover of the Jurassic-lower Cretaceous strata. From west to east the fault zones are the
Qixi-Aogula-Hala Sea, Heiyupao-Toutai, Renmin town-Zhaozhou, Taiping mountain-Zhaodong and
Yong'an town-Shuang city fault zones (Figure 7).

1-Qixi-Aogula-Hala Sea fault zone

2-Heiyupao-Toutai fault zone3-Renmin town-Zhaozhou
fault zone

4-Taiping mountain-Zhaodong fault zone,
5-Yong'an—Shuang cheng fault zone

Figure 7: Major fault zones of the Songliao Basin

4.2.3 Stratigraphy

The thickness of sedimentary cover varies across the basin. A schematic cross-section across the
basin is shown in Figure 8.

Figure 8: Cross section through Songliao Basin,
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The basement is divided into three segments of Palaeozoic-Pre-Palaeozoic igneous and metamorphic
rocks: the western, central and eastern parts comprising mainly slate-carbonate rock, gneiss-schist
and phyllite, and schist-slate respectively.

The basement is overlain with 1.5-2 km of Jurassic sediments, followed by a Cretaceous sedimentary
fill with a thickness of over 7 km. The Lower Cretaceous largely comprises sandstone, shale and
mudstone deposited in fan-delta, deltaic and lacustrine environments. The Upper Cretaceous
comprises lacustrine sediments (Figure 9). Mud rocks in the Lower Cretaceous Lower Nenjiang
Formation (Nen | and Nen IlI) are the main regional seals for hydrocarbons. Mudstones in other
formations also form local seals (Figure 9). Oilfields comprise many small reservoirs,
compartmentalised by variable lithology and faulting. Assessed reservoirs in the Daging oilfield
province comprise sandstone interbedded with mudstone, assessed reservoirs in the Jilin oilfield
province comprise siltstone interbedded with mudstone.

The Nen | and Nen Il mudstones have not been strongly compressed and trap hydrocarbon in the
Heidimiao and Sa’ertu payzones. The mudstones on the Qingshankou Formation have thickness 100
— 400 m, small pore size (average 3 — 5 nm), high capillary entry pressure and high plasticity. The
Qingshankou mudstones form the seal for the Fuyu and Yangdachengzi payzones.

There are few faults which penetrate through the Qingshankou Formation and the Nen | and Nen I
members, which should limit the potential natural migration pathways for CO, to the surface. However,
there are numerous boreholes penetrating the hydrocarbon reservoirs, which present potential
leakage pathways.

Extensive hydrocarbon exploration has resulted in large quantities of data on the reservoir and sealing
properties of formations within the central Songliao Basin. However, much of this data is confidential,
and only published data were available for this study. From the presence of hydrocarbon
accumulations, it can be assumed that the sealing properties of the mudstones in the Mingshui,
Nenjiang, Yaojia, Qingshankou and Quantou formations are generally good, and could most likely trap
stored CO..
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Figure 9: Summary of stratigraphy in the Songliao B asin

4.3 Basinwide assessments

The basin-scale assessment was done in several parts - the Daging and Jilin oilfield complexes and
the associated aquifers. Further details on these oilfields can be found in the workpackage 4 basin
assessment report prepared by Li et al., (2009a). Aquifers in the Songliao Basin were assessed by
IGGCAS. A summary is provided here and more detail can be found in the NZEC work package 4
basin assessment report prepared by IGGCAS (Li et al., 2009b).
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4.3.1 Jilin Qilfield complex; geological storage po tential and enhanced oil
recovery

Properties of the Jilin Oilfield complex

The Jilin Oilfield Complex is located in the districts of Baicheng, Siping and Changchun in the Jilin
Province. The Jilin Qilfield Complex was selected for assessment as a pilot EOR CO, flood was
undertaken by CNPC (China National Petroleum Company) in 2006, the results of which were
published under the Chinese National Project 973. The largest oilfields in the Jilin Oilfield Complex
are shown in Table 4. In addition there are smaller fields including Sifangtuozi, Haituozi and Siwujiazi
but these have not been considered in this work because of their size. With the exception of the
Changchun Oilfield which lies in the Yitong Graben, the fields are located in the Huazijing Terrace,
Central depression region, Southern slope region and Eastern uplift region of the southern Songliao
Basin. The CO, storage potential of the Fuyu and Xinbei oilfields was not calculated as these
reservoirs lie above 800 m and therefore CO, would not be stored in its highly dense phase resulting
in very low storage capacities.

Table 4: Oilfields in the Jilin Oilfield Complex

Oilfield Honggang Xinli Qian’an Yingtai
Discovery year 1961 1973 1979 1982
Oil-bearing formations Yaojia Quantou. No gas Qingshankou. No Yaojia and
cap or edge gas cap or Qingshankou. Gas
aquifers. Large underlying aquifer. cap and underlying
difference in oil- aquifer present.

water contact across
the reservoir.

Burial depth of oil-bearing 1200 1200-1500 1820 1384-1440, 1550-
reservoir (m) 1690
Lithology of oil-bearing Siltstone Siltstone, fine mudstone, siltstone Siltstone, fine

layer interbedded with sandstone and and coarse siltstone sandstone
argillaceous layers | argillaceous siltstone
Total thickness of ol 120 240+ 360 - 410 16
bearing interval (m)
Number of oil-bearing layer 16
Net thickness (m) 4.6 7.9 8.8 30
Area (10° m°) 49.4 km2 120.6 km2 170.5 km2 51.7 km2
Porosity (%) 22 16.3 15 22, 21.4-225
Permeability (Darcies) 132 -172 mD 20 mD 5-11mD 37 — 86, 249 - 275
mD
Original pressure (MPa) 12.25 12.2 19.29
Remaining reserves (Mt) 17.53 49.36 121.39 100.17
(2000)

The crude oil in the Jilin oilfields has a high pour point (11-35<), high wax content (18-23%), low
sulphur content (0.05-0.17%), and medium relative density (0.859-0.899) and viscosity (14-64 mPa-s).
The content of asphaltene and resin fractions in the Jilin crude oil is low compared with crude oil from
other oilfields in China. Formation water in the Jilin Oilfield Complex is generally dominated by sodium
bicarbonate (NaHCOj3) rich water, with the exception of a few reservoirs such as in Mutou Oilfield
where the water composition is calcium chloride (CaCl,) rich and the Nong’an Oilfield where it is
sodium sulphate (Na,SO,) rich. The salinity of the formation water increases with depth of burial from
4000 mg/L to 59449 mg/L. In general, the solubility of CO, in formation water decreases with the
increasing salinity of the formation water due to increased water viscosity and decreased water
compressibility and slower chemical reaction between the pore water and CO, (Obdam et al., 2003).
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Carbon dioxide storage potential of Jilin Qilfield complex

The estimated capacity for CO, storage for the selected fields is given in Table 5. Equation 5 was
applied to calculate the CO, which could be injected (M, M, M3, Mco2p) Using an average oil recovery
rate of 4% as obtained from a pilot CO, flood tested in the Jilin Oilfield Complex by CNPC. Equation 1
was used to calculate the storage capacity using the CSLF methodology.

Table 5: CO, storage capacity in the Jilin oilfields (Mt assurmig CO, density 600 kgnt)
Qilfield M1 M2 M3 Total Estimate
(Mt) co2C
(Mt)
Honggang 0.7 2.5 0.5 3.7 5.77
Xinli 1.7 5.2 1.4 8.2 16.35
Mutou 0.6 1.6 0.5 2.7 6.08
Qian’an 3.8 11.2 3.4 18.4 40.46
Yingtai 3.1 9.1 2.8 14.9 33.27
Total 9.9 Mt 29.6 Mt 8.6 Mt 47.9 Mt 101.9 Mt

Reservoir permeabilities are quite low in the Xinli and Qian’an fields (5-20 mD) and even the more
permeable Honggang and Xinli oilfield siltstones and sandstones have limited permeability (up to 275
mD) which will reduce injectivity of the oilfields for storage. The oilfields are generally
compartmentalised and isolated by surrounding impermeable layers or faults. As a result, it is quite
likely water will need to be produced from the oilfields in order to avoid rapid increase in pressure if
CO; is injected. In the USA, CO,-EOR has been carried out in sandstones with similar porosities and
permeabilities (e.g. West Mallalieu field in Mississippi, CO,-EOR is being practiced in the sandstone
lower Tuscaloosa Formation reservoir, which has porosity 25.9% and permeability 54.5 mD (Denbury
Resources Inc. 2004))

The sealing capability of the strata overlying the reservoir payzones are proven by the oil and gas
trapped in the reservoirs. The seals have proven ability to store buoyant fluids over geological
timescales, however, the potential for leakage along the numerous boreholes needs to be carefully
considered. The depth of the oil-water contact in the Xinli Oilfield varies across the field demonstrating
that the reservoir compartments are not in communication with each other and so would have to be
tapped individually for CO, storage or EOR.

Enhanced oil recovery in the Jilin Oilfield complex

Based on CO,-EOR experience from the USA, the geological conditions of the fields and oil properties
are expected to be suitable for CO,-EOR. An EOR pilot in the nearby Daging field had an average
EOR recovery factor of 4%, Table 6 shows the expected additional reserves which could be recovered
from the Jilin oilfields using EOR for different recovery factors.
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Table 6: Enhanced oil recovery by CQflooding in the Jilin oilfields

Additional oil produced (barrels) for various EOR r ecovery
- factors (%)
Remaining
- oil Mp
Oil field (million 2% 4% 6% 8% 10%
barrels)
Honggang 131.53 2630610 5261220 7891830 10522440 | 13153050
Xinli 370.19 7403745 14807490 22211235 29614980 37018725
Mutou 136.60 2731920 5463840 8195760 10927680 | 13659600
Qian’an 910.42 18208305 36416610 54624915 72833220 91041525
Yingtai 751.31 15026100 | 30052200 | 45078300 | 60104400 | 75130500
Totals 2300.03 46000680 | 92001360 |138002040 |184002720 | 230003400

Assumes 7.5 barrels per tonne of oll

4.3.2 Dagqing Oilfield Complex; geological storage p  otential and enhanced
oil recovery

Daging Oilfield complex properties

The Daging Oilfield Complex is located in Daqing city, Heilongjiang Province. The length of the field
from south to north is 138 km and width from east to west is 73 km and has an oil-bearing area of
about 4,103 km®. The largest fields in the Daqing Oilfield Complex are the Lamadian, Sa’ertu,
Xingshugang, Gaotaizi, Taipingtun, Putaohua and Aobaota oilfields (Table 7).

The hydrocarbon-bearing layers are grouped into ‘payzone strata’ and sub-stratum layers named after
the largest fields. Hydrocarbons in the fields described in Table 7 have accumulated in faulted
anticlinal structures. The oil-bearing reservoirs in the Daging Oilfield Complex lie within the
Cretaceous Qingshankou, Yaojia and Nenjiang formations, at depths of between 800-1200 m. The
formations within these payzone strata are given in Figure 9 and from top to bottom, the oil-bearing
strata are divided into the Heidimiao, Sa’ertu, Putaohua, Gaotaizi, Fuyu and Yangdachengzi
payzones.

Lithologies of the Sa’ertu and Putaohua strata of the Daging Oilfield Complex are feldspar-porphyry
sandstones, with typical compositions of 40-50% feldspar, 30-40% quartz and 10-15% block-rock.
There is a lower percentage of feldspar and quartz in the south of the complex and a higher
percentage of volcanic lithic clasts. The main cement in the sandstones is mud, though its content is
low at approximately 5-12% of the total rock composition with content increasing to the south of the oil
field complex. The calcium carbonate content is about 2%.

The reservoirs in Sa’ertu, Putaohua and Gaotaizi payzone strata are in one connected pressure
system. The initial reservoir pressure in the Daging oil fields was 10.5-12.0 MPa with a pressure
gradient of 1.05-1.13 MPa/100m. The initial reservoir temperature in the Daging Oilfield Complex was
about 45-53<C.

The crude oil in the Daging QOilfield Complex has a high paraffin content, a low sulphur content at 0.1%
and low asphaltene content. Total hydrocarbon content of the crude oil is 78-92%; non-hydrocarbon
content is below 7.2-21.2%. The relative density and viscosity of the Daging crude oil are about 0.86
and 10-30 mPa-s at 45°C respectively. The crude oil typically has high viscosity and a high pour point
temperature. Enhanced oil recovery can reduce the oil viscosity to aid production. During enhanced oll
recovery, in particular with CO,-EOR, deposition of asphaltene and paraffins can be an issue, so oils
with low quantities of these impurities and a high pour point (ability to hold asphaltene and paraffin in
solution to avoid scaling issues) are preferred (Donaldson et al., 1989).

The formation water in Daging Oilfield Complex is of NaHCO; type (sodium bicarbonate). The salinity
of the formation water in southern oil fields is higher than that in northern oil fields; the total salinity of
the formation water is normally 6000-8000 mg/L. Potassium and sodium is about 2000-3000 mg/L,
and the calcium and magnesium content is very low. The bicarbonate (HCOj3) content is normally
2000-3000 mg/L.
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Table 7: Summary of oilfield properties in the Dagng Oilfield complex

Qilfield Lamadian Sa'ertu Xingshugang Gaotaizi
Discovery year 1959 1959 1959 1959
Oil-bearing formations | Qingshankou, Yaojia |Qingshankou, Yaojia | Nenjiang, Yaojia and Y a0ii
- - ; aojia
and Nenjiang and Nenjiang Qingshankou
Burial depth of oil 660-1200 (reservoirs
urial aepth or oil- with suitable T and P
bearing reservoir (m) 920-1208 for Storage 850-1190 1080-1115
considered only)
. . . . Sandstone Sandstone Sandstone
Lithology of oil-bearing | Sandstone interbedded | o hedded with | interbedded with | interbedded with
layer with mudstone
mudstone mudstone mudstone
Total thickness of oil 390 30-60 300 65
bearing interval (m)
Number of oil-bearing
layer 97 135 69 5
Net thickness (m) 72 35-62 13-20 4.4
Area (10° m%) 100 200 216 9.5
Porosity (%) 23.7-26.7 23-26.3 21.4-25.0 23
Permeability (Darcies) 0.23-13D 0.15-3.65D 204 — 569 mD 86 — 258 mD
Original pressure (MPa) 11.33 11.1 11.49 11.98
Remaining reserves (Mt)
(2000) 570.00 930.00 250.00 2.90
QOilfield Taipingtun Putaohua Aobaota
Discovery year 1960 1959 1959.12.
Oil-bearing formations Yaojia Yaojia Yaojia
Burial depth of oil-
bearing reservoir (m) 1895-1165 916-1250 916-1250
. . . . Sandstone Sandstone
L'tho"’gylgfé’r'"bea“”g Sa”ﬁﬁ”g&gﬁgbneedded interbedded with |  interbedded with
Y mudstone mudstone
Total_thlc_kness of ail 60 65
bearing interval (m)
Number of oil-bearing 4 6-11 920~1230
layer
Net thickness (m) 29- 33 20-45 1.0-15
Area (10° m?) 61 95.2 40
Porosity (%) 23 23-24 23
Permeability (Darcies) 135 -506 mD 89 — 370 mD 115 (117 mD)
Original pressure (MPa) 10.5-11.7 10.7-11.6 11.57
Remaining reserves (Mt)
(2000) 13.00 22.00 3.30
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Carbon dioxide storage potential of Daging Oilfield

complex

Each oilfield contains many reservoirs which can lie in different formations. The area and thickness of

the reservoirs have been collated together to give total values for the fields for estimation of CO,
storage capacity.

Table 8: Storage capacity of the Daging Oilfield amplex assuming CQ density 600 kgn?

Oil field M1 M2 M3 Total using CUP(Beijing) Estimate (Mt CO5)
(Mp) (Mp) M) dissolution model MCO2D b:"t:;lgcoenm v;)r:l:r(;lfeéri:c
M) reserves using CSLF
Lamadian 26.0 90.6 32.7 149.2 187.4
Sa'ertu 48.5 130.8 47.1 226.5 308.1
Xingshugang 15.4 41.3 14.9 715 83.4
Gaotaizi 0.2 0.5 0.2 0.9 1.0
Taipingtun 0.9 2.2 0.8 3.8 43
Putaohua 0.9 37 13 5.9 7.4
Aobaota 0.3 0.6 0.2 1.0 1.1
Total 92.2 Mt 269.7 Mt 97.2 Mt 458.8 Mt 592.7

The most recent data available for the oilfield reserves is from 2000 and it was therefore assumed that
the oil saturation would have since decreased. It was assumed that when the oilfields were depleted,
that oil saturation would be 25%. Using equation 5, in this scenario, CUP (Beijing) estimated that the

CO, storage capacity for the fields given in Table 8 would decrease to 374 Mt CO,,

Enhanced oil recovery in the Daging Oilfield comple

X

Considering the geological properties, reservoir conditions, crude oil properties, Daging Oilfield
Complex appears to be suitable for employing enhanced oil recovery (EOR). Using the remaining
reserves reported in 2000, the potential for EOR was estimated by assuming that between 2 and 10%

could be recovered (Table 9).

Table 9: The potential of EOR by CQ flooding in Daging Complex (barrels)
QOil field Mp Additional oil produced (barrels) for various EOR r ecovery
(remaining factors (%)
irr‘fservszo) 2% 4% 6% 8% 10%
(million
barrels)
Lamadian 4275.00 85500000 | 171000000 | 256500000 | 342000000 | 427500000
Sa'ertu 6975.00 139500000 | 279000000 | 418500000 | 558000000 | 697500000
Xingshugang 1875.00 37500000 75000000 | 112500000 | 150000000 | 187500000
Gaotaizi 21.75 435000 870000 1305000 1740000 2175000
Taipingtun 97.50 1950000 3900000 5850000 7800000 9750000
Putaochua 165.00 3300000 6600000 9900000 13200000 16500000
Aobaota 24.75 495000 990000 1485000 1980000 2475000
Total 13434.00 |268680000 |537360000 | 806040000 |1074720000 | 1343400000
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4.3.3 Aquifer assessment

Data availability is limited to published data from oilfield exploration and production as the deep saline
aquifers are not considered an economic resource. Aquifer storage potential near the Jilin Oilfield was
assessed where the oilfields have demonstrated reservoir and sealing properties suitable for storing
buoyant fluids over geological timescales. It should be noted that other parts of the aquifer may or
may not be able to retain CO, and that site-specific studies will need to be undertaken to confirm this.

Characteristics of the main aquifer formations in t he Songliao Basin

The geological characteristics of deep aquifers (Qingshankou Formation and Quantou Formation) in
the Songliao Basin are favourable for CO, storage, though more detailed assessment is needed to
evaluate individual sites. The aquifers consist of sandstones with fair permeability and porosity. The
Quantou Formation comprises fine to coarse sandstones deposited in fan-delta, deltaic and lacustrine
environments. The Lower Cretaceous Qingshankou Formation comprises lacustrine sandstone and
generally lies at depths greater than 1km. These aquifer formations are extensively distributed across
the Songliao Basin at depths suitable for CO, storage with overlying impermeable seals comprising
stable mudstones. The average thickness of the saline aquifer formations, including the Qingshankou
and Quantou formations in the Songliao basin is about 380m. The deep saline aquifers suitable for
storage of CO, lie mainly within the Qingshankou Formation which also has extensive intra-formational
lacustrine seals. Shale formations above the seal could provide a further succession of barriers to
vertical migration of CO, and potentially contain any leakage of CO; if it penetrates through the main
caprock.

The Qingshankou Formation is hydrocarbon-bearing in the Jilin Oilfield Complex. Data for this
formation are available and were used to make a regional basin-scale estimate of capacity. The
Qingshankou Formation strata were deposited in fluvial-deltaic systems and have fair to good
permeability. Borehole log core analysis reports suggest that porosity in the formation ranges from
10% to 20% in the Qingshankou Formation. Data from permeability analysis reports are too
inconsistent to reach a firm conclusion as to the values to be used to assess storage potential. For
calculation purposes, a modal value for the permeability of 20-30 mD was selected as the majority of
reported data fall within this range.

It is difficult to predict the regional temperature and pressure for the Qingshankou Formation as data
are available only from oilfield exploration. The average temperature and pressure gradients for the
Qingshankou Formation are approximately 3.76C/100 m and 1.16 MP/100 m respectively (data from
the Jilin Oilfield, pers comm.), thus if CO, were injected into the Qingshankou Formation, it would be in
its highly dense phase.

The main hydro-chemical components of the Qingshankou Formation pore water are Chlorine (CI),
bicarbonate (HCO3) and sodium (Na") The main pore water types are sodium bicarbonate (NaHCO5)
and sodium chloride (NaCl) with concentrations of 9.6 — 43 g/l of chlorine bicarbonate and 29.2 g/l
sodium which are acceptable for CO, storage (Chadwick et al., 2009).

Carbon dioxide storage potential of aquifers in the Songliao Basin

Storage capacity was estimated using equation 3 and depending on the storage coefficient used is
estimated between 692 and 6916 Mt across the Songliao Basin, this is a broad, basin-scale’
assessment that assumes that the Qingshankou Formation maintains its geological properties across
the entire basin (Table 10). The actual usable storage capacity will be lower.

Table 10:CO, effective storage capacity of saline aquifer in Sgfiao basin

Area of regional aquifer km2 260000
Average height of aquifer m 380 (net:gross ratio 50 — 95%)
Average reservoir porosity % 10
CO; density at reservoir conditions kg/m3 700
Storage coefficient 1% 2% 10%
Effective CO, storage capacity Mt 691.6 1383.2 6916
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The injectivity of the aquifers is likely to be variable as permeability is variable across the oilfields and
most likely highly variable across the basin. The oilfields also show compartmentalisation and sealing
of faults, these conditions are likely to extend into the aquifer formations, so it would be expected that
a large number of wells would be required to inject CO, into aquifer compartments of good porosity
and permeability, and that the sealed compartments would need pressure release wells to avoid
pressure increase preventing further injection or fracturing of the seal.

The overlying Yaojia Formation has been proven to trap buoyant fluids over geological timescales in
the nearby oilfields. It is the main seal in the Qian’an and Yingtai Oilfields. The Nenjiang Formation
overlying the Yaojia Formation is also a regional seal in the Jilin Oilfield complex. The Yaojia and
Nenjiang formations were deposited as interbedded layers of shale, mudstone and siltstone laid down
in lacustrine and deltaic environments. Aquifers between the oilfields and porous strata between
reservoirs could potentially be considered for aquifer CO, storage. As oil exploration is ongoing in the
Jilin oilfield complex, and new oilfields may be identified in the future, new geological data may being
collected which could identify aquifer storage sites, and areas where aquifer storage is not
appropriate. In areas where there are no oilfields, the seals and overlying formations would have to
be carefully studied to ensure there is no migration route for the CO, to escape.

The basin-scale assessment gave a broad overview of the basin, identified a suitable reservoir
formation and potential sealing horizons. These data are used to assess if the area is worth further
consideration for CO, storage in more detailed site-specific studies.

4.3.4 Conclusions

The Jilin Oilfield Complex has a small potential for geological storage of CO,. There is also potential
for enhanced oil recovery in the Honggang, Xinli, Mutou, Qian’an and Yingtai oilfields of the Jilin
QOilfield Complex. Using CUP(Beijing)’'s methodology, the total storage capacity of CO, in the Jilin
oilfields is 47.9 Mt if stored in a dense-phase state and the storage capacity of CO, dissolved in the
formation water (M) is about 60.7-67.8% of the total storage capacity of the Jilin complex. Using the
CSLF methodology a maximum storage capacity for the five Jilin oil fields identified as suitable for CO,
storage was estimated at 71.2 Mt. Among these oil fields the Qian’an Oilfield is the largest
(27 MtCO,), the second largest being the Yingtai Oilfield (21.8 MtCO,).

The geological and reservoir conditions and the properties of crude oil are believed to be favourable
for CO, storage and CO, flooding for enhanced oil recovery in the Daging oil fields. The total CO,
storage capacity in the Daging oil field complex is 458.8 Mt if stored in a dense-phase state. The
storage capacity of CO, dissolved in the formation water (M,) is about 55-62% of the total storage
capacity of CO,. Using the CSLF methodology the seven oilfields of the Daqing oil field complex have
total estimated storage capacity of 647.7 Mt. In the Daqing Oilfield Complex, the Lamadian, Sa’ertu
and Xingshugang fields represent 97.46% of the total storage capacity.

The Songliao Basin has potential for geological storage of CO, in deep saline aquifer formations. The
Qingshankou Sandstone Formation is a promising saline aquifer unit for long term storage. The total
effective storage capacity of the saline aquifer formations (including the Qingshankou and Quantou) in
the Songliao Basin could be between 692 and 6916 Mt of CO, depending on the assumptions made.

4.4 Site assessments

Two fields in the Jilin oilfield complex were chosen for more detailed assessment of storage potential
to assist the source-sink matching exercise as these were considered to offer sufficient potential
storage for the larger CO, sources in Jilin Province. The Honggang and Xinli oilfields were selected
from the Jilin oilfield complex for further assessment as they have the least faulting of the reservoirs
considered for the basin-scale assessment. Further details of the site assessment can be found in the
CUP Beijing NZEC WP 4 report (Li et al., 2009c).

Aquifers in the Qingshankou Formation in the Dagingzi area in the southern part of the Jilin Qilfield
Complex were selected for aquifer storage site assessment as borehole data have been released for
two boreholes. Further detail is available in the site assessment report prepared by IGGCAS (Li, G. et
al, 2009b).

40



4.4.1 Jilin oilfield storage and EOR potential

Two scenarios have been used to estimate storage capacities within this assessment:

1. Storage potential with enhanced oil recovery by CO; flooding.
2. CO, storage in depleted oil/gas reservoirs.

Characteristic s of the Honggang Oilfield within th e Jilin Qilfield complex

The Honggang oil field (Figure 10) is located in Da’an county of Jilin Province, situated in the south of
Honggang terrace within the central depression of Songliao Basin. The overall reservoir shape is an
elongate dome, hydrocarbons are trapped in structural highs in the reservoir formations. The
hydrocarbon-bearing payzones are the Mingshui gas stratum, Heidimiao, Sa’ertu, Gaotaizi and Fuyu
payzones (Figure 9). The main reservoirs lie within the Sa’ertu payzone which comprises the upper
Yaojia and lower Nenjiang formations. The Sa’ertu payzone contains crude oil reserves of 4.33 million
barrels and the depth to the middle of the reservoirs is about 1200 m.

@

(b)

Figure 10: (a) Plan view of the Honggang Oilfield,  Jilin with depth (in metres) to the top of the Yaoj ia
Formation principal reservoir and oil-gas and oil-w ater contacts marked. (b) Schematic cross-sectiono  f
the Honggang Qilfield.

Hydrocarbons were formed and trapped within multiple reservoirs in the Honggang Oilfield. The Qing
I and Nen | members are the regional caprocks for this structure, which combined with the anticlinal
closure, trap oil and gas in this reservoir. There are almost no major faults cutting the crest of the
Honggang Oilfield, and only one east-dipping antithetic fault located on the west limb of the structure
which trends in an approximately north-south direction. The length of this fault is 12.8 km and the
width is 115-300 m.

The main payzones of the oilfield contains are the Sa’ertu, Gaotaizi and Heidimiao payzones (Figure
9). Pressure and temperature data for three of these are shown in Table 11 (the shallow Mingshui gas
payzone is excluded as it is too shallow for CO, storage and contains mainly gas not oil). Properties of
the crude oil are given in Table 12.
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Table 11: Pressure and temperature in the main paymnes of the Honggang Oilfield
Pay Original Pressure Original Pressur | Difference | Reservoir | Reservoir | Temperature
zone Reservoir Gradient saturation | e Coeff. between T () Pressure gradient
Pressure (Mpa/100 Pressure formation (MPa) (C/100m)
(Mpa) m) (Mpa) and
saturation
pressure
(Mpa)
Sa'ertu 12.25 1.02 10.94 1.3 55 12 5
13.37- 13.78
15.97
. ; 40-73, (64
Gaotal (middle of | 99 | s54mPa | inmiddie 4.43
zi stratum
of stratum)
pressure
is 13.78)
Heidimi 0.92 8.00 38 8.09 4.0
ao
Table 12: Qil properties in the Honggang Oilfield
Payzone density Viscosity pour original resin Asphaltene wax Formation sulphur
g/cm3 mPa-s point ratio of content content % content Volume content
T gasto % Factor
oil
m3/m3
Sa'ertu 0.821 12.9 19 38.839 141 19-29 20 0.09
0.8627-
0.8960
' 14.32-
0.8725 . 10-20, 10-20,
Gaotaizi g/cm3 'Slgggg %27 2 4\?3’6658 average | average of msezaiﬁ?of 1.088
under ' ' ' of 15.93 15.93 247
reservoir )
conditions
Heidimiao 0.8769 33.83 19 39 19.05

The pressure and temperature conditions are such that injected CO, would be in its highly dense
phase. The oil and formation water properties are suitable for CO,-EOR. Porosity can be quite high
within reservoir layers (up to 17.9 - 24%), but permeability can be quite low (16 - 165 mD). The
stratigraphy of the payzones described below indicates that although this reservoir is relatively simple
structurally, it is stratigraphically complex, with many thin sandstone and siltstone reservoir layers
(generally less than 2 m thick). Borehole casings would need multiple perforations to exploit the
numerous layers effectively as not all the layers are connected (as indicated by the difference in depth
of the oil-gas contact in the Sa’ertu payzone).

Sa’ertu Payzone

The Sa’ertu payzone is divided into the lower Sa | sub-stratum layer which is a thick sandstone rich
layer deposited before a large-scale transgression, and the upper Sa Il layer which comprises a
laminated sandstone with a thickness of less than 2 m, interlayered with mudstone or sandy mudstone
separations which are less than 0.5 m thick. The Sa | sandstones of the west limb are massive while
the Sa | sandstones of the east limb are laminated. Distribution of sedimentary layers varies vertically.
With the exception of the three sandstone layers in Sa | substratum which are about 10 m thick, most
layers are less than 2 m in thickness. Mudstone layers between the sandstone are generally 0.6-0.8
m thick. The average effective thickness of the oil-bearing layer is 5.1 m, the porosity of the layers is
about 24% and the permeability is 165 mD. Reservoir lithologies comprise 22-24% cement, which is
mainly argillaceous and calcareous.

Natural gas trapped as a gas cap in the sandstone reservoir indicates the sealing properties of the
mudstone layers in the Sa’ertu payzone are good. There are small gas caps in all the reservoirs of the
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Sa | and Il layers. The oil-water and gas-oil contacts are controlled by the structure. The oil-water
contact is at the same depth on the limbs of the closure, the depth of the oil-gas contact is 30m
shallower in the Sa | layer on the north limb. There is little water drive in the reservoirs. The methane
(CH,4) content of natural gas in the Sa'ertu stratum is over 90%, the relative density is 0.603. The
carbon dioxide (CO;) content of the gas is less than 4% and the nitrogen (N,) content in the gas is
0.40%-0.64%. The total salinity of formation water in the Sa’ertu stratum is 10000-14000 mg/L,
Chlorine (CI') content in the water is 5600-5800 mg/L and the water type is sodium bicarbonate
(NaHCO3).

Gaotaizi Payzone

The Gaotaizi payzone comprises the Qing I, Il and lll members of the Qingshankou Formation.
Lithologically, it comprises grey siltstone, fine sandstone and calcareous siltstone. At a depth of 1250-
1650 m the net thickness of reservoirs in the payzone is 10.6 m. The type of cementation is mainly
infilling of pores. The average porosity of the hydrocarbon-bearing layers is 17.9 % and the
permeability is 16 mD. The distribution of oil, gas and water is complex in the Gaotaizi payzone, it is
controlled mainly by the structure and partly by the lithology. There are 40 thin layers containing a 350
m oil and gas column. Gas caps are present in most reservoirs. The Gao Il layer pinches out on the
crest of the antiform. There are clear contacts between gas, oil and water in all of the highs of the
structure. The southern high is mainly gas-bearing, the central high contains mainly oil and gas and
the northern high contains mainly oil. There are gas caps and interlayered gas in the Gaotaizi stratum,
the relative density of natural gas is 0.7118, the average CH,4 content in the gas is 81.38%, the CO,
content in the gas is 1.25-25.90%. The average salinity of formation water in the Gaotaizi stratum is
31270.58 mgl/L, the relative density is 1.0097 and the water type is NaHCOs.

Heidimiao Payzone

The Heidimiao payzone comprises the Nen I, Ill, IV and V members of the Nenjiang Formation
(Figure 9). The buried depth of the Heidimiao payzone is 900 m and the lithology is siltstone. The
porosity of the hydrocarbon-bearing layers is about 24 % and the permeability is 73 mD. The
Heidimiao payzone forms lithological-structural reservoirs and contacts between gas, oil and water are
controlled by both the lithology and structure. Gas is present in the top part of the reservoir, but the
oil-gas contact is unclear. The relative density of natural gas in the Heidimiao stratum is 0.590, the
CH, content of the gas is 94.2%, the content of heavy hydrocarbons, N,, CO, and H,S in the gas is
1.76%, 3.02%, 1.18% and 0.60% respectively. The total salinity of formation water in the Heidimiao
stratum is 6537-8710 mg/L, and the water type is NaHCOs.

Storage potential with CO ,-EOR in Honggang Oilfield

As published data for the Heidimiao payzone are not available, storage potential in this payzone was
not assessed. Calculated storage capacity for the other payzones is shown in Table 13. As data on
remaining reserves are only available for the year 2000, CO, storage capacity during EOR was
assessed assuming that oil saturation in the reservoirs has decreased since these figures were
published. If oil saturation in the field was reduced to 25%, then using equation 5, the storage capacity
of these two payzones during EOR would be reduced to 3.8Mt.

Table 13: CO, storage capacity during EOR for the Honggang Oiléld (assuming CQ density 600 kg/n)

Pay zone | MO M1 M2 M3 Total Capacity using CSLF based
(M) (M) (M) (M) M(E)OZ methodology M coac (Mt)
(Mt)
Sa’ertu 1.5 0.9 3.0 0.3 5.7 2.7
Gaotaizi / 0.5 1.9 0.2 2.6 1.3
Total 1.5 14 4.9 0.5 8.3 4.0

The average effective thickness of the oil-bearing layers in the Sa’ertu payzone is 5.1 m, the porosity
of the layers is about 24% and the permeability is 165 mD. About 22-24% of the reservoir material is
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cement, which is mainly argillaceous and calcareous; the type of cementation is pore-contact. The
Gaotaizi payzone sandstones have an average porosity 17.9 % and permeability of 16 mD. The type
of cementation is mainly pore-filling with pore-contact. The average porosity of the Heidimiao payzone
is 24 % and 73 mD respectively. These sandstones are quite tight so injectivity is likely to be moderate
in the Honggang Oilfield.

The sealing properties of the mudstones and faults are demonstrated by the reservoirs within the field.
The trapping mechanism for these reservoirs is generally stratigraphic. The oil-water contact is at the
same depth on the limbs of the structure for the Sa’ertu payzone, but the gas-oil contact decreases in
depth northwards, suggesting these reservoirs may be connected at some level.

Oilfield

Once the oilfield has been depleted, it was calculated that 51.5 Mt of CO, could be stored in the
Sa’ertu and Gaotaizi payzones (Table 14). Equation 5 (CSLF) was also applied to these figures, which
assumes that only a fraction of the remaining reserves could be replaced and that no water could be
displaced from the oilfield resulting in lower storage capacity.

CO, storage in depleted oil/gas reservoirs in Honggang

Table 14: CQO; storage in depleted Honggang Qilfield (assuming CQlensity 600 kg/m3)

Payzone MO (Mt)* M1 (Mt) | M2 (Mt) Total M cozo (Mt) Totacl g/lL%ZC( '\(Ausing
Sa'ertu 30.2 41.8 9.0 433 8
Gaotaizi / 0.0 5.7 8.2 5

Total 50.25 35.2 14.7 51.5 13

1

MO’ = storage capacity of CO; in the gas reservoir (Equation 7)

CO,-EOR potential of reservoirs in the Honggang Oilfie  Id

The potential for EOR in the Honggang Oilfield was estimated by CUP(Beijing), based on the
remaining reserves in 2000 (Table 15).

Table 15: EOR potential of the Honggang Qilfield

Payzone Mp Additional oil produced (barrels) for each EOR
(million recovery factor (%)
barrels)
2% 4% 6% 8% 10%
Sa'ertu 1.73 34500 69000 103500 138000 172500
Gaotaizi 0.90 18000 36000 54000 72000 90000
Total 2.63 52500 105000 157500 210000 262500

NB: Mp is residual oil in the reservoir

Characteristics of the Xinli Oilfield within the Ji lin Oilfield complex

The Xinli oilfield lies in Qianguo County of the Jilin Province and is situated in the west of the Fuyu-
Xinli anticline belt. The Xinli Oilfield has the second largest reserves and production of oil and gas in
the Jilin Province. The oil-producing reservoirs are in the Fuyu-Yangdachengzi and Putaohua
payzones (Figure 9). The most exploited reservoir in the Xinli Oilfield produces from the Fuyu-
Yangdachengzi payzones (Fu-Yang payzone) which are buried at a depth of 1000-1800 m and has
oil-bearing layers with a combined thickness of 300 m. Hydrocarbons are trapped in composite
structural-lithological reservoirs and traps. The oil and gas source rock is the Qingshankou Formation.
Most of the oil and gas reservoir strata are fluvial fan delta sandstones. The mudstone in the upper
part of the Qingshankou Formation forms a stable regional caprock.
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Figure 11: (a) Plan of the Xinli Qilfield, showing depth to the top of the Quantou Formation (in metr  es). (b)
Schematic cross-section of the Xinli Oilfield in th e Jilin oilfield.

The structure of the Xinli field is a dome-shaped uplift and is characterised by many faults and
fractures (Figure 11). Faulting is concentrated on the surface of the Quan IV, Qing Il and Ill members.
The majority of faults trend in a north-north-east direction, though some faults trend in a north-west
direction. These two fault belts form in the axis of the structure, the western faults mostly dip to the
east and the eastern faults dip to the east or west. All are normal faults with dip angles of around 45 .

The Xinli oilfield oil-bearing strata are the Fu-Yang, Putachua and Heidimiao strata, with the Fu-Yang
stratum being the most important reservoir. The Qing | and Nen | members are not only good oil-
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source rocks but also provide a stable regional seal. Qing I, Nen I, Quan IV and Yao | members form
an effective sequence of generation-storage-seal rocks. Oil properties for Fu-Yang and Putaohua are
provided in Table 16.

Table 16: Qil properties of the Xinli Oilfield

Pay zone | density Viscosity pour Primary original Relative Water Formation sulphur
g/cm3 mPa-s point C boiling ratio of density content Volume content
point T gas to % Factor
oil m3/t
Fuvang | 08624 | “352% | 331 111.2 37 1111 0.08
16.82 —
24-30 69-125
Putaohua 23.73 (Average | (average 0.86 0-6(1.35
(Average 26.9 105.1 average | average)
20.48) 9) 1)

The Fu-yang payzone comprises the Quan IV and upper Quan Il members, the depth of burial of the
Fu-Yang stratum is 1000-1800 m and the thickness of the oil-bearing section is about 150-170 m
(Table 17). The Fu-Yang stratum is a thick layer distributed across the whole region of the Xinli oilfield
which thins towards the boundaries. The reservoir is controlled by faults and trends structurally east-
west and lithologically south-north. The reservoir is a lithological-structural reservoir. The oil-bearing
reservoir is mainly fine sandstone and siltstone, with minor argillaceous siltstone. The Fu-Yang
stratum is divided into nine oil-bearing layers with 26 sub-layers. The average thickness of a single
layer is 2-5 m, the effective thickness of one hydrocarbon-bearing layer is 1-3 m. The thickest layer
has a gross thickness of 11.2 m and its effective thickness is 10.2 m. The reserves of each layer are
limited because the layers are deposited as lenses or bars which are small and divided by faults. The
porosity and permeability of oil-bearing layers are very low, however, the stratum is homogeneous
with little change in porosity. The porosity of the main oil-bearing layers is 8-16% and the average is
12.2%. The permeability is 1-101 mD, the average permeability of main oil-bearing layers is 7 mD.
The oil-bearing layers have predominantly intergranular porosity. The mudstone layers between the
oil-bearing sandstone layers in the Fu-Yang stratum are stable and thick. The contact between crude
oil and water is not at a consistent level across the reservaoir, it is higher in the west and south and
lower in the east and north indicating compartmentalisation of the reservoir. The oil-water boundary is
horizontally consistent with the contour line of the structure in an east-west direction, the boundary
and the contour line cross in a south-north direction. Tensional and shearing fractures can be
identified in the Fu-yang payzone, there are less fractures in the limbs of the structure or the further
away from the faults. The content of hydrocarbon (C3+) of the gas is high, methane comprises 81.02%
and the relative density of the gas is 0.7038. The salinity of the water in the Fu-Yang stratum is fairly
consistent, around 6000-9000 mg/L, though salinity is higher in the southern part than in the northern
part of the payzone. The water type is mainly NaHCO; (sodium bicarbonate) with some areas having a
composition of sodium sulphate (Na,SO,) or calcium chloride (CacCl,). The chlorine (CI") content in the
water ranges between 2500-4200 mg/L with a pH of 6-9.

The Putaohua stratum comprises the Yao | member of the Yaojia Formation which has a thickness of
38-45 m within which the sandstone layers have a thickness of 2-6 m. The depth of burial of the
Putaohua stratum is 600-900 m. It is comprised mainly of siltstone and argillaceous siltstone loosely
cemented with argillaceous material, with a predominantly intergranular porosity. The reservoir quality
of the stratum varies with the thickness and position of sandstone layer; reservoir quality is better in
the thicker sandstone layers and decreases towards the edges of the sandstone-rich layer. For
example, the porosity and permeability of well Xin301 in the centre of the sandstone layer is 24.6%
and 14 mD respectively, but in contrast, the porosity and permeability of well Xin302, located near the
border of sandstone layer, decreases to 16.6% and 0.2 mD respectively. There are one to two thin oil-
bearing layers, the distribution of which are dependant on the lithology. The oil-bearing area is
dependant on the shape and the physical properties of the sandstone layers. Crude production is by
natural water drive, elasticity drive and dissolved gas drive. The salinity of the water in Putachua
stratum is 10787.5 mg/L, the CI" content in the water is 3071.0 mg/L and the type of water is NaHCO:s.

As the data of the area, thickness and porosity of reservoirs in the Heidimiao stratum is not available,
it is impossible to calculate the storage potential of CO, in this stratum and so it is not discussed
further here.
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Table 17: Reservoir conditions in the Xinli Oilfied

Payzone original saturated difference Temperature Temperature
pressure MPa pressure between T gradient
MPa formation T/100m
and
saturation
pressure MPa
Fu-Yang 11.75-12.70 9.5 2.6-2.8 62.5-70 5.1
(average 12.2) (average 66)
(12.32 at depth
of 1220 m,
middle of
payzone)
Putaohua 12.2 9.5 - 62.5- 70 -

Storage potential with enhanced oil recovery by CO  , flooding in Xinli Oilfield

Effective storage capacities are presented in Table 18 and indicate a slight decrease on the regional
estimates presented in Section 4.9.

Table 18: Storage capacity of the Xinli Qilfield inthe Jilin Oilfield complex (assuming CQ density 600 kg/n)

M1 M1/Mcozn® M3 M3/Mcozn® Total Capacity using
Stratum CSLF based
(Mt) (%) (Mt) (%) (Mt) methodology (Mt)
Fu-Yang 0.5 48.1 0.6 51.9 1.1 4.7
Putachua 0.8 48.9 0.8 51.1 1.6 6.6
Total 1.3 48.5 1.4 51.5 2.7 11.2

"Mcozo = total storage capacity of CO, (m°)

If, following continued oil production, oil saturation in the reservoir were 25% of the published figures
for 2000 which were used for the above table, the amount of CO, which would be stored in the
reservoir is reduced to 1.6 Mt using the CUP (Beijing) method.

Porosity and permeability of the Xinli Qilfield are low, and so injectivity is expected to be low. In the
Fu-yang stratum, the porosity of the main oil-bearing layers is 8-16% with the average of 12.2%;
permeability is 1-101 mD with an average permeability of the main oil-bearing layers of 7 mD. Porosity
and permeability of the Putaohua stratum from 2 wells was found to be 16.6 and 24.6% and 0.2 and
14 mD. The trapped hydrocarbons suggest that the overlying seals could also contain CO, for
geological timescales. Hydrocarbons are also trapped against faults, implying that these are sealing
faults. Moreover, the large number of boreholes drilled to exploit this field need to be considered in
terms of potential leakage pathways. Figure 11 shows 24 boreholes drilled to exploit the oil reserves. If
a similar number of new wells needed to be drilled to inject CO, and to relieve pressure build-up, at an
estimated cost of RMB 1005/m (103 Euros/m) (based on costs from the Jiangsu field, the only data
available for this project), an investment of RMB 26.6 million (2.74 million Euros) would be required.
However, for an accurate estimate of the number of wells required, reservoir simulation is
recommended.

CO, storage in depleted oil/gas reservoirs in Xinli Oi Ifield

The estimated storage capacity following reservoir depletion is shown in Table 19 using the CUP
Beijing methodology (equation 7 and 8).
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Table 19: Storage in depleted Xinli Qilfield (assming CO, density 600 kgm-3)

Stratum Sto E‘T\l/lgt%(olvlz)COZ)
Fu-Yang 2.3
Putaohua 3.3

Total 55

CO,-EOR potential of reservoirs in the Xinli QOilfield

Using the remaining reserves from 2000, the amount of additional oil which could be recovered was
estimated by CUP(Beijing) (Table 20).

Table 20: EOR potential of the Xinli Qilfield

Payzone Mp Additional oil produced (barrels) for each EOR
(million recovery factor (%)
barrels)
2% 4% 6% 8% 10%
Fu-Yang 3.08 61500 123000 184500 246000 307500
Putaohua 4.35 87000 174000 261000 348000 435000
Total 7.43 148500 297000 445500 594000 742500

NB: Mp is residual oil in the reservoir

4.4.2 Aquifer assessment

CO, Characteristics of the Qingshankou Formation in th e Daqingzi area

The selected part of the aquifer region is near to the Dagingzijing and Qian’an oilfields in the Jilin
oilfield complex. This area was selected on the basis that some deep geological data are available
from hydrocarbon exploration where these formations have proven reservoir and sealing capabilities.
It is also highlighted as a region for future hydrocarbon exploration, so there may be a potential conflict
of interest if this area proves prospective for hydrocarbons.

Aquifers in the Dagingzi area of the Jilin Qilfield Complex were selected for further study based on the
basin-scale assessment and the availability of data. More detailed information is found in the site
assessment report Guomin et al., 2009d. The reservoir formation selected for study was the
Qingshankou Sandstone Formation, which has a thickness of 114 — 336 m (average 273 m) (Figure
12). The sandstones were deposited in a lacustrine environment. The nearby Qian’an Oilfield is
described as having 8.8 m net thickness of reservoir horizons in a strata column of 360 — 410 m,
porosity 15 and permeability 5 -11 mD.

Fluid flow characterised from published data for two boreholes (59 and 79) is generally eastwards.
The main components of the formation water are chlorine (CI'), sulphur dioxide (SO,*) and sodium
(Na™) or bicarbonate (HCO3) and sodium. The concentration of total dissolved solids (TDS) ranges
from 7 — 10 g/L, with chlorine exceeding 4 g/L (Zhang et al., 2009).
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Figure 12: Thickness of Qingshankou Formation (m)

CO, Storage potential of the Qingshankou Formation

The total effective storage capacity of that part of the Qingshankou which was selected for this study
is 288 Mt CO, using equation 3 and a 40% storage coefficient (Table 21).

The Qingshankou Formation is capped by the impermeable Yaojia and Nenjiang formations which
comprise interbedded shale, mudstone and siltstone deposited in lacustrine and deltaic environments.
These results indicate that this region is worth further investigation for CO, storage. The borders of the
investigation site were drawn arbitrarily based on data availability and further aquifer areas could be
considered around the Jilin oilfields. However, the detailed data from the oilfields indicate that the
structure and lithology varies greatly across the Jilin oilfield and so a site specific model using detailed
data (e.g. seismic and borehole data used to build a reservoir simulation) would be needed to improve
the estimate of storage capacity in any potential selected sites.
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Table 21: Values used in estimate of storage capgcestimates for the Qingshankou Formation, SongliaBasin.

Aquifer region DaQingZi

Area of regional aquifer (km®) 350 (arbitrary boundary)

Average height of aquifer (m) 273 (range 114 - 336)
(net:gross 50 — 95%)

Average reservoir porosity (%) 10 (range 10 -20)

Permeability (mD) Majority fall within 20 — 30

CO- density at reservoir conditions (kg/m®) 600

Theoretical CO; storage capacity (Mt) 617

Effective storage capacity (using equation 3 and a | 246
40% storage coefficient)

Modelling of CO , dissolution and movement in the aquifer

A CE/SE (space-time Conservation Element and Solution Element) numerical method was developed
by IGGCAS (Yang et al., 2009) to model movement and long-term dissolution of CO, in the reservoir
(Figure 13). This model was then applied to the deep saline aquifers of the Dagingzi area, using data
from two boreholes in the Jilin Oilfield Complex. Modelling indicated that heterogeneity (porosity,
permeability and depth) had the dominant influence on CO, distribution in the saline aquifer. The
model indicated that following a 10 year injection period of CO, (with 45.5 kt/year injection), after 300
years, 75-80% would remain as free supercritical CO,. The model indicated that free CO, would be
expected to remain in the reservoir for potentially thousands of years.

Figure 13: Figure of reservoir simulation results; 3D model showing remaining supercritical CO  ; (in
green) after 300 years.

443 Conclusions

In the Jilin Qilfield complex, the Honggang field shows more potential as a CO, storage demonstration
site than the Xinli field. This is based on the geological conditions, reservoir conditions and the crude
oil properties. The total CO, storage capacity using enhanced oil recovery in the Honggang Oilfield is
8.3 Mt CO, when the CO, is in its highly dense phase. Storage through CO, dissolution in formation
waters (M,) represents about 60% of the total storage capacity. The greatest potential lies within the
Sa’ertu stratum. Under dense phase conditions up to 51.5 Mt of CO, could potentially be stored in the
Honggang Oilfield after depletion (see methodology section for discussion of limitations of this
method). The storage capacity of CO, in gas reservoir (M0) and CO, soluble in the formation water
(My) amounts to 58.6% and 28.6% of the total storage capacity respectively. If the amount of oil
recovered could be increased by 10% of the residual oil in reservoir in 2000 using CO,-EOR, the
additional recoverable reserves would be 0.3 million barrels in the Honggang Oilfield.
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Assessment of the aquifers around the Jilin Oilfield Complex suggests that aquifer formations in this
region could be considered for storage. However, access to detailed data would be required to identify
potential structures. Numerical simulation indicated that free CO, would be expected to remain in the
reservoir for relatively long timescales (potentially thousands of years) and that permeability was the
most important factor affecting migration of CO, in the reservoir. An assessment of regional capacities
suggests that in the Dagingzi area, the Qingshankou Formation could have a storage capacity of
288 Mt.

4.5 CO, emissions and source-sink matching in the
Jilin Province

Total primary energy use in the Jilin Province was 72 Mtce (million tonnes coal equivalent) in 2006
(3.1% of all China) and the total installed power capacity was 6.4 GW in 2005 (Chen and Xu 2009).
Tsinghua University estimated that there were 131 large stationary point sources of CO, (considering
2006 figures for power stations, cement manufacture, iron and steel plants, oil refineries and ammonia
plants), of these, 78 were identified as representing over 85% of the production capacity of the
province, the CO, emissions from these 78 large sources was estimated to be 70.5 MtCO,/a (Chen et
al., 2009).

Table 22 shows that almost 75% (53.97 Mtce) of the primary energy used in Jilin Province was
produced from coal. The main large sources of CO, are electricity generation and industrial and
transformation processes (including coke ovens, blast furnaces, naphtha steam-cracking and
aromatics production).

Table 22: Energy balance by source category in JiliProvince (2006 data) (Unit Mtce) (after IEA 2006)

Petroleum | Natural

Coal Produced Gas | Electricity | Heat | Total
Total Primary Energy Consumption 53.97 14.46 0.80 5.16 5.07 71.94
% of total primary energy supply in China 3.1% 2.9% 1.1% 6.1% 1.4% 3.1%

Thermal
19.65 0.01 0.03 0.00 4.93 14.99

Power

Transformation Sector Heating
6.95 0.14 0.07 5.16 0.00 2.36

Supply
Total 30.31 0.14 0.09 5.16 4.93 17.70
Loss 0.01 0.01 0.00 0.09 0.00 0.11
Industry 16.53 7.41 0.63 3.64 3.53 37.07

Transport

0.89 1.73 0.00 0.11 0.16 2.90

Sector
Final Energy Residential 1.96 157 0.08 111 078 | 561

Consumption

Services 3.20 1.96 0.00 0.19 0.47 5.82
Others 1.07 1.65 0.00 0.01 0.12 2.86
Total 23.66 14.32 0.70 5.07 5.07 54.26

(Negative figures in the transformation sector row indicate primary energy input into producing secondary energy (e.g. heat).
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Carbon dioxide emissions were calculated using these figures and the emissions factors
recommended by Eggleston et al., (2006). An estimate of CO, emissions was produced from these
figures, by multiplying energy use by the carbon content per unit of energy (Table 23) (IPCC 2006).

Table 23: Carbon dioxide emissions by source cateyan Jilin Province (units: Mt CO ,/year)

Petroleum Natural
Coal Produced Gas Others | Total

Total Primary Energy Consumption 143.84 | 32.96 1.31 11.91 190.03
Thermal Power | 54.30 0.03 0.04 0.05 54.41

Transformation -

Sector Heating Supply 18.97 0.30 0.11 0.26 19.64
Total 78.69 2.97 0.15 0.32 82.13
Industry 45.53 15.74 1.03 11.47 73.77
Transport 2.47 351 0.00 0.00 |598

. Sector

Final Energy

Consumption Residential 5.31 3.11 0.13 0.13 8.68
Services 8.87 4.09 0.00 0.00 12.96
Total 65.15 29.99 1.16 11.60 107.90

From analysis of the sources, it was concluded that electricity generation and industrial sectors are
potential targets for capture. However, considering the trends in industrial energy use in more
developed economies, these industry-sector emissions may reduce over time relative to energy
consumption if China introduces more efficient coal-based energy technologies or lower carbon fuels.
However, in absolute terms, emissions will increase as energy demand increases.

More detailed source analysis was carried out for the largest sources in Jilin Province (Table 24).
Emissions were calculated by multiplying fuel consumption by the corresponding emission factor taken
from Eggleston et al., (2006). At the time of analysis, some smaller cement plants were on the verge
of being unprofitable and likely to be closed down (Table 24). Additionally, NDRC policy is to close any
coal-fired power plants below 200 MW capacity.

Table 24: Large sources of CQand annual emissions by sector in Jilin Province

Total sources Sources estimated
Number Capacity Number Capacity CO;
of (GW9BProduction of (GW93Production (MtCO»)

sources (Mtons) sources (Mtons)
Power 55 7.57 55 7.57 47.68
Iron & steel 4 5.17 4 5.17 10.27
Cement 66 16 13 10.8 9.12
Oil refinery 2 8.21 2 8.21 0.62
Ammonia 4 0.54 4 0.54 1.73
Total 131 -- 78 70.53

The Geographic Information System (GIS) focuses on the Jilin Province sources and potential storage
sites (Figure 14). The sources analysed and geological data about the Jilin Qilfield complex were
entered into the GIS. A pipeline routing system was developed in collaboration by 3E/TU and BRGM
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(Bureau de Recherches Géologiques et Minieres) based on a similar system developed in the
GeoCapacity project. This Decision Support System (DSS) was intended to map a single source to a
single storage site by the least-cost pipeline route. Qian’an Oilfield in the Jilin oilfield complex had an
estimated storage capacity of 40.46 Mt CO, using the CSLF based methodology or 18.4 MtCO, using
the CUP Beijing methodology. This field has the largest capacity and so was selected for source-sink
matching by Tsinghua University. The GIS-based Decision Support System (GIS-DSS) maps the
most cost efficient pipeline route considering geographical features such as slope and urban areas.
The Changshan Power plant with current capacity 1000 MWe for generation units numbers 6 — 9 and
emissions of about 6 Mt CO, per year was selected as the source. The pipeline route selected using
the GIS-DSS had a length 75 km and an estimated cost of 128 million RMB (13.1 million Euros). This
store could potentially store 6 years of emissions from the source if all emissions were captured. This
indicates that more than one store would be needed for this single power station.

Figure 14: Geographic Information System of the sou rces in Jilin Province and Jilin oilfield complex

4.6 Summary of Songliao Basin assessment

The Daging Oilfield complex occupies an area of approximately 4103 km? and comprises numerous
individual oilfields with a variety of structural characteristics. Seven large fields; Lamadian, Sa’ertu,
Xingshugang, Gaotaizi, Taipingtun, Putaohua and Aobaota, were selected for study following an initial
site screening. Factors such as oil and pore water characteristics, porosity, permeability, geological
structure and stratigraphy, reservoir temperature and pressure and communication between fault
blocks were included in the screening process. Storage potential of specific fields was evaluated
using both a CSLF-based methodology (Bachu et al. 2007) and a model created by (CUP)Beijing
based on dissolution of CO, into porewater and oil. Storage capacity of these seven fields was
calculated to be approximately 593 Mt using the CSLF-based methodology and 459 Mt using the CUP
Beijing model. It was estimated 4.1 — 23.9 million barrels of additional oil could be recovered through
EOR using a yield factor of 2-10% for these seven fields.

The Jilin Oilfield complex covers approximately 86 km? and is divided by faults into eastern, central
and western areas. Five large fields were selected for initial assessment of storage potential;
Honggang, Xinli, Mutou, Qian’an and Yingtai. Storage capacity of these fields was calculated to be
102 Mt using the CSLF-based methodology and 48 Mt using the CUP(Beijing) model. The additional
oil which could be recovered through EOR from these five fields was estimated to be 46 — 230 million
barrels. More detailed evaluation was carried out on the Honggang and Xinli oilfields of the Jilin
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Oilfield complex, where storage potential was estimated to be 4 Mt and 13 Mt respectively using the
CSLF-based methodology, and 50 Mt and 6 Mt respectively using the CUP(Beijing) model (for when
the field is depleted). These two fields were selected on the basis of their relatively simple structure
and the suitability of their oil reservoirs for storage and EOR.

Aquifers around the Jilin oilfield in the Songliao Basin were selected for study as deep geological
information was available from oilfield exploration. Initial site screening indicated that the deep saline
aquifers suitable for CO, storage are mainly located in the Qingshankou Formation which also
contains intra-formational lacustrine seals and is regionally capped by impermeable rocks of the
Yaojia Formation. Porosity of the Qingshankou Formation ranges from 10% to 20% and permeability
is highly variable, though typically within the range 20 — 30 mD. Using the CSLF-based methodology
and a 2% storage coefficient, the effective storage capacity is estimated to be 692 MtCO, for the
whole basin. Detailed assessment at one site in the Dagingzi area of the Jilin Oilfield complex
indicated an effective storage capacity of 246 MtCO,. Detailed aquifer flow models were constructed
to illustrate movement of CO, within the aquifer. These site estimates are in alignment with the basin-
wide assessments.

Generally, storage capacities of individual oilfields within the Jilin and Daging oilfield complexes are
small, (with the exception of the Lamadian and Sa’ertu in the Daqing oilfield complex, 187 and 308 Mt,
but outside the Jilin Province for source-sink matching) compared to the annual emissions of power
stations currently being built in China (e.g. average emissions of power stations built in 2004 in the
Shandong Province are 2.5 Mt/a, this means the storage capacity required for just one power station
for the 30-year life of the power station would be 75 Mt) and new power plants would most likely be
larger given the NDRC policy for closing smaller power plants and China’s growing energy
requirements. The estimated capacity of specific saline aquifer structures within these fields offers
additional potential for storage but further work is necessary to refine these estimates which are based
on simple assumptions. Further, saline aquifer sites do not have proven intrinsic ability to store
buoyant fluids over geological timescales and the available data is limited to that around oilfields
requiring considerable extrapolation. Such extrapolation does not take into account the potential for
structural complexity which has been described for adjacent oil-bearing fields in the area. In addition,
hydrocarbon exploration means that there may be leakage pathways through boreholes.
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5 Assessment of the Subei Basin

5.1 Geographical overview

The Subei Basin, covering 35,000 km?, is located in the east of China stretching across the Jiangsu
and Anhui Provinces and extends into the Yellow Sea (Figure 15). The region within which it lies is
heavily populated with many medium to large cities. There is therefore a high density of significant
industrial sources of CO, in this area (Figure 15), making the Subei Basin well placed to receive and
store large quantities of CO, emissions if suitable sites can be found.

The Jiangsu Oilfield complex, together with a few smaller oil fields, lies in the centre of the basin and
is currently operated by Sinopec. This oil field is relatively small with complex geological features.
There are also many natural CO, reservoirs, which in the last ten years have been used to support
CO. flooding pilot projects. The natural CO, reservoirs can be considered as analogues for CO,
storage to study the interaction of CO, with reservoir rocks and fluids, and the state of CO, under
different reservoir conditions after injection for storage.

Figure 15: Location of the Subei and Yellow Sea Bas in and industrial sources of carbon dioxide (provid ed
by IEA Greenhouse Gas R&D Programme — data from 199 6 to 2005) in East China
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5.2 Geological overview

The Subei Basin is a Mesozoic-Cenozoic continental basin that developed after the Yizhen movement
of the Yanshan structural cycle. The basin evolved with the development of three broad stratigraphic
units: the Proterozoic metamorphic basement rock, marine carbonate deposition of the Middle
Palaeozoic, and clastic and volcanic rocks formed during marine transgressions of the Middle-Upper
Triassic and Cretaceous. During the Mid-late Triassic, the basin was uplifted, creating a continental
sedimentary environment.

521 Tectonic evolution

The Subei Basin is a continental sedimentary basin formed during the Mesozoic-Cenozoic era
affected by the combination of faulting and depression of the basal Middle Palaeozoic limestone.
Depressions and troughs, formed during the Xiangshan and Yanshan Orogenies, were filled by fluvial
sediment from the Yellow and Huaihe Rivers in the early Jurassic to late Cretaceous periods. The
basin is structurally characterised by two uplifts (Binhai and Jianhu), two depressions (Yanfu and
Dongtai) and ten small sub-troughs (sags) with boundaries between uplifts and sags being divided by
faults (Figure 16).

Figure 16: Geotectonic map of the Subei Basin (Ren Shaoran et al. 2008)

There were four stages of tectonic evolution in the Subei Basin which are described below and
summarised in Table 25.

Stage | - Initial faulting and depression: The region was subjected to faulting and strong volcanic
activity during a rift-faulting phase and the basin rapidly filled with 4 — 5 kilometres of red clastic and
volcaniclastic sediment. Further movement at the end of the Yanshan Orogeny caused uneven
regional uplifts which were subsequently heavily eroded. The residual thickness of Jurassic-
Cretaceous sediments in uplifted areas is up to 1 kilometre and in the depressions is between 1 — 4
kilometres thick.
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Stage Il - Strong depression: Extension and rapid subsidence of the basin occurred during the
Paleocene — Eocene and a deep lacustrine (lake) basin formed as the subsidence rate exceeded the
sedimentation rate.

Stage Il — Strong faulting and depression: During the Oligocene, there was an increase in faulting and
volcanic activity and the basin entered an inversion phase with overall uplift causing the basin to split
into a series of small-scale faulted depressions. Extensive erosion occurred in uplifted areas in
contrast to deep depressions where accumulation of thick sedimentary formations dominated.

Stage IV — End of depression: A decrease in fault movement in the Miocene resulted in the deposition
of the Yancheng Group (Figure 17) across the whole of the basin which tilts in an easterly direction.

Table 25: Summary of the tectonic evolution of the Subei Bgn

. . Sedimentary Tectonic .
(Geologic Formation Characteristics Characteristics Evolution Stage
Neogene—Quaternary _ _ _ Late Himalayan
fluvial facies depression IV | Period—present
(N—Q) period
Paleogene Dainan Formation— fluvial facies of .
- Middle
Sanduo Formation residual lacustrine dfault and | .
epression Himalayan Period
(Ed—Es) delta
Paleogene Taizhou formation— |5custrine facies )
Funing formation's (major) mingled with depression Il Earlypl—élrin;%layan
(Et—Ef) fluvial facies
Jurassic—Cretaceous continental facies with| ~ Fracture and .
: : . ; I | Yanshan Period
(I—K) volcaniclastic facies depression

Lower Yangtze Para-platform

5.2.2 Stratigraphy

The Mesozoic-Cenozoic sedimentary sequence, with a thickness of over 7 km, comprises the
Cretaceous Taizhou Formation, the Paleogene Funing, Dainan and Sanduo Formations, Neogene
Yancheng Formation and Quaternary Dongtai Formation (Figure 17). There are three petroleum
systems and eleven oil-bearing strata in the Subei Basin. The petroleum systems are the Taizhou-
Funing system, Dainan-Sanduo system and Mesozoic-Paleozoic system. Six source rocks are
present within the Cretaceous to Paleogene, occurring in the Upper Taizhou Formation, Funing
Formation (Member Il to 1V), and Dainan Formation (Member I). The main source beds are in the
Funning Formation (Members Il and V), which is dominated by lacustrine mudstones with oil shales,
carbonates, oolitic limestones and biolithites. The source rocks are widely distributed over the basin
depressions with a total thickness of over 400 m. The mudstone source rocks also act as effective
cap rocks and there are several vertical sequences of generation/source, reservoir, and cap rock in
the Palaeocene Taizhou-Funning system.
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Figure 17: Stratigraphy of the Subei Basin

Oil and gas migration took place from the middle of the Eocene to the end of the Oligocene. Most of
the hydrocarbon reservoirs are situated within the faulted depressions of which 34 small to medium oil
fields have been developed to date.

The overburden of the oil and gas reservoirs in the Subei Basin mainly comprises mudstones and
gypsum, which could form a regional cap rock or a partial seal. The regional impermeable formations
include the GaoJiaBian Mudstone Group in the Silurian Period, the LongTan mudstone and coal stone
of the Permian Period, the PuKou mudstone and gypsum of the Cretaceous Period, and the
YanCheng Mudstone of Upper Tertiary age (Mao and Chen, 2006).

Sealing capability varies at different levels within the Subei Basin. In the lower part (deepest), three
sets of thick dark mudstones of the Upper Cretaceous PuKou Mudstone Group are widely distributed.
These formations were under compacted and over pressured, which has produced an effective cap
rock with the ability to maintain pressure and physical properties of the reservoirs. In the upper part
(shallow), the potential regional cap rock formation was eroded away during the Eocene when alluvial
environments were dominant and faults were being reactivated. The sealing capability is therefore
inferior in the upper layers and only some regions have the capacity for pressure maintenance due to
under compacted mudstone.

There are three parameters which can be used to assess the sealing capability of the cap rock
formations for oil and gas reservoirs: breakthrough pressure (MPa), and the median radius (nm) and
porosity (%) of microspores. Three categories of cap rock formation have been classified for the Subei
Basin and are listed in Table 26 (Xu and Sun, 2007).
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Table 26: Classification of cap formations in the Gbei Basin

Breakthrough Median radius of Porosity of
Category . - 0 Remarks
| >15 <24 >60 Good cap and seals
Il 15-10 24-40 >50 Preferable cap and seals
1] <10 >4.0 -- Unfavourable seals
5.3 Basin-wide Assessment

The basin-wide assessment is focussed on identifying sites suitable for CO,-EOR and to evaluate their
potential for CO, storage in depleted reservoirs. The Jiangsu Oilfield complex has been assessed as
part of this study. Further details of the basin assessment are given in the CUP Huadong NZEC WP4
report (Ren, S. et. al, 2008).

5.3.1 Jiangsu Oilfield complex

The Jiangsu Oilfield complex is located in Zhenwu, Fumin, Caozhuang, Xujiazhuang, and
Lianmengzhuang regions, is operated by Sinopec and is a relatively small but geologically complex
system comprising many small faulted oil and gas fields. The Jiangsu Oilfield complex is mainly
located in the JinHu, Gaoyou, QinTong and Haian troughs in the Dongtai Depression (Figure 16).
Most of the reservoirs in the complex lie at depths of 2-3 km and contain light to medium oil which may
be suitable for miscible CO, flooding.

The cumulative proven original oil in place (OOIP) was 1472 million barrels and there was also up to 8
billion m® of original gas in place. The oil and gas fields and associated aquifers within the basin may
offer potential for geological storage either by injecting CO, to enhance oil recovery or by injection into
depleted reservoirs. Several CO, miscible displacements have been tried in the field with good EOR
response.

In this study, 108 oil reservoirs have been assessed based on reservoir data available in the public
domain and company reports. Key facts for the Jiangsu Qilfield complex are summarised in Table 27.

Table 27 Key facts for the Jiangsu QOilfield

Cumulative proven OOIP (Million barrels) | 1472
Proven OGIP (Billion m®) >8
Exploration year 1956-1975
Commercial production started 1975

Saline aquifer potential

Saline aquifers may also offer potential to store CO, but there is currently greater uncertainty
associated with this type of storage. This is because they are less well known due to their lack of
commercial interest, therefore they have not been explored to the same extent of oil and gas fields.

Many of the hydrocarbon reservoirs in the Jiangsu Oilfield complex are connected to aquifers for
which data has been collected during development of the associated oil and gas fields. These
aquifers provide pressure support for the oil and gas reservoirs which is normally indicative of the
presence of a large body of water. They have potentially large storage capacities and benefit from the
same trap and seal as the connected oil reservoir.

The K,T; reservoir in the Wa-6 block of the Wangzhuang Oilfield was studied as an example: the oll
reservoir is connected to a large aquifer, ten times the volume of the oil bearing body (see Figure 18).
The oil-water contact lies at a vertical depth of 2910 m.
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Oil reservoir

Oil/water contact

Underlying aquifer

Figure 18 Structure map of the K  »t; oil reservoir and its associated aquifer in the Wa 6 block of the
Wazhuang Oilfield, JiangSu complex

The aquifer is a downward extension of the oil reservoir and the geological properties of both are
similar and CO, could potentially be injected at the base of the aquifer away from the oil reservoir. Any
injected CO, is likely to migrate up towards the base of the oil reservoir if the vertical permeability
allows. If this occurs then the CO, may improve the pressure in the oil reservoir and help to enhance
the oil production. The aquifer properties are summarised in Table 28.

The storage capacity using the calculation for the amount of CO, that will dissolve in the formation
waters of the aquifer is 2.24 Mt CO,. This is greater than the amount of storage capacity estimated for
the connected oil reservoir which is 0.5 Mt CO,.

Table 28 Properties of the K2T1 reservoir in the Web block of the Wangzhuang Oilfield

Depth (metres) 2910-3520 (average 3215)
Area (km?) 9.5

Formation thickness (metres) 30

Porosity (%) 15.9

Average absolute permeability (mD) 55.1

Salinity (mg/l) 54519

Temperature (°C) 119

Pressure (MPa) 32.07

EOR and CO, Storage Potential

After screening (as described in 3.5.1), 75 reservoirs were identified as being suitable for CO,-EOR
and 33 reservoirs were identified as suitable for storage only (once the reservoir is depleted).
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Ecofys Method

The Ecofys method gives an estimation of CO, storage capacity via oil displacement only, with the
CO, occupying the space that was previously filled with oil. By using the Ecofys method, the EOR
potential of the field was estimated based a correlation between EOR factor and oil density given from
the experience of CO, flooding in the USA (the Ecofys-TNO method, Hendriks et al., 2004). For the
Jangsu Oilfield, a low EOR factor has been used on the assumption that there will be a low degree of
near-miscible CO, flooding conditions due to the current field conditions. Also not considered was the
water displacement and reservoir repressurisation by CO, injection, which if included will give a higher
estimation of CO, storage potential In all the estimates below the following incremental recovery
factors (EOR) are used:

minimum value : 3.4%
maximum value : 8.0%
optimized value: 5.7%

The optimised value is the expected value.

Reservoirs suitable for EOR

Table 29 summarises the estimated CO, storage capacity and the incremental oil production and
recovery factors achieved during EOR based on the maximum, optimised and minimum value
calculations (described in section 3.5.3). The estimate includes the 75 reservoirs which were selected
in the assessment process.

Table 29: Storage capacity estimate, incremental oil produgon and recovery factors in the 75 reservoirs inhie
Jiangsu Oilfield complex suitable for EOR

Estimated CO; | Incremental oil
storage capacity | production
(Mt) (million barrels)
Minimum Value | 3.5 19.3
Maximum Value | 40.7 51.09
Optimised Value | 15.8 35.0
Reservoirs unsuitable for EOR (suitable for storage in depleted reservoirs)

Table 30 summarises the estimated CO, storage potential in depleted oil fields for those reservoirs
which are unsuitable for EOR based on the maximum, optimised and minimum value calculations
(described in section 3.5.4). The estimate includes the 33 reservoirs which were selected during the
assessment process.

Table 30: Estimated storage capacities for the 33 reservairin the Jiangsu Oilfield complex unsuitable for E®

Estimated CO,
storage capacity
(Mt)

Minimum Value 3.1

Maximum Value | 6.3

Optimised Value | 4.7
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Total CO, storage capacity

A total of 108 reservoirs have been assessed. The total estimated CO, storage capacity for these
reservoirs based on the maximum, optimised and minimum value calculations (described in section
3.5.4) are summarised in Table 31.

Table 31: Total estimated CQO, storage capacity for both reservoirs suitable foEOR and in depleted reservoirs

Estimated CO;
storage capacity
(Mt)

Minimum Value 6.6

Maximum Value | 46.9

Optimised Value | 20.5

CSLF Methodology

The CSLF methodology is described in section 3.2. The following average oil and reservoir properties
for the whole of the Jiangsu oil field complex have been used in this calculation:

Oil density - 0.86 g/cm®
CO, Density - 0.7 g/cm3 at reservoir conditions
Formation volume factor - 1.1
OOIP - 993 million barrels
The average EOR by CO, flood (miscible process) - 12%
The average recovery factor via water flood - 30%
Storage coefficient - 0.4 - 0.8
Applying this method, the CO, storage capacity can be estimated at between 20 — 40 Mt CO..

5.3.2 Natural CO , reservoirs

There are many natural CO, reservoirs in the Subei Basin. Their genesis is complicated with both
inorganic and organic sources of CO,. The conditions under which CO, accumulates are very similar
to those in gas fields, comprising a gas source rock, reservoir, cap, and trapping mechanisms. All of
the CO, reservoirs were originally associated with natural gas and are stained with residual oil; they
are thought to be oil reservoirs which were invaded by CO, due to volcanic activity when major faults
(and faulted traps) were formed in the basin. These reservoirs can be used for studying the interaction
of CO, with formation rocks and fluids.

5.3.3 Conclusions

This study has shown that the CO, storage potential in the Jiangsu Oilfield complex in the Subei Basin
is limited because the faulted oil fields are relatively small. These faults may act as permeability
barriers where each compartment of a reservoir potentially behaves independently of the others.
Careful reservoir management would be needed to ensure that each compartment is filled with CO,
but that safe pore fluid pressures are not exceeded. It is likely that at least one well per compartment
would be needed in heavily compartmentalised reservoirs and this could add to the cost of storage.
The properties of the Jiangsu Qilfield crude oil (light to medium) may be suitable for near-miscible CO,
flooding to enhance oil recovery.

In total, 108 oil reservoirs have been assessed in this basin study, which account for over 70% of the
OOIP estimated in the region of 993 million barrels of which 75 of these reservoirs are considered to
be suitable for CO,-EOR and 33 reservoirs which are suitable for CO, storage only because they have
little CO,-EOR potential.
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The total CO, storage capacity in the 75 reservoirs suitable for CO,-EOR is 15.8 MtCO,, and the
expected incremental oil production is 35 million barrels (using an incremental oil recovery factor of
5.71%). The total estimated CO, storage capacity for the 33 reservoirs suitable for CO, storage
(without EOR) is 4.7 MtCO,. The small size of the fields means that they wouldn’t be suitable for a
large scale storage project and would not be capable of storing the lifetime emissions from an
industrial sized plant. To put the storage capacity of these fields into perspective, some of the power
plants in the Jiangsu Province emit up to 20 MtCO, per year and with a lifetime of 25 - 30 years
approximately 500 — 600 Mt CO, of lifetime emissions would be expected. Taken together, all of these
fields assessed could only store emissions produced in one year from a plant like this.

The total CO, storage capacity in the Jiangsu Oilfield complex is estimated to be in the range of 20 -
40 Mt CO, depending on the methodology used. Saline aquifers in the basin can also be considered
as important CO, storage sites, but there is a lack of detailed information due to previous geological
exploration being focused on oil and gas reserves. Data are available for the aquifers associated
(connected) with oil reservoirs. To some extent, these aquifers can be considered as geologically
good sites for CO, storage, along with their associated oil and gas reservoirs, these however need to
be studied in more detail. If they are as compartmentalised as the oil fields this would make storage
more difficult and costly.

5.4 Site Assessments

The Caoshe OQilfield has been selected for site assessment to form the basis for a future
demonstration project for CO,-EOR and storage in the region. In 2006, a CO, injection pilot test was
carried out in the southern part of the oilfield using CO, from a nearby natural reservoir. A numerical
reservoir simulation model was built by the operator (Jiangsu Oilfield Company Ltd., Sinopec) which
can provide reliable data for optimisation of the CO,-EOR and storage project.

54.1 Caoshe Oilfield

The Caoshe Qilfield was discovered in the 1970’s, with an OOIP of 10.7 million barrels and estimated
recoverable reserves of 2.6 million barrels. It is a relatively small reservoir with oil trapped within
structures formed by faults, similar to many other small oil fields in the region. During the initial
development stage, only three oil wells, Sul26, Cao5 and Cao6, were drilled for primary production in
the reservoir. The output of each well was relatively high initially, but quickly decreased. The reservoir
pressure also gradually decreased. Water injection was then applied to increase and maintain
pressure in the field and aid oil recovery. The details of injection and production data for the Taizhou
Formation are summarised in Table 32.

The Caoshe Oilfield was selected for further study because a pilot-scale EOR test was carried out
here in 2006 and the field operator (Jiangsu Oilfield Company Ltd., Sinopec) built a numerical
simulation model using Eclipse, which was used in the site assessment report to improve accuracy of
the storage and EOR potential for the field. Further details of the site assessment are given in the
CUP Huadong NZEC WP4 report (Ren, S., 2008).

Table 32: Injection and production data for the sothern Taizhou Formation, Caoshe Oilfield up to 2005

Total wells 17 Cumulative liquid production (10* m®) 55.12
Production wells in use 8 Cumulative oil production (million barrels) 2.07
Injection wells in use 4 Cumulative water injection (10* m®) 54.08
The ratio of water well to oil well 1:2.25 | Cumulative injection production ratio 0.98
Average well spacing (m) 260 Annual oil production rate (%0OO0IP) 1.02
Well spacing density well (km?) 18.5 Current recovery factor (%) 19.44
Average single well controlled reserve of oil (million barrels) | 1.18 Overall water cut (%) 50.2
Daily oil production (barrels) 465 Expected recovery (%) 24.00
Daily water injection (m°) 137.76 | Recoverable reserves (M)t 2.56
Daily oil production (barrels/well) 58 Remaining recoverable reserves (million barrels) 0.49
Average well water injection (m*/day) 34.4
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Stratigraphy

The Caoshe OQilfield is located in the east of the central part of the Qintong Depression of the Subei
Basin as shown in Figure 16. The Qintong Depression is surrounded by three sub-uplifts (salient
structures): the Wubao, Taizhou and Liangduo uplifts (Figure 16). The oil field is near a major fault,
and runs along the boundary of the trough. Caoshe Qilfield lies within a complex fault structure in the
JiangSu Basin. Based on the drilling and cross-section analysis data, the Caoshe Oilfield contains
seven sub-stratum layers: the Cretaceous Pukou layer, the Paleogene Taizhou layer, the Funing
layer, the Dainan layer, the Sanduo layer, the Neogene Yancheng layer and the Quaternary Dongtai
layer, which are collectively known as the Caoshe Stratum. The main oil bearing formations of the
Caoshe OQilfield are the Taizhou, Funing and Dainan formations, with a total thickness of up to 300 m.
The Taizhou and Dainan Formations are each divided into two sub-layers, and the Funing Formation
is subdivided into four. The thickness of the Taizhou Formation ranges from 215.5 m to 266 m and
the burial depths of the reservoir range from 3 to 4 km. The Cenozoic is well represented in the
Caoshe Stratum, with an unconformity between the Mesozoic and Cenozoic. In many of the wells the
Mesozoic is not encountered.

Figure 19: Map showing the location of the Caoshe O lfield and the industrial sources of CO  » in the Subei
Basin (Sources from IEAGHG R&D Program)

The main oil production layers lie within the Taizhou Formation, which are located in the southern part
of the field. The Taizhou Formation is assumed to have been deposited cyclically, each cycle
containing three oil-bearing layers and 11 small sub-layers. The main oil bearing layers of the Taizhou
Formation comprise eight to ten small layers (Figure 20). The Taizhou Formation is a severely faulted
oil block complex, which is sub-divided into eight small blocks by seven faults, which form a step-
structure in cross-section. The reservoir dips from east to west, and the oil is mostly trapped in the
lower part of the faulted structure. Faults are considered to be sealing since depths to oil contacts
vary across the faults (Figure 20). The thickness of the Taizhou Formation reservoir is about 90 m,
with estimated OOIP of 10.6 million barrels.
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Figure 20: Simplified cross-section of the Taizhou Formation in the Caoshe Qilfield

Geological Structure

The Caoshe OQilfield lies in an anticlinal structure, assumed to have been formed by antithetic drag
during a contemporaneous faulting and uplifting episode. The Caoshe Oilfield structure trends in a
NNW direction, dipping and extending from northeast to southwest. A northeast-trending normal fault
divides the structure into three fault blocks, named the southern, central, and northern fault blocks
(Figure 21), with burial depth decreasing gradually from the Taizhou uplift towards the Qintong
Depression (Figure 16). In addition, there are many step-shaped small blocks divided by sub-faults.
The connectivity between these fault blocks is poor.

The central The northern

block block

The southern
block

Figure 21: Structure contour map of the Top Taizhou Formation in the Caoshe Qilfield

The southern fault block lies between two major faults (I and Il in Figure 21) in the Caoshe Oilfield.
Fault | in the south is close to the Taizhou uplift, and Fault 1l in the north connects with the central fault
block. Three-dimensional seismic and drilling data indicate that the southern fault block is divided into
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three sub-fault blocks, which are called, from south to north, the South-South, the South-Middle and
the South-North sub fault blocks. The South-Middle block contains the main development region of
the Caoshe field. There is poor connectivity between reservoirs in the different fault blocks. The
southern fault block of Caoshe Oilfield approaches the major fault on the boundary of the Qintong
Depression. There are two types of fault system: boundary contemporaneous fault and derived
internal separate fault. The Central fault block is located between faults Il and Ill. It is subdivided into
four secondary blocks by three small faults, the Middle-1, Middle-2 and Middle-3 sub faults. The strata
analysis and well data indicate that the fault displacement of the Middle-1 fault is 50 - 140 m, and the
fault displacement of the Middle-2 and the Middle-3 is 30 - 60 m. The Northern Fault Block is located
to the north of fault lll. The block is further divided into three small blocks by two small faults, the
North-1 and Noth-2 sub faults. In the Northern block, the formations dip towards the north, east and
south-east. Because of the sub faults and the formation dip, the whole structure of the Northern block
is broken up.

Reservoir and oil data

The main oil reserve is located in the southern block of the Caoshe Oilfield, which has been developed
for more than twenty years. The extension of the oil layers and their thickness has been extensively
evaluated and the data for effective porosity, saturation, Formation Volume Factor (FVF) and gas/oil
ratio (GOR) are well documented from measured data. The oil/water contact in the Taizhou Group is
uniform, between 3120 m and 3150 m producing a reliable reserve evaluation.

The basic geological parameters and reservoir properties used to calculate the original oil in place are
shown in Table 33. The explored reserve is 10.7 million bbl; the oil area is 0.703 km?; the standard oil
recovery is 24% and estimated recoverable reserve is 4.6 million bbl. Up to March 2005, the
cumulative production of the Taizhou Group was 0.037 million bbl. The recovery factor is expected to
be 19.4%, and the quantity of estimated remaining recoverable oil is calculated at 2.6 million barrels.

Table 33 Basic geological parameters of the Caoshulfield

Taizhou Taizhou
Parameter - Parameter -
Formation Formation
: 2 Initial gas/oil ratio
Oil area (km") 0.703 ) 24.2
Geological reserve (million Formation Volume
barrels) 10.65 Factor (RB/STB) 11293
- - High
Mean effective thickness Underground
17 pressure . : 12.83
(m) properties viscosity (mPa.s)
. Relative density
0,
Porosity (%) 14.08 (g/m?) 0.82
Permeability (102 m) 46 . -
Initial oil saturation (%) 51.9 Relaglve density 0.883
(9/m”)
Reservoir depth (m) 3020 Ground  viscosity 60.23
(mPa.s)
Formation temperature Ground
) P 119 oil Freezing point (C) | 36.5
properties
Initial reservoir pressure o
(MPa) 35.9 Wax content (%) 19.2
Saturation pressure (MPa) | 4.89 Sulfur content (%) 0.58
Salinity (mg/L) 37.06 '(Tc't)'a' boiling point | ;5
Cl- (ppm) 19123 - --
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According to the results of the numerical model for CO, displacement, the oil recovery rate may reach
43.60% over a fifteen year period; recoverable reserves are up to 0.083 million bbl and the remaining
recoverable oil could be in the order of 2.6 million bbl (Table 34).

Table 34 Remaining recoverable oil calculation infte Taizhou Formation
Factors Taizhou Formation

Cumulative oil production

(million barrels) 2.07

Current oil recovery (%) 194
Final oil recovery by CO, (%) 43.6
Recoverable reserves, (million

4.6
barrels)
Remaining recoverable oil 26

(million barrels)

5.4.2 CO»-EOR Techniques

The following mechanisms or techniques can be applied for CO, injection and EOR in a specific oil
reservoir.

Miscible CO , Flooding

Miscible CO,-EOR is a multiple contact process between the injected CO, and oil in the reservoir.
During this process, CO, will vaporise lighter oil fractions into a gaseous CO, phase and CO, will
condense into a liquid oil phase. Consequently, CO, and oil may become miscible (mixing in nearly all
parts of the reservoir), and the mixed fluid (CO, and oil) will have favourable properties for oil
recovery, such as low viscosity, low interfacial tension and high mobility. The primary mechanism of
miscible CO,-EOR is to remobilise and dramatically reduce the residual oil saturation in the reservoir
after water flooding. Figure 22 schematically shows the dynamics of the CO, miscibility process.
Miscible CO, processes normally occur at high pressures, and are also affected by oil property and
reservoir temperature.

Figure 22: Mechanism of the miscible CO »-EOR process
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Immiscible CO ,-EOR

At low reservoir pressure, the oil composition is less favourable for miscible processes (e.g. heavier
oils); the injected CO, will be immiscible or partially miscible with the reservoir oil. Under these
conditions an immiscible or near miscible CO, flooding process will occur. The main mechanisms
involved in immiscible CO, injection include maintaining reservoir pressure, gravity stabilised CO,
flooding and the effects caused by CO, dissolution in the oil phase as in the miscible process. The
combination of these mechanisms will enable only a portion of the reservoir's remaining oil to be
mobilised and produced. In most cases, immiscible CO,-EOR is less efficient than the miscible
process and has been used less frequently in the past, but when considering CO, storage, immiscible
or near-miscible CO, injection technigues could be designed to increase oil production and be
implemented for many oil fields that do not have favourable conditions for miscible processes.

5.4.3 Reservoir selection for CO »-EOR

The reservoir needs to be assessed for its suitability for miscible or immiscible CO, injection mode
based on the mechanisms of CO,-EOR. The evaluation criteria of CO, miscible displacement
recommended by API (American Petroleum Institute) can be applied, i.e.

(1) the ratio of CO, pressure in the reservoir and the minimal miscibility pressure (MMP) should
be greater than 0.95;

(2) the viscosity of crude oil is less than 12 cp;
(3) reservoir temperature is less than 121<C;
(4) relative density of crude oil is less than O.Qg/cms;

(5) minimal remaining oil saturation greater than 25%;

In general, miscible CO, displacement should be avoided in stratified and highly heterogeneous
reservoirs and in fractured reservoirs to maximise sweep efficiencies and prevent early breakthrough.
Geological properties of the reservoir, reservoir fluid property, well pattern, well condition, and well
production history should be also considered.

Reservoir selection in the Caoshe Qilfield

In the Caoshe OQilfield, the original reservoir pressure of the Taizhou Formation was 35.9 MPa at a
depth of 3065 m. The minimum miscibility pressure measured using the reservoir crude oil, by slim
tube experiment is 29.3 MPa. The current reservoir pressure before CO, injection is 28-30 MPa. The
reservoir temperature is 110C, which is less than the upper limit of 121°C recommended by API. The
relative density of the crude oil is less than 0.82g/cm® and the remaining oil saturation is 30 - 50%.
The Taizhou Formation reservoir has low to moderate permeability, and is relatively homogeneous
with high (original) oil saturation and reserves. The oil field has a complete well pattern of injectors
and producers with good well conditions (no major well work-overs are needed). If CO, is injected as
liquid or under super-critical conditions, the wellhead pressure (injection pressure) will be less than 20
MPa. The water cut of the produced oil is not high, and reservoir pressure has been well maintained.
The well and formation test data and production data indicate that there are no obvious fractures
developed in the reservoir. Therefore, the Caoshe Oilfield meets the conditions for a CO, miscible
displacement process, which has already been designed and is ready to be implemented (Wei 2008).

5.4.4 Storage potential using Enhanced Oil Recovery by CO2 flooding in
the Caoshe Oilfield

Assessment methods
The Ecofys & TNO Calculation Method

This method has been described in section 3.5, which is based on the principle of material balance for
fluid displacement in the reservoir. The equations used for calculating CO2-EOR and storage
potential are based on the Ecofys and TNO methods (Hendriks et al., 2004). Carbon dioxide storage
capacity of a reservoir includes the CO, remaining in the reservoir at the end of an EOR operation in
addition to CO; injected to maintain initial formation pressure after EOR, and this all needs to be
considered in the calculation. The ratio of CO,/oil, the amount CO, injected (tonne)/barrel of
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incremental oil produced, need to be determined based on the reservoir conditions (Hendriks et al.,
2004).

Reservoir Simulation Method

Using numerical reservoir simulation methods, more parameters and factors can be considered to
evaluate and predict EOR and CO, storage capacity during the CO, injection process; these include
geological data, oil and reservoir fluid properties and operating parameters. This can provide a
relatively more accurate prediction of the EOR and storage capacity than the simple method
mentioned in the paragraph above. A numerical reservoir stimulation model has been built for the
Caoshe Oilfield using the Eclipse reservoir simulator by the operator. The results are compared with
those obtained using the simple Ecofys & TNO method (Hendriks et al., 2004).

Volumetric method

The volumetric method is described in section 3.5.5, it estimates the maximum storage capacity based
on the volume of oil and water produced if dissolution of CO, into the pore fluid and interaction with the
rock matrix are ignored.

The reservoir data and oil properties of the Caoshe Qilfield used in this assessment are listed in Table
35.

Table 35: Caoshe Oilfield data (courtesy of JiangsQilfield Company Ltd., Sinopec)

Taizhou Taizhou
Parameters Parameters
group group
G?‘?'Og'c reserves OOIP, 10.65 Air permeability, m 46
million barrels
Recoverable reserve, )
o 2.56 Porosity, % 14.08
Million barrels
;)t andard Recovery factor, 24 Depth of reservoir, m 3020
Reseryow crude oil 12.83 Qurrent apgumulanve 207
viscosity, mPa.s oil-output, million barrels
; Current recovery of
S.urfac.e crude oil 60.23 y 80.9
viscosity, mPa.s recoverable reserves, %
; Current recovery of
Sub;urface . crude oil 0.799 | y 19.4
relative density geologic reserves, %
Surface crude oil relative 0.85 Initial oil saturation, % 51.9

density

Results using the Ecofys-TNO method

As a result of applying the Ecofys & TNO method (Hendriks et al., 2004), the potential of EOR and
CO, storage has been calculated using the procedure described in 3.5.3.

The subsurface crude oil relative density of the Caoshe oil is 0.80-0.82g/cm?, so the API gravity of the
crude oil is between 41 and 45. To estimate the percentage extra oil recovery (%EXTRA) due to CO,
injection, the approach suggested by Stevens (1999) has been used where the oil gravity was
considered as the most important factor which can determine the oil recovery rate. Figure 4 shows
the Stevens (1999) diagram for the correlation of the percentage extra oil recovery due to CO,
injection (defined here as %EXTRA) and the oil API gravity. The Caoshe oil API gravity was taken as
41, the best fit of the %EXTRA (the middle value) is taken as 18.9%, the upper estimate is 23.1%, and
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the lower estimate as 13.2%. This means that the most likely achievable EOR factor is 18.9% for the
Caoshe Oilfield.

Not all the oil will come in contact with the injected CO,, though a miscible displacement mode has
been presumed for the Caoshe Oilfield. It is assumed that, based on the current well pattern and
reservoir heterogeneity, 85% of the resource oil would be amenable to miscible flooding with CO,,
therefore, a “contact factor” C of 0.85 is applied (see section 3.5.3). Therefore, the lower value of extra
oil due to CO; injection (EORpin) in the Caoshe OQilfield is 1.19 million barrels; the best estimate
(EORgy) is 1.71 million barrels; and the upper value (EORpay) is 2.1 million barrels. From worldwide
CO,-EOR projects the ratio of net CO, injection (in tonnes of CO,) versus oil production (in barrels of
oil) ranges between approximately 0.2 and 0.7. In this study, we assume a best estimate of 0.4
tonnes CO, is required to produce 1 barrel of crude oil in a miscible process, i.e. R = 2.8 tonnes
CO,/oil tonne.

For the Caoshe Qilfield, if the EOR, is taken as 1.71 million barrels, the amount of CO, to be injected
is calculated using equation 20 to be 0.6387 Mt CO.,.

The EOR and storage results are shown in Table 36:

Table 36: CO,-EOR and storage capacity calculated by the Ecofyand TNO method (Hendriks et al., 2004, section

3.5.3)
OOIP, million barrels 10.65
OOIP¢, million barrels 9.1
EXTRA EOR, % 18.9
EORgpi, million barrels 1.73
CO, stored (Mco,), Mt 0.64

Results using the reservoir simulation model

A simplified geological model, which can be used for reservoir simulation, was originally developed by
the Jiangsu Oilfield Company. The vertical oil zones are divided into eight layers in the Taizhou
Formation. The thickness of these layers was combined based on the data in Table 33. An
orthographic grid of 50x50x8 was applied, with grid block size of 25mx25m in X, Y directions. The 3D
grids are shown in Figure 23.

Figure 23: Numerical reservoir simulation — 3D stru  cture map of the Taizhou Formation in the Caoshe
Qilfield; the scale bar shows the depth of the laye  rs in metres
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The amount of storage and enhanced oil recovery has been estimated by numerical modelling,
through CO,-EOR projects. The volume of CO, that can be stored was estimated as 0.684 Mt CO,
and the percentage extra oil recovery due to CO, injection was calculated at 19.7% of OOIP. These
results are consistent with those estimates derived from applying the Ecofys-TNO method described
above.

Results using the volumetric method

The volumetric methodology also used to estimate storage capacity in the Jiangsu Oilfields is
described in section 3.5.5. Using equation 23, where;

co2= 0.655t/m* (at reservoir conditions of T=112<C, P=33MPa)
OOIP=10.65 million barrels
oils = 0.86 t/m® (Surface oil density)
B, = 1.1 (formation volume factor)
Soi = 0.519 (initial oil saturation)
Swi= 0.481 (initial water saturation)
Sweo = 0.254 (connate water saturation)
Rqi = 0.24 (standard oil recovery factor)
EOR = CO; injection EOR factor = 0.19

The total CO, storage capacity is calculated as 1.03 Mt. The CO, storage capacity is strongly related
to the connate water saturation, which may vary from 0.2 to 0.45 in this case. As shown in Figure 24,
if the connate water saturation is 40%, the CO, storage capacity calculated will be only 0.7 Mt, which
is similar to the reservoir simulation results.

CO, Storage Capacity

110

100 | \
90 .
% \\
o | .
o | ~

40

CO:2 Capacity,10* t

0.2 0.25 0.3 0.35 0.4 0.45 0.5
Swco

Figure 24: The relation between CO ; storage capacity and connate water saturation

Summary of results

The results calculated by the three methods are summarised in Table 37. A results comparison shows
that the simple calculation results and reservoir simulation results are similar, but the reservoir
simulation results which considered many other factors are more accurate, so the reservoir simulation
results are adopted.
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Table 37: CO-EOR storage potential calculated by different metbds

CoO, storage EOR, million

Calculation methods EOR, %0O0IP

capacity, Mt barrels oil
Ecofys & TNO 0.639 18.9 1.71
Reservoir simulation 0.68 19.7 2.1
Volumetric method 1.03 19 2.0

5.4.5 Conclusions

The geological framework of the Caoshe Oilfield is suitable to carry out a CO,-EOR and storage
project using CO, captured from a nearby power station. CO, storage potential can be maximized by
filling the pore space left after oil and water production and also stabilising the reservoir by restoring it
to its original pressure. Although the CO, storage potential is limited because of the size of the
Caoshe OQilfield, its relatively small size make it a good site for a demonstration project in the near
future.

EOR by miscible CO, flooding could be conducted in the field based on the oil and reservoir analysis.
The estimated total incremental oil production which could be achieved is 1.7-2.1 million barrels. The
best estimate for CO, storage capacity via EOR is 0.68 Mt, and the maximum total storage potential
(including CO,-EOR) could be up to 1.03 Mt CO, if all the pore space left after oil and water production
could be filled by CO,.

5.5 Summary of the Subei Basin

The Subei Basin is a hydrocarbon-bearing continental sedimentary basin formed during the Mesozoic-
Cenozoic. So far 34 small to medium sized oil fields have been developed in the basin with cumulative
proven original oil in place of 1472 million barrels and there is also more than 8 billion m?® of original
gas in place

The Jiangsu Oilfield complex is relatively small with complicated geological features, which lies in the
centre of the Subei Basin. As part of the basin assessment 108 oil reservoirs were screened, these
reservoirs contribute over 70% of the total OOIP for the Jiangsu Oilfield. The average storage capacity
of these fields is 0.19 Mt of CO, using the optimised value described in section 5.3.1. The total CO,
storage capacity in the Jiangsu Oilfield complex is estimated at 20 Mt. This figure could potentially be
doubled based on the CSLF methodology if water displacement by CO, and reservoir re-
pressurisation is considered. So the CO, storage capacity in the Jiangsu Oilfield complex may be in
the range of 20 - 40 Mt.

There are also many aquifers that formed in similar faulted structures associated with oil reservoirs
which may be considered as sites for CO, storage. Little is currently known about the aquifers
because they haven't been as extensively examined as the hydrocarbon bearing reservoirs. There are
however many oil reservoirs which have associated (or connected) large lateral or underlying aquifers.
To some extent, these aquifers can be considered for CO, storage because data has been collected
by oil companies providing a certain amount of knowledge regarding their physical properties. If they
have similar characteristics to the oil fields however, they are probably compartmentalised by faulting,
complicating the injection process; this needs to be taken into consideration as this has cost
implications.

The storage capacities of the individual reservoirs within the Jiangsu Oilfield are small when compared
with annual power plant emissions in China. In the Jiangsu Province power plant emissions range
between 0.3 and 20 Mt/annum (IEA-GHG CO, emissions database), though many of the smaller ones
are being closed down. The assessed fields and associated aquifer storage have insufficient capacity
for the lifetime emissions (about 30 years) of one of these plants. The Jiangsu Oilfield may offer the
potential for a small scale demonstration project.
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6 Discussion

In this chapter we summarise the main results and discuss their implications for CO, storage. The
potential for CO, storage has been reviewed in two specific geological regions of north-eastern China:
the large Songliao and the smaller Subei sedimentary basins. These regions were selected because
they contain existing, mature oilfields which may offer potential for CO,-EOR and also in which recent
pilot-scale CO,-EOR projects have been undertaken. At a very basic level, the presence of oilfields
indicates that the central areas of these basins have retained buoyant fluids, i.e. gas and oil, over
geological timescales. This provides some confidence that suitable reservoirs for storage may be
found, which may include either producing hydrocarbon fields through CO,-EOR or subsequently
when the fields have been depleted. Active hydrocarbon exploration and production also generates
both technical and economic data which can improve the quality of the estimates of storage
capacities. In addition, the Subei Basin also contains several CO,-rich gas fields which provide further
encouragement that suitable structures for storage can be found. In addition storage capacities in
saline aquifers in these basins have been estimated and indicate significant storage potential.

6.1 Storage Capacity

6.1.1 Songliao QOilfields

Songliao is the largest sedimentary basin in China. It contains the large Daqing and Jilin oil provinces,
which are the largest oilfields in China, with total oil production of 350 million barrels of oil annually.
This is equivalent to approximately 25 % of China’s total production, based on an estimated annual
production of 1424 million barrels of oil in 2010 (World Energy Outlook, 2007). The storage capacities
of the Daqing and Jilin oilfields have been estimated at a regional scale and a total storage capacity of
695 Mt CO, has been calculated using simple volumetric calculations.

As described in Chapter 4, the Daqing and Jilin oilfields comprise a number of smaller oilfields some
of which have been assessed for their storage potential. The geological suitability of seven oilfields
which comprise the large Daging oilfield complex have been assessed for their potential for CO,
storage. A simple volumetric calculation provides an estimate of total storage capacity of 648 Mt CO,
in these seven oilfields, with the three largest fields (Sa'ertu, Lamadian and Xingshugang) accounting
for 97% of this capacity.

The Jilin oil complex comprises 11 oilfields, which have been reviewed for their geological suitability
for CO, storage. Five of these oilfields were judged to have appropriate geological conditions suitable
for CO, storage and their total storage capacity, based on a volumetric calculation, has been
estimated at 102 Mt. Among these oil fields the Qian’an QOilfield is the largest (40 Mt), the second
largest being the Yingtai Oilfield (33 MtCO,), together accounting for 69% of the total storage capacity.

Detailed field-specific assessments of two oilfields in the Jilin oilfield complex were conducted to
establish their potential for CO, storage. Although small, these fields were selected for detailed
assessment because of their relatively good reservoir qualities and data availability. Storage capacity
in the Honggang field is estimated at only 4 Mt CO, during CO,-EOR, increasing to a preliminary
estimate of around 50 Mt as direct injection once the field has been depleted. Initial regional
assessments calculated a storage capacity of 6 Mt CO, based on the remaining reserves in 2000.

Similarly, storage potential in the Xinli field is also small at around 13 MtCO, which is a small increase
on the provisional estimate of 12.5 Mt derived during the basin-wide assessments. Such small
storage capacities are due to the moderate reservoir qualities and small sizes of these oilfields, which
result from the strongly faulted and compartmentalised structures of this complex. Such small storage
capacities would cause most of them to be rejected for consideration for large-scale CO, storage since
they could store only a small fraction of the emissions in the region. A typical power station in the
region produces around 2.5 MtCO, per year so such small capacities represent storage for only a few
years. The capital costs for developing the infrastructure for storage in these oilfields alone will be
very high per tonne of CO, stored compared to storage in other larger sites.

The oilfields are generally compartmentalised and isolated by surrounding impermeable layers or
faults. As a result, it is quite likely water will need to be produced from the oilfields in order to avoid
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rapid increase in reservoir pressures when CO; is injected. This saline water would also need to be
disposed of, possibly via reinjection into other formations.

6.1.2 Songliao Saline Aquifers

Using the CSLF-based methodology and a 2% storage coefficient, the effective storage capacity is
estimated to be 1383 Mt across the basin for a specific saline aquifer, the Qingshankou Formation.
Detailed assessment of part of this aquifer at one site in the Dagingzi area of the Jilin oilfield indicated
an effective storage capacity of 288 Mt CO,. It should be emphasised that this estimate is based on a
simple volumetric calculation and gross extrapolation from the few data points available in the central
oilfields. As such, it assumes that the geological properties of this aquifer are relatively simple, though
evidence from adjacent oil reservoirs would suggest that in fact this aquifer may indeed be structurally
complex. It also assumes that a seal exists across the whole basin to retain the CO, which has not
been breached in some way.

6.1.3 Subei Oilfields

The Subei Basin is located in eastern China, across Jiangsu and Anhui provinces and extends into the
Yellow Sea. The region is the most developed in China, with many large cities, such as Nanijing,
XuzZhou and Shanghai, and a population of more than 100 million. The Subei Basin has seen rapidly
increasing oil production, since production began in 1975, now reaching 22.5 million barrels per year.
In addition to the oilfields described below, many natural CO, accumulations have also been
discovered in the basin, which in the last decade have been used as sources of CO, for pilot-scale
CO,-EOR tests. Within the larger Subei Basin, the Jiangsu oilfield complex has been selected for
assessment within the NZEC project. The Jiangsu oilfield complex is relatively small and geologically
complex. Within these oilfields, 108 individual oil-bearing reservoirs have been assessed for their
CO,-EOR and direct CO, storage potential. Of these, 75 were identified as suitable for CO,-EOR with
an estimated storage capacity of around 16 Mt CO,. A further 33 reservoirs were considered
unsuitable for CO,-EOR but have an estimated storage capacity of approximately 5 Mt CO,.

A detailed site assessment was made of the Caoshe Qilfield within the Subei Basin, in which a CO,
injection pilot test was undertaken in 2006. The best estimate of the CO, storage capacity via EOR is
0.68 MtCO,, and the maximum storage potential can be 1.03 MtCO; if all the pore space left after olil
and water production to be filled by CO, at original reservoir pressure.

Typical storage capacities for each oilfield are therefore small, equating to the equivalent of only a
couple of year’s emissions from an average-sized power station and therefore unlikely to represent
priority targets for storage except as incidental benefit to EOR projects.

6.2 Suitability for injection of CO >

Three strata form the principal oil-bearing zones in several of the seven oilfields examined in the
Songliao Basin and typically comprise multiple sandstone units. Three oilfields (Lamadian, Sa’ertu and
Xingshugang) have relatively thick reservoir sequences with up to 135 individual oil-bearing sandstone
units. For example in the Lamadian oilfield, a total thickness of 390m of oil-bearing strata has been
divided in 97 substrata that contains 37 sandstone units interbedded with mudstone interlayers. The
sandstone to mudstone (net to gross) ratio is 1:5.4. Net to gross ratios for the Xingshugang reservoirs
ranges between 1:15-23. The remaining oilfields (Gaotaizi, Taipingtun, Putaohua and Aobaota)
comprise thinner reservoirs less than 5 m thick with a significantly reduced number of individual
sandstone units.

Very complex but relatively thick reservoir sequences with interbedded mudstones provide both
opportunities and challenges for CO, storage. The presence of oil throughout the thicker sequences
indicates that, at least on the geological timescales of millions of years associated with oil migration,
fluids can migrate from the base to the top of the sequence and are only retained by the regional seals
(described below). It suggests that mudstone interlayers do not necessarily act as permanent seals to
fluid migration. Insufficient data, such as pressure responses in adjacent sandstone units during
production tests, does not allow further confirmation of this. Nevertheless if it is assumed that
mudstone interlayers only act as local seals then a CO, plume injected at the base of such a structure
may undergo significant lateral dispersion from the injection point.
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Interlayered mudstones may enhance this sub-lateral migration and increase the contact between the
CO, plume and the sandstone pore space and formation water contained within it, resulting in
increased residual trapping and solution into porewaters. This has the following implications:

Greater lateral and vertical spread of the plume may increase the rate of solution which
would result in increased CO, dissolving into the porewater. This in turn may lead to further
reaction with reservoir or caprock minerals which could improve long-term trapping through
dissolution into formation waters and mineral precipitation. It should be noted that such
reactions are however slow and generally only result in increased trapping over geological
timescales.

The complexity of these reservoirs will mean that initial uncertainties in geological models,
on which dynamic models will be developed and used for designing the storage project (for
example well designs, well orientations and locations, storage capacities) may be initially
high and significant primary data acquisition will be required to reduce these uncertainties to
acceptable levels.

Ideal injection points are likely to be at the lowest points in dipping, anticlinal reservoirs to enable
migration up dip.

The required locations and orientations of CO, injection wells may mean that current oil
production wells may not be suitably positioned as these tend to be located at the top of
structures to maximise production.

In addition, significant lateral migration would need to be assessed in simulations of CO, injection and
all potential leakage pathways that the plume may encounter, such as wells (see below), should be
evaluated to ensure integrity of containment is maintained. The CO, plume may migrate horizontally |
over greater distances than if mudstone interlayers were not present and detailed modelling,
underpinned by a robustly calibrated geological model, would be needed to address the significance of
this with respect to intersecting potential migration pathways. Mitigating this potential migration
however are the faults that are known to compartmentalise the reservoir into discrete blocks.
Preliminary evidence suggests that many of these act as sealing faults, preventing fluid migration
across them. This implies that injection wells will be needed for each compartment to access the pore
space. Avoiding increasing reservoir pressures may be the limiting factor in these small,
compartmentalised reservoirs. Reservoir pressures must be limited to prevent fault reactiviation or
seal breaching. The exact values of such thresholds are dependant on the site-specific conditions.

Reservoir qualities are variable in the Daging oilfields. Diagenetic clays are most likely to control
permeabilities within the reservoir sandstones, though insufficient data of variations in the proportions
of clay matrix prevent direct correlations between permeabilities and specific clay assemblages being
made. Data on the variations in the proportion of clay matrix would allow these conclusions to be
drawn and greatly improve assessments on the controls on likely injectivity.

In the Subei Basin, reservoirs are strongly faulted and compartmentalised into 108 individual
reservoirs. This means that injection infrastructure to access this low storage capacity may require a
high density of wells and associated transport and injection facilities increasing capital costs. For
example it has been estimated that for CO,-EOR in the small Caoshe field, up to 4 new injection wells
would be required to inject up to 0.7 Mt CO,. Though porosities are reasonable, permeabilities are
very low at around 46 mD. This would therefore may require a higher proportion of wells to be used
for injection with longer injection intervals which may increase injection costs. Rates of injection may
also need to be lower to prevent reservoir pressures increasing above appropriate thresholds.

6.3 Geological Containment of CO

In Songliao Basin, regional seals are provided by the Nen | and Nen Il member mudstone lithologies
of the Qingshankou Formation which have a combined thickness of 200-300 m. These lithologies are
proven to have high quality seal characteristics to existing oil-bearing reservoirs. Their mineralogy
results in low porosity, low permeability (~10™ to 2x10™ mD) and high plasticity, reducing the potential
for fracturing, though the latter requires further study. This gives confidence that CO, can be stored |
for a long time.
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In the Daging Oilfield, pressure responses across reservoirs indicate that communication between at
least three reservoirs in some oilfields (Sa'ertu, Putaohua and Gaotaizi reservoirs) in the Lamadian
and Sa’ertu oilfields is possible. This indicates that intermediate seals are breached and may not
prevent fluid migration. In such cases, the whole sequence of reservoirs should be considered as a
single storage complex. Injection into the lowest reservoir (Gaotaizi) may lead to fluid displacement
vertically into overlying reservoirs, increases in pressure in overlying reservoirs and possibly eventual
vertical CO, migration out of the original target reservoir. This also has implications for the timing of
CO, injection, which may require completion of production from all reservoirs before direct storage can
take place. Any further assessment for the potential storage of CO, in such fields should therefore
take these issues into account.

As described in Chapter 2, the southern Songliao basin is heavily faulted with central and eastern
oilfields (Fuyu, Xinli, Mutou and Qian’an) being the most heavily faulted. Oilfields in the western part
of the basin are less faulted (Honggang, Yingtai and Sifangtuozi). Though the presence of faults
clearly presents a containment risk if the faults permit fluid migration, trapped hydrocarbons indicate
that at least in specific structures faults may also be sealing and prevent fluid movement.

In the Jiangsu Oilfield, the presence of gas caps, variable depths to the oil-water contacts and lack of
depletion drive suggests that most bounding faults are sealing and do not present risks of leakage.
However, existing well densities reach one per 280 m in the field and such a large number of wells will
undoubtedly represent the most significant containment risks if left unmitigated.

6.4 Storage potential in the Songliao Basin

The 26 largest power plants in Jilin have a total capacity 5.4 GW with CO, emissions of up to
29 MtCO, annually. Assuming volumetric estimates of storage capacities in the Jilin and Daging
oilfields reflect technically and economically available pore space, the five largest oilfields within these
areas could provide suitable storage for approximately 23 years for these top 26 power plant emitters.
This very crude calculation assumes that capturing, transporting and injecting CO, from these 26 large
sources is technically and economically possible. This suggests that oilfields alone are unlikely to
provide sufficient capacities to store CO, from the largest emitters and therefore if CO, storage is to
provide a significant option for reducing CO, emissions in Jilin then storage in saline aquifers must
also be considered.

At a regional level, volumetric estimates suggest that storage capacities in saline aquifers in this area
may provide up to approximately 47 years of further storage capacity. However it must be
emphasized that these calculations are based on large assumptions and gross simplifications, nor do
they take into account technical and economic factors of establishing the large infrastructure to be
able to realize these potential storage capacities.
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7 Conclusions

At a technical level, CO,-EOR has been shown to be possible in the Jilin and Caoshe oilfields. As an
example, it has been shown that sources are available within reasonable distances in the Jilin
province. Transport distance between the selected source (Changshan thermal power station) and
sink (Qian’an Qilfield in the Jilin Oilfield Complex) in the Jilin Province was approximately 45 km.

However, storage capacities in oilfields are generally small compared to emissions from power
stations — this is because they are typically geologically complex, strongly faulted and
compartmentalised. This implies that a higher number of wells will be required to access the available
pore space. However, access and existing well densities are generally high in these mature fields.

Active oil producing fields where CO,-EOR is technically possible provide credible opportunities to
initiate small-scale CO, storage projects. Pilot tests for CO, flooding have already been undertaken in
both Jilin and Jiangsu oilfields. However, it is unlikely that a CO, storage infrastructure would be built
to serve just CO,-EOR since CO,-EOR will result in relatively small volumes of CO, being stored
during production. However, producing fields may take benefit of CO, supplies that are predominantly
being stored in nearby depleted fields or in adjacent saline aquifers. In other words, a CO,-EOR
infrastructure may be developed through connection to nearby CO, storage infrastructure in depleted
oilfields and/or saline aquifer storage sites.

Well densities in these mature oilfields are high and can reach as much as one per 200 metres in
places. Internationally, it is widely recognised that in many assessments of long-term performance of
CO, storage sites, leakage via poorly completed or abandoned wells is often cited as a key risk. In
areas with a long history of oil production, such as the Daging, Jilin and Jiangsu oilfields, we can
assume that the integrity of wells could be a key risk to long-term CO, containment if left unmitigated.
Again, it is currently not possible to estimate the costs of mitigating this risk since the scale of the
potential problem has yet to be defined.

The typically small storage capacities in oilfields also mean that saline aquifer storage will be required
if emissions from larger coal-plants are to be stored underground. Generally, storage capacities of
individual oilfields within the Jilin and Daging oilfield complexes are small, (with the exception of the
Lamadian and Sa’ertu in the Dagqing oilfield complex) compared to the annual emissions of power
stations currently being built in China (e.g. average emissions of power stations built in 2004 in the
Shandong Province are 2.5 Mt/a, this means the storage capacity required for just one power station
for the 30-year life of the power station would be 75 Mt).

7.1 Options for future activities

We have identified future activities that NZEC and other projects of which we are aware are not
currently addressing and which would contribute more information to enable China to evaluate the
potential for CCS.

Increased production from mature and depleting oilfields is a clear priority for oilfield operators both to
maximise revenues and meet China’s increasing energy demands. CO,-EOR offers some potential to
increase production and also has the added benefit of storing some (limited) CO, during the flooding
project. However, the greatest storage potential is only realised at the end of field’s productive life,
when a depleted field can be used as a dedicated CO, storage reservoir. This suggests that if such
fields were to be used for CO, storage, their conversion from active hydrocarbon fields should be
planned before the fields are decommissioned. For example, production wells may be converted to
CO, monitoring wells, though the suitably of well completion materials with potentially corrosive CO,-
rich water will need to be investigated. Careful consideration should be given to ensuring wells are
abandoned appropriately to prevent subsequent CO, leakage. Infrastructure, such as pipelines, may
be re-used and a review of potential re-use before decommissioning would be required.

We have been very grateful for the support and access field operators have given the NZEC team
through this project. It is clear that for future phases of NZEC to be successful this collaboration with
field operators should be further explored. Field operators have a wealth of experience that is directly
relevant to the specific geological conditions and reservoir properties to be encountered in future
storage projects. They also hold data necessary to undertake more detailed feasibility studies through
reservoir simulations based on well-constrained geological models. In addition, previous pilot CO,
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flooding projects could provide valuable information on CO, behaviour in these fields. In addition,
PetroChina are leading Project 973 on CCS in China and we would suggest closer collaboration with
this project team should be explored.

For practical purposes in NZEC Phase 1 we have only used data available in the public domain. This
has allowed us to make reasonable estimates of storage capacities. However, if future CO, storage
projects are to include CO,-EOR activities or utilisation of depleted oil or gas fields, to undertake more
detailed site-specific feasibility assessments will fundamentally require geological data which field
operators will own concerning their sites. Therefore where any demonstrations of CO, storage are
considering inclusion of active or depleting oil/gas fields, the confidential nature of this data must be
taken into account.

Ensuring well integrity is maintained in mature oilfields with significant well densities of varying age is
likely to be a key priority during the early stages of project evaluation. It is therefore suggested that an
assessment of the potential for establishing the field-specific well integrity issues, if any, for oilfields
should be investigated. This would include identifying all wells, planned, active and abandoned,
establishing past completion and abandonment practices and assessing the appropriateness of these
for long-term CO, containment and developing suitable mitigation strategies and future well
completion and abandonment procedures that will mitigate any identified risks. This work would
undoubtedly require the close involvement of field operators, working together with experts in well
integrity issues for CO, storage.

GeoCapacity, COACH and NZEC have all assessed storage capacities in north-eastern China. Other
regions of China remain to be evaluated in the same level of detail. Notably the eastern coastal
region, offshore regions of the Bohai and Subei Basins and basins in southern China remain to be
assessed. These basins include the Pearl River Basin and areas of the South China Sea where
active oil and gas production (including gas with high CO, contents) is taking place. All these regions
have very significant industrial sources of CO, (especially in Guangdong and around Shanghai for
example). In addition industrial development and increasing coal production and potential coal-to-
liqguid plants in western China would also make the Ordos Basin a further priority for detailed
evaluation.

Natural CO; fields occur within the Subei Basin have been used as sources of CO, for pilot CO,-EOR
injection tests. Natural CO; fields in China that have been exploited offer great potential as analogues
for Chinese CO, storage projects. By understanding the processes that have allowed CO, to be
trapped for millions of years in these fields, our ability to maximise CO, storage will be significantly
increased both in China and worldwide. If analogous to sites being considered for CO, storage,
estimating the mass of CO, trapped in natural Chinese CO, fields, allows significantly better estimates
of storage capacities to be calculated. Long-term processes that affect the containment of CO, can
also be derived from studying such natural CO, fields. Preliminary investigations undertaken here and
previously, suggest that these fields are directly analogous to CO, storage options being considered
worldwide and as such represent significant opportunities for increasing the understanding of long-
term processes of CO, storage. Finally natural CO; fields, if carefully evaluated, may also be suitable
target sites for future CO, storage themselves once depleted, since they already contain proven traps.

7.2 Opportunities for Phase 2

In addition to the areas of further work listed above, additional opportunities are identified for NZEC
Phase 2:

The feasibility of potential for dual injection into both an oilfield and saline aquifer could be
assessed. This has not been undertaken elsewhere to date and would therefore represent a
significant contribution by China to testing the feasibility of CO, storage. This could be
achieved either through dual injection at a single site or injection of CO, for EOR at one site
and a spur taken to a nearby site.

Timings for field depletion should be assessed to understand in detail how opportunities for
CCS can be realised.

A combined dataset for NZEC, COACH and GeoCapacity information should be produced to
help select the most appropriate sites for further feasibility assessment for demonstration of
CO, storage. Potential for collaboration with the proposed development of a world atlas for
CO, storage, coordinated by the Global Institute for CCS should be assessed.
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Within the regions assessed in this study, other oilfields, may offer further potential for CO,
storage which have not been evaluated at the same level of detail as those reported on here,
notably in the Daqging Province where the three largest fields, Sa’ertu, Lamadian and
Xingshugang oilfields, offer a potential storage capacity of 579 MtCO,.

Feasibility studies for assessing the suitability of sites for demonstrating CO, storage should
include assessing the technical, regulatory and financial requirements for assessing the risks
to containment and the mitigation of those risks, including the development of appropriate
monitoring programmes.
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