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Abstract: Carbon capture and storage (CCS) has been propssegotential technology to mitigate
climate change. However, there is currently a hyaye between the current global deployment of this
technology and that which will be ultimately reqdr Whilst CQ can be captured at any geographic
location, storage of CQwill be constrained by the geological storage ptigéin the area the GOs
captured. The geological storage potential can usduated at a very high level according to the
tectonic setting of the target area. To date, CEdoyment has been restricted to more favourable
tectonic settings, such as extensional passiveimargl post-rift basins and compressional foreland
basins. However, to reach the adequate level ofogeent, the potential for CCS of regions in
different tectonic settings needs to be exploretl @ssessed worldwide. Surprisingly, the potenfial o
compressional basins for carbon storage has naturgeersally evaluated according to the global and
regional carbon emission distribution. Here, wesprg an integrated source-to-sink analysis todl tha
combines comprehensive, open-access informatiobasin distribution, hydrocarbon resources and
CO, emissions based on geographical information sys{&15). Compressional settings host some of
the most significant hydrocarbon-bearing basins a6& of inland C@ emissions but, to date,
large-scale CCS facilities in compressional baaiesconcentrated in North America and the Middle
East only. Our source-to-sink tool allows identifyifive high-priority regions for prospective CCS
development in compressional basins: North Amenath-western South America, south-eastern
Europe, the western Middle East and western Chifgapresent a study of the characteristics of these
areas in terms of CQOemissions and CQOstorage potential. Additionally, we conduct a deth
case-study analysis of the Sichuan Basin (Chinag, af the compressional basins with the greatest
CO, storage potential. Our results indicate that casgional basins will have to play a critical rate i
the future of CCS if this technology is to be impknted worldwide.

Keywords: CO, storage, Compressional basins,,@issions, Sichuan Basin.

1 Introduction

The cumulative anthropogenic G&missions to the atmosphere have produced anapate £C
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increase in global average temperature above presirial levels (Peters et al.,, 2012;
Masson-Delmotte et al., 2018). Serious concernsitafjobal warming have recently been raised in
the latest Intergovernmental Panel on Climate CadHRCC) Report, which warns of the need to limit
global warming to 1.5°C to avoid catastrophic eominental damage (Masson-Delmotte et al., 2018).
Achieving this target will require the combinatiohdifferent approaches to climate change mitigatio
compatible with sustainable development, includ®@, emission reductions. Carbon Capture and
Storage (CCS) can be an efficient and safe methatket these reductions (Metz et al., 2005; Stott e
al., 2013; Alcalde et al., 2018; Bui et al., 20@3pbal CCS Institute, 2018). However, there areyonl
44 large-scale CCS facilities under different depetent and operation status globally, with a
combined C@removal capacity of 83.41 Megatons of ggr annum (Mtpa) (Global CCS Institute,
2019). Note that the current CCS development adsludes C@ enhanced oil recovery (GEOR)
projects, which can catalyse the implementationC&#S from economic aspects (Stewart and
Haszeldine, 2014), but whose effect in the decasation significance is unclear (e.g.,
Ettehadtavakkol et al., 2014; Armstrong and Styrid@15; Hornafius and Hornafius, 2015). If the
trend of CCS development continued, even consigeti-EOR projects, it would still be very far
from the global decarbonisation targets (Koelbhlet 2014; Bui et al., 2018; Global CCS Institute,
2018; Masson-Delmotte et al., 2018; Fig. 1), €848 Gigatons (Gt) based on a scenario with a broad
focus on sustainability (Masson-Delmotte et al1&0

Kearns et al. (2017) estimated the global pradyiadcessible geological storage capacity for, CO
to be between 8000 Gt and 55,000 Gt, indicating ttia storage capacity seems not to be a limiting
factor for CCS deployment for the rest of this ceytfor most regions. However, storage capacity is
not the only parameter that determines a regiantatsility for CCS. Other factors include the tauto
setting, basin architecture, reservoir quality,roak sealing capacity, depth, geothermal gradient,
reservoir pressure, hydrogeology, and other enmeorial and economic factors (Bachu, 2003; Wei et
al., 2013; Edimann et al., 2015).

In particular, the tectonic settings under whidiargeted basin was formed exert a significant effec
on the other factors listed above (Edimann e8i15; McDermott et al., 2017). Tectonic settings ar
broadly split into compressional, extensional atrikesslip categories that reflect the relativetpla
motions that determine their past and presentssstde. Despite being ubiquitous in all continents
the potential of compressional basins to safelgestaptured Cohas not been systematically studied,
especially in terms of comparison between theiragfe capacity and the demand for storage, which is
directly determined by the geographic distributaomd volume of carbon emissions. The present study
aims to critically close this knowledge gap by pdivg a global assessment on the role of
compressional basins in the future of global CCS.

Compressional basins are generally formed by thisiom and subduction of tectonic plates and
can also form within plates, and are charactertagdhortening and deformation of the lithosphere.
We consider here the two most common types of cesgpwnal basins: peripheral foreland basins,
developed adjacent to mountain belts, and retrof@areland basins, developed adjacent to island
volcanic arcs. Compressional basins tend to developectonically active areas and experience
faulting and folding, raising the risk of G@eakage (Bachu, 2003). Compared to other basiestyp
such as those developed under extensional or -dlijketectonic regimes, compressional basins
present in some cases lower geothermal gradiectube of the cooling effect of the relatively cold
subducting plate (Edimann et al., 2015). This tesul lower reservoir temperature and higher,CO
density, and further leads to high storage capaaity low buoyancy force due to lower density
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contrast between GOand formation fluids (Bachu, 2003; Miocic et a20Q16; Iglauer, 2018).
Moreover, compressional basins also typically presegher fluid pressure and lower risk of £0
leakage owing to their much higher minimum princtigtaess (Wei et al., 2013), compared with other
basin types. Using geomechanical facies assessmédisiann et al. (2015) ranked peripheral
foreland basins as the most suitable sites foy €&@age, followed by passive continental margiifis,
and strike-slip basins. These results indicate ¢batpressional basins, and more especially foreland
basins, have great potential for CCS development.

Mann et al. (2003) studied 877 giant fields worldeviobserving that 27.83% of them are located in
compressional settings. Tian et al. (2014) pointed that 20.46% of globally undiscovered
conventional hydrocarbon resources are storedréldiod basins. Abundant hydrocarbon resources are
stored in compressional basins, especially conagmdy in the Middle East, North America, South
America, Central Asia, and China (Tian et al., 20Wang et al., 2016; Tong et al., 2018).
Hydrocarbon-bearing provinces are the primary targé CCS because of proven sufficient capacity
and suitable characteristics to trap and storedlover long periods of time and a substantial rermb
of geological datasets and host industrial infragtires with potential for re-use for CCS developinme
(Godec et al., 2011; Kuuskraa et al., 2013; Alcaidal., 2019).

However, it should be noted that the propertiedyafrocarbons are different than those of,CO
such as the physical-chemical processes (e.grfdotal tension, wettability, density), their flow
dynamics and the associated risks when these f#uam the subsurface (Chiquet et al., 2007; Naylo
et al.,, 2011; Alcalde et al.,, 2018; Miocic et &019). Therefore, it must take care when using
hydrocarbon reserves as a proxy for,G@rage potential. In this sense, we use hydrocavblume
only as a proxy to quantify and rank £€€orage potential of these hydrocarbon-bearinbasather
than using them as a quantitatively equivalent torable CQ emissions. A detailed site
characterisation is still needed to assess thald®ICQ emissions and the potential security of a
chosen hydrocarbon reservoir, case by case.

To date, large-scale CCS facilities in compresdibaains are concentrated in North America and
the Middle East. China and Europe account for &gt proportions of global CQOemissions and
host large compressional basins that could be f3e@O, storage. However, there are currently no
large-scale CCS facilities in operation or evenarnzbnsideration in these basins, indicating that t
potential of these regions still needs to be exggoDespite their promising prospect, the potemtial
compressional basins has not been assessed quagltitand in detail to date. Global and regional
assessments of GGtorage potential are critical to identify shartrhiddle term prospects, which can
become primary targets for the development of a @@&stry in high priority/high need regions. The
overarching aim of this study is to reveal the role compressional basins and evaluate how
appropriate storage regions that developed in cesspynal settings are for CCS development.

In this contribution, we analyse the spatial digition of the main hydrocarbon-bearing basins in
the world and compare their potential reservoiracity with global CQ emissions using GIS
methods. Based on previous source-to-sink appsajeal., UNIDO, 2011; Edimann et al., 2015), we
adopt updated CQOemissions, comprehensively consider tectonic rggdtiof basins and projected
emission reductions of countries and, finally, teean integrated parameter to identify regions with
high CQ storage potential in compressional basins. Thiaildd analysis allows us to evaluate to
what extent compressional basins represent theQ St option in certain regions, and whether they
can play an essential role in global CCS developmen
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2 Current status of CCS in compressional basins

According to the latest data from the CCS Facditizatabase (Global CCS Institute, 2019), there
are 44 large-scale CCS facilities under differestalopment and operation status, able to captude an
inject at most 83.41 Mtpa of GOonce they are all fully functional (Fig. 2a, By number of
facilities, most CCS activity is located in Northm&rica, Europe and Asia, with 15, 11 and 11
facilities, respectively. If measured by the capafir CO, capture and injection, activity concentrates
in North America, Europe, Asia and Australia, wgB.1, 22.8, 11.91 and 11.5 Mtpa, respectively.
Global CCS development is hence far from achietliregCQ emission reduction targets set for 1.5°C
above pre-industrial levels (Masson-Delmotte et24118).

CCS development in compressional basins shows exdgetneous distribution to date (Fig. 2).
There are currently eleven large-scale CCS fagslitocated in compressional basins, while there are
30 facilities in other basin types. The large-scaeS facilities in compressional basins can capture
and inject 23.1 Mpta of CQaccounting for 27.7% of all large-scale facibtiglobally. However, they
are nearly all in North America with nine facilgi¢hat can capture and inject 21.5 Mpta of, G@ith
another two facilities and storing 1.6 Mpta of £i@ the Middle East. Furthermore, 90% of these
facilities are enhanced oil recovery projects §EOR), and therefore not fully dedicated to storage
Most regions do not host any large-scale CCS femsleither in operation or even under considenatio
In the following sections, we investigate the cltedstics of global compressional basins to idgnti
areas with potential for CCS development.

3 Data and methods

3.1 Basin resources and C&emission data

Suitable storage options include oil and gas fieldionventional reservoirs, basaltic rocks and
deep saline aquifers (Metz et al., 2005; Bachuy28atter et al., 2009). Oil and gas fields areljk
targets for CCS because of their proven capacityafely retain fluids over geological timescales.
Furthermore, substantial subsurface data, as wselhfaastructure in place suitable for re-use, are
usually available from exploration and productiontidties (Alcalde et al.,, 2019). Although
unconventional reservoirs show potential for CCSetlipment and even resulted in recent CCS
project evaluation and implementation, especiallgdal seams and shales (Bachu, 2007; Kang et al.
2011; Liu et al., 2013), there are still noticealteertainties and risks due to their heterogenaads
tight characteristics. Basaltic rocks facilitate thansformation of C£xo carbonate minerals, referred
to as mineral trapping, owing to their high reatyiand abundant metal ions, but this option isyonl
very recent and it is still being investigated (@®n and Oelkers, 2014). Saline aquifers andrall a
gas fields are the most developed storage typemubecof the large potential capacity and the data
availability respectively. However, the subsurfaeta that characterise global saline aquifers ieemo
sparse and incomplete than in oil and gas fieldsyes restrict our assessment to hydrocarbon-bearing
basins.

Based on data from the National Petroleum Assegsamehthe World Petroleum Assessment of the
United State Geological Survey (USGS) (USGS, 190%32 2000; Bird et al., 2008), we obtained
global basin shapes and values for conventionaldeyabon resources of more than 200 basins (Fig.
3a). The total hydrocarbon resources utilized fleresist of the cumulative hydrocarbon production,
remaining recoverable hydrocarbon and undiscoveeedverable hydrocarbon estimated to exist
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based on geological knowledge and theory (USGSPR20Bince the USGS only provides data on
undiscovered resources for the United States (US095-2013), we deduced their total resources
using the ratio of undiscovered vs total resouafeglobal basins (USGS, 2000). For most basins in
the Arctic Circle, which have not experienced egtes exploration and development, undiscovered
resource estimates are assumed to match theiréstlrce estimates (Bird et al., 2008).

Based on the CGG Robertson Sedimentary Basins tatiopi (Robertson, 2014), we have divided
global hydrocarbon-bearing basins into five magmtdnic settings: foreland basins, passive margin
basins, intracratonic basins, rift and post-riftsina, and other basins (Fig. 3b). Over 40% of
hydrocarbon-bearing basins by area are locatedraland basins, which mainly concentrate in six
regions (Fig. 3a, b): North America, West South Aigee East Europe, West Middle East, central Asia
and China.

The global stationary CQOemissions in 2012 were extracted from the versidr8.2 of the
Emissions Database for Global Atmospheric Rese@BPIGAR) (EDGAR, 2012; Janssens-Maenhout
et al., 2019) (Fig. 4). We use emission source20it? to identify areas of high stationary emissjons
assuming that these areas will require greategatitin efforts. The dataset includes £gissions
from various resources, including population, eperpssil fuel consumption and production,
agriculture, industry, and solid and liquid wasbeir current technological level does not allow ws t
capture small and dispersed £&missions, such as those associated with transpagricultural
activities. Thus, we have only considered emisgioimts above 10,000 tons of g@er annum (tpa),
which add up to 32.72 Gt globally, constituting &% of the global total emissions (34.87 Gt;
EDGAR, 2012).

Finally, we have used the Projected Emission Réshgt(PER) plans by 2030 that different G20
economies signed according to the unconditiona¢nidéed Nationally Determined Contributions
(INDCs) scenario (Fig. 5) (Den Elzen et al., 20Me assume that countries with high PER have
greater urgency for addressing climate change atiig, and thus CCS will be more likely to be
implemented in them. These unconditional INDCs ao¢ directly comparable, since different
economies submitted their INDCs in various formst Example, some countries provided baseline
emission projections in INDCs while others did nitoreover, China and India have proposed a
combination of targets, which need to be calculatgdg their respective energy models (Den Elzen et
al., 2016). Den Elzen et al. (2016) compiled thdatasets and produced a unified and comparable
dataset. However, since 2016, some of the G20 deantonsidered have changed their emission
reduction plans. For example, the USA announcetthiey withdraw from the Paris Agreement, and
its Nationally Determined Contribution was ratedritiCally Insufficient” by the Climate Action
Tracker (Climate Action Tracker, 2018). Furthermarer focus on G20 countries does not imply that
other countries do not have their own emission ¢gdu plans. Thus, the data from Den Elzen et al.
(2016) is not necessarily in line with the currehtate policies, but offer a unified framework for
comparison across countries.

3.2 Data processing in GIS software

We have combined the three datasets (i.e., basinbdition, basin hydrocarbon resources ang CO
emissions) to develop a source-to-sink matchingaggh. This process allows us to correlate the
distribution of CQ emissions with the available storage space in cesspnal basins, using
hydrocarbon resources as a proxy.
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First, we input the basin polygon shapes and Isedlithe C® emission points into a GIS-based
software (QGIS version 3.4.2, 2018). To delimit aadculate the combined G@missions in each
basin, we summed all the G@missions lying within each basin (Fig. 6). Asdattistances between
CO, sources and sinks (i.e., emission points and gpsian increase the transport and monitoring
costs, making CCS financially unattractive, we otidyisidered COemission points lying within the
target basins and disregarded all other emissiorces.

For the storage potential appraisal, we assumectirapressional regions with high potential for
developing CCS must encompass sufficient hydrocaresources and GGmissions. Due to the
difference in magnitude between hydrocarbon ressurfy) and CQ emissions Vco), data
processing is necessary before the selection @npat regions. We applied a data normalization
based on a function of their minimum and maximuhuest

_ V—=Vmin

(1)

n Vimax—Vmin
WhereV,, V, Vmin andV,,.x are the normalized value, the actual value, thearmim value and the
maximum value, respectively.

We created an integrated evaluation param#tegsf) to evaluate basin potential for @€torage:
Vees—p = Var X Vacooz, (2
WhereV,y andV,co. are the normalized valuesdf andVce., respectively.

Hydrocarbon resources are not quantitatively ed@ntaio storable COemissions, which require
more geological parameters to be calculated (Goodetaal., 2011). Hence, we use hydrocarbon
resources only as a proxy to quantify and rank, €0rage potential of these hydrocarbon-bearing
basins. Finally, we obtained the distributionMggse that highlights basins with high (yellow) and low
(blue) potential for CCS (Fig. 7a) and identifiedef high-priority regions that have higlcsp and
are dominated by compressional basins (Fig. 7b).

4 Results and discussion

4.1 CO, storage potential in compressional basins

The hydrocarbon industry has abundant oil and gasurces stored in compressional basins,
indicating their significant potential for CCS. O@GtS analysis relates the storage capacity of basin
with the potential demand for carbon storage, atingrto the geographic distribution and volume of
CO, emissions.

The total hydrocarbon resources in global compoessibasins reach over 2,184 billion barrels of
oil equivalent (BBOE), accounting for around 50%tloé total resources in all hydrocarbon-bearing
basins. Compressional basins also contain signifi€0, emission sources, with 3.8 Gt of €0
annual emissions accounting for 34% of all hydrboarbearing basins. Compressional basins with
high CQ, emissions are mainly located in Western Canadagrfea, the Middle East, Europe and
China (Fig. 6).

To select the target areas with the greatestsI@age potential in compressional basins, whiith w
be taken forward for detailed assessment, we fadbtlre areas with higli.csp compressional basins
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that are also relatively isolated from other basimes for prospective CCS storage. Based on the
distribution ofVccsp, We have selected five high-priority regions fetailed assessment (Fig. 7, Fig.
8): (1) North America, (2) North-western South Amar (3) South-eastern Europe, (4) Western
Middle East, and (5) Western China. Of the fivehRagiority regions, only North America, Europe
and China have explicit high-emission reductiogets in place (Den Elzen et al., 2016) (Fig. 7o)l a
therefore they are more likely to implement decargation actions, like CCS.

4.2 High-priority regions
4.2.1 North America

The area spreads across the USA and western Candda composed of 17 compressional basins
adjacent to the Rocky Mountain, Marathon-Ouachita Appalachian fold-and-thrust belts (Fig. 7b),
which formed owing to the closing of ocean betweanrasia and Gondwana in the Late Paleozoic
and the collision between the North American anciffégplates during the Meso—Cenozoic (Ma et al.,
2014).

These basins have 11 BBOE of undiscovered convaitioydrocarbon resources and 26.5 BBOE
of estimated total hydrocarbon resources, maingyriduted in the Western Canadian Sedimentary
Basin (WCSB), the Permian Basin, the AppalachiasiiBand the Montana Thrust Belt. In this area,
the major CQ@ sources relate to electricity generation in Carertthelectricity, refinery, chemical and
other hydrocarbon industries in the USA (U.S. Dapant of Energy Office of Fossil Energy, 2015).
Around 1,180 Mtpa of C© emissions are distributed in compressional basmainly in the
Appalachian Basin, the Bend Arch-Fort Worth Basid the WCSB.

The USA and Canada account for 11.85% and 1.92@tobfal greenhouse gas emissions in 2012,
respectively (Den Elzen et al., 2016). Their highission reduction targets (Den Elzen et al., 2016)
(Fig. 8) and high suitability for CCS developmemtit(ovic et al., 2011; Blondes et al., 2013) have
made this region the most active area of CCS dpwatat worldwide (Global CCS Institute, 2018).
There are nine large-scale CCS facilities in op@nabr under advanced development in the target
compressional basins that can capture and injeotoat 21.5 Mtpa of Cg& dominating the global
CCS development in compressional settings. Accgrdim the distribution ofVecsp value, the
compressional basins with the highest potentialtlkeeWWCSB and the Appalachian Basin. The,CO
emissions from the large-scale facilities in the $BJ(the Alberta Carbon Trunk Line and the Quest)
derive mainly from fertiliser production, oil refing and hydrogen production (Global CCS Institute,
2019). Only two pilot and demonstration CCS faieifithave been developed in the Appalachian Basin,
the Marshall County ECBM Project (Wilson et al.,12) and the Mountaineer Validation Facility
(Mishra et al., 2014), both closed in the 2010'thveiround 40,000 t CGstored in the subsurface.

4.2.2 North-western South America

Owing to the subduction of the Pacific and Carilsbpkates under the South American Plate after
the Late Cretaceous, fore-arc basins, the Andeseairmarc foreland basins developed from offshore
to inland in western and northern South Americae(¥t al., 2009; Yang et al., 2009). Retro-arc
foreland basins dominate hydrocarbon resourcesithNvestern South America (Yang et al., 2009),
which are regarded as the main CCS targets lodgatBeru, Ecuador, Colombia and Venezuela (Fig.
7b).

North-western South America has 178 BBOE of hydiooa resources, mainly distributed in
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Venezuela. On the other hand, £émissions are mainly outcomes from power genaratiement
and refinery industries in west South America, aotimg for 46%, 24% and 18% of the emissions,
respectively (UNIDO, 2011). These compressionalrbgarbon-bearing basins in North-western
South America contain 123 Mtpa of gémissions.

Colombia and Venezuela are the main,@itters in the region, accounting for around 0&%
global greenhouse gas emissions in 2012, whichtaiexchieve emission reduction targets of 20%
below business as usual level by 2030 (Den Elzeah,€2016). Although there are no large-scale CCS
facilities under operation or construction, othecakrbonisation measures (e.g., enhancing energy
efficiency, substituting energy-intense applianegth more efficient models) have been effectively
applied in the region (Pereira et al., 1997; Romaéial., 2018). The high potential for CCS of the
region, marked by it¥ccsp, may facilitate CCS development in the future.phuticular, the East
Venezuela Basin contains some of the largest oilraalations in the world (Erlich and Barrett, 1992)

a long history of production and suitability for GBOR (Manrique et al., 2003), which can open the
door to a CCS industry in the area.

4.2.3 Southeastern Europe

The compressional setting in this region is closelgted to the Alpine Orogeny, originated by the
convergence of the African and European plateg #fie closing of the interposed Tethys Ocean
(Castellarin, 2001). Three compressional basind wigh CQ storage potential are located in
southern and eastern Europe, the North Carpatklamathian-Balkanian and Po basins (Fig. 7b),
which mainly belong to Romania, Bulgaria, Polan#irdihe and Italy. These three basins contain 21
BBOE of hydrocarbon resources and host activitnetemg 344 Mtpa of C@per year. C@emissions
are mostly produced from power generation, cemeateafinery industries, accounting for 71%, 14%
and 10% of the total emissions in these industnesouth-eastern Europe, respectively (UNIDO,
2011).

The European Union countries are the third large§€O, emitter globally
(www.globalcarbonatlas.org), and therefore havehhgged to assume important emission reductions
(e.g., 20% reduction by 2020) (da Graca Carvallad,2? and 40% by 2030 compared to 1990
(deLlano-Paz et al., 2016), which equal to moren tB@0MtCO.eq (Den Elzen et al., 2016). Within
these scenarios, CCS must be invoked in order tcetntbeir CQ reduction targets
(Vangkilde-Pedersen et al., 2009). Despite neviainies are mainly concentrated in Norway, the UK
and the Netherlands (Neele et al., 2017), the @aigraregion shows great storage potential and has
drawn some attention for CCS development, partiula Poland (Uliasz-Misiak, 2007; Radoslaw et
al., 2009), which is a major coal producer in E@ofCS could help in the transition to cleaner
energy production systems while reducing the ecan@mmpact of this transformation (Odenberger et
al., 2013).

4.2.4 Western Middle East

In this region, the foreland basins formed from eetaceous to the Miocene because of the
subduction of the Arabian Plate under the EuraBiate (Mohajjel et al., 2003; Wang, 2012). These
basins experienced transpression during the Plgoshich superposed on previous passive margin
and faulted basins (Wang, 2012). This area conthimgreatest enrichment of hydrocarbon resources
in the world. All these resources (1,458 BBOE) lawsted in compressional basins, mainly distributed
across the Zagros Fold Belt, the Rub Al Khali Batie Greater Ghawar Uplift and the Mesopotamian
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Foredeep Basin. The G@missions in this area (988 Mtpa) mainly resutrfrpower generation and
refinery activities, which take up 64% and 16% bfGO, emissions of the Middle East (UNIDO,
2011).

The Middle Eastern INDCs are generally quite loar Example, C®emission reductions in Iran,
Irag and Oman are 4%, 1% and 2% respectively, andtdes such as the United Arab Emirates and
Qatar have not committed to quantitative targetsn([Elzen et al., 2016). Saudi Arabia even has
negative projected emission reductions relativéagéocurrent policy scenario in 2030 (Den Elzenlet a
2016) (Fig. 8). However, the availability of giahydrocarbon fields in the area offers significant
potential for CCS development, especially for EDR projects (Algharaib, 2009). There are two
large-scale CCS facilities operating for enhanceal recovery, the Uthmaniyah G&EOR
Demonstration in Saudi Arabia and the Abu Dhabi C@&ose capture capacities are both 0.8 Mtpa
with CO, emissions resulting from natural gas and steelstrees (Global CCS Institute, 2019).

4.2 .5 Western China

Compressional settings in western China are cdetrddy the collision of the Indian and Eurasian
plates and are closely related to the evolutiothefTethys Ocean (Jia et al., 2003; Song et al5R0
The main hydrocarbon-bearing basins include thbusie, Tarim and Junggar basins, which store 33.6
BBOE of conventional hydrocarbon resources., @missions mainly result from cement, power
plants, ammonia and steel industries (Li et alQ®20Nei et al., 2013)Furthermorecompressional
basins have 445 Mtpa of G@missions, dominated by the Sichuan Basin acaoyiitir 87% of the
total emissions.

As the second largest energy consumer and thestacgebon emitter, there is an urgent need for
carbon emission reductions in China, with 671 MC@h emissions to be reduced by 2030 compared
to the current policy scenario (Den Elzen et @16). CCS has been regarded as one of the essential
actions for climate change mitigation (Li and HuaR@10; Zhang et al., 2013). It has been evaluated
that the Tarim, Junggar and Sichuan basins haveshijability for CCS (Wei et al., 2013; Guo et al.
2015). However, the nine large-scale CCS facilitieg are in operation or in construction in Chioa
date are located outside these basins, as moswdssins (e.g., the Tarim and Junggar basins) are
located relatively far away from the main indudtaeeas than eastern basins in China. The Sichuan
Basin, on the other hand, with its relatively higidrocarbon reserves and high L£€missions,
deserves more attention for CCS in China. Accotiginge present here a more detailed analysis of
the Sichuan basin and evaluate the opportunityitlapresents for the future development of CCS in
this region.

4.3 Case study: Sichuan Basin

Regions must satisfy several requirements to beidered suitable for CCS. These requirements
are related to the characteristics of the stor@ge(ise., tectonic activity, geo-temperature, gres),
the reservoir (i.e., volume, porosity, permeabjlitthe caprock (sealing capability), and other
economic and social aspects (e.g., source of @@ustrial infrastructures, policy support) (Bach
2003; Wei et al., 2013; Leung et al., 2014). Irs ttespect, the Sichuan Basin presents a Yighe
and is located in China, a country with a high PR therefore prospective decarbonisation plans.
This basin is used here to illustrate the potemtialtompressional basins for CCS development from
the above aspects.
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The Sichuan Basin, located in SW China (Fig. %ag typical superimposed basin (Ma, 2017a) that
was developed during the Middle and Late Protemzwiith the Yangtze Platform forming its
basement. The Sichuan Basin developed in exterstattings before the Early Triassic, and was
inverted into compressional settings due to theietp of the Paleo-Tethys Ocean and the collision
between the oceanic crust and the Yangtze Platfanth,accordingly formed a foreland basin in the
Late Triassic and Jurassic. Since then, intenstinipland erosion have constantly shaped the Sichuan
Basin (Mao et al.,, 2006), currently surrounded karigheral orogenic belts and a series of
fold-and-thrust belts. The geothermal gradientim Sichuan Basin generally ranges of 20-25 °C/km
(Wang et al., 2011), resulting in higher storageacity and lower buoyancy force than warmer basins
(Bachu, 2003; Wei et al., 2013). The Sichuan Baaim be divided into six secondary tectonic units,
among which, the Southern Low-steep Fold Belt (medi), the South-western Low-steep Fold Belt
(IIy)) and the Western Low-steep Fold Beltjllhave complicated tectonic background, with reddyi
high seismic intensity and more developed activdtsa which may be responsible for the large
number of earthquakes occurred (China Earthquakwdylkes Centre, 2019; Fig. 9b). On the other
hand, the Central Gentle Fold Belt;Ihas a relatively stable crust with low seismicityaking it is
suitable for C@ storage (Fan et al., 2014) (Fig. 9b). It has @aaf 37,000 ki which corresponds
to a large basin according to the CCS evaluatidteria of Wei et al. (2013). Finally, the Eastern
High-steep Fold Belt {J and the North-western Low-flat Fold Belt g)llhave moderate tectonic
environments.

The Sichuan Basin has the largest reserves arsgtoad largest production of natural gas in China
(Ma, 2017a). The latest data indicate that theeel&r5 trillion cubic meters ebnventional natural
gas resources (Ma, 2017b) and 81.2 million tonsilofLuo et al., 2013). Hydrocarbon resources are
mainly distributed in the Permian and Triassic singnd oil is mainly lying in the central Sichuan
Basin, while natural gas is mainly stored in thetean Sichuan Basin (Ma et al., 2010; Ma, 2017b)
(Fig. 9c). All these hydrocarbon resources andifiehdicate the significant potential of the Siamua
Basin for CCS. First, it has qualified reservoirgl &aprocks which provide significant capacity to
store and seal fluids over long periods of timés kstimated that the Sichuan Basin can store Gt45
or 3.41 Gt of CQ in hydrocarbon fields based on the methods ofedegl hydrocarbon fields or
enhanced hydrocarbon recovery, respectively (Dtaal.e2017a). Since oil and gas exploration and
production in the Sichuan Basin started in 1953ai¢thand Zhang, 2002), abundant boreholes,
seismic data and other geological data provideepresites for CCS development. Finally, the
Sichuan Basin has the most advanced and maturadiegly of the natural gas industry in China,
including equipment, infrastructure, technology aesearch systems (Ma, 2017b). For instance, the
total length of gas pipeline exceeds 4,000 km withre than 50 billion cubic meters of gas
transportation capacity in total (Ma, 2017a, b),ickhwill also benefit the construction of GO
pipelines or can even be directly utilized as,@@elines. Considering their hydrocarbon resoyries
I, and Il secondary tectonic units have high potential {GSGlevelopment.

Due to the relatively underdeveloped industry insteen China, C® emissions in most
compressional basins are lower than in the eabtsims (Li et al., 2009; Wei et al., 2013), exdept
the Sichuan Basin where two of the most develop@dscin China are located, Chongging and
Chengdu. The CQemissions in the Sichuan Basin are mainly prodded cement manufacturing
and power generation (Li et al., 2009). It is estiad that at least 0.39 Gt of utilizable LC®ere
emitted to the atmosphere in the Sichuan Basi®ii? 2exceeding the sum of all other compressional
basins in western China, and indicating the exgstef sufficient C@emissions in the Sichuan Basin
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to justify CCS development. Except for the northpert and southern edge of the Sichuan Basin,
most regions have large G@&mission concentrations (Fig. 9d).

As the largest carbon emitter worldwide (Li and Hga2010), China accounts for 23.27% of global
greenhouse emissions in 2012, whose emissiongeadlk around 2030 with between 14.7 and 14.0
MtCO,eq based on the current policy scenario and thehditonal INDC scenario, respectively (Ma
et al., 2014). CCS has been regarded as an es$denhaology for climate change mitigation in a
series of released reports, e.g., the China’s NaliGlimate Change Programme, the China’s Policies
and Actions for Addressing Climate and the Chimatended Nationally Determined Contributions (Li
and Huang, 2010; UNFCCC, 2015). At a smaller sdalke regions of Sichuan and Chongging have
proposed to explore and promote pilot and demanstr&CS projects within their Work Programme
for “Control Greenhouse Gas Emissions During thért@bnth Five-Year Plan”, providing policy
support for CCS development in the Sichuan Basho(@ging Municipal People’s government, 2017,
The People's Government of Sichuan Province, 201§ .thus expected that the Sichuan Basin will
draw the attention of different CCS stakeholderhenear future.

Based on the analysis of tectonic environmentstdoatbon resources, G@®missions and political
support, the Central Gentle Fold Belt of the Sich@asin represents an optimal area to develop a
CCS industry. Here, we present a preliminary disicumsto identify the storage sites with greatest
potential within this sector. From the Ediacaraimig®) to the Triassic, the Sichuan Basin was
dominated by marine carbonate deposits with loedliglastic sedimentation in stable sedimentary
environments (Yang et al., 2016). Subsequentlgr dfie marine-to-continental transition in the Late
Triassic, the Sichuan Basin experienced continesgdimentation, mainly controlled by an alluvial
fan-fluvial-delta-lacustrine depositional system. geries of source-reservoir-cap assemblages
developed during the Ediacaran (Sinian), Camb&inrian, Permian, Triassic and Jurassic (Luo et al
2013; Wang et al., 2015), whose depths (generatbyenthan 3500 m) meet the carbon storage
requirements (Bachu, 2003; Wei et al., 2013). Haxethese reservoirs present two problems that
should be taken into consideration. First, theyltenhave low porosity and tight characteristice thu
their deep burial (with an average porosity of 362dnd permeability of 1.45 mD for carbonate and
5.3 % and 0.19 mD for clastic reservoirs (Wang,£0fang et al., 2016). Second, caprocks deeper
than around 2400 m cannot immobilize C@ermanently by structural trapping as efficierdly
shallower reservoirs due to wettability reversaldler, 2018). Thus, it is priority to find shallekv
high-quality reservoir-caprock assemblages, whiehnaainly located in Jurassic and Triassic Xujiahe
Formation (Fig. 10). In this sense, the Centralt®éerold Belt contains the Guang’an, Hechuan and
Bajiaochang large sized gas fields (around 30@hili?® of proved reserve in these gas fields (Ma et
al., 2010)), whose reservoirs are dominated bysdizand Triassic Xujiahe Formation with reservoir
and caprock burial generally ranging from 1500 m3&00 m. Therefore, this area should be
considered a priority for CCS implementation.

5 Conclusions

CCS will have an essential and challenging roladnieving the global target to limit the warming
of global average temperature to 1.5°C above ptestial levels. However, there is still a huge gap
between the current CCS development and the ulirobjective, which is set to capture and store
more than 300 Gt Cy 2100 globally. CCS needs to develop fast, andhfat purpose, it is crucial
to consider the different potential storage optighsbally. Sedimentary basins in compressional
tectonic settings are abundant and cover larges ameghe Earth’s surface. However, their poteridal
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storing captured carbon has not been systematieafijuated against the geographic distribution of
CO, emissions. To fill this knowledge gap, we emplogairce-to-sink approach to evaluate the
potential of compressional basins for CCS develapintmsed on basin distribution, hydrocarbon
resources and GOemissions. These inputs have been combined intontagrated evaluation
parameter that allows the selection of five regitorspotential CCS development in compressional
basins: North America, north-western South Amersoath-eastern Europe, western Middle East, and
western China. The most promising regions are émtat the foreland basins of mountain chains,
except in north-western South America, where thedsation of the Pacific and Caribbean plates
under the South American plate resulted in the &aon of hydrocarbon-rich retro-arc basins in Peru,
Ecuador, Colombia and Venezuela. Among these paterggions, only North America and the
Middle East currently have large-scale CCS faeditin operation, construction or development. The
north-western South America and western Middle Eegions present particularly high potential for
CO,-EOR and, in fact, there are two ongoing projecitsently carrying out COEOR in the Middle
East. Although C@QEOR is not a long-term solution for G@®mission reduction, because the overall
emissions will increase due to the extra oil pradlét can initiate the development of a CCS ingust
in a suitable region while mitigating the upfromidaoperational costs with revenues from the
enhanced production.

Being the largest coal user and G#mitter in the world, China needs to decarborisenergy and
industrial sectors to promote a sustainable dewednp. The most active and planned CCS facilities
are located in the heavily industrialised easthef tountry, but our appraisal tool has identified t
Sichuan Basin as a promising region for CCS dewveéoy, according to the match between the
existing carbon emissions and its potential stocageacity. The vast gas resources accumulateain th
Sichuan Basin ensure the capacity and containnfetiieoreservoirs. At the same time, the existing
hydrocarbon infrastructure could be re-used for C@8ucing the cost of implementation and hence
increasing the prospects of this much needed indirsthe region.
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Figure captions

Figure 1. Total capacity of CCS facilities (data source GloBLS Institute, 2019) and predicted CCS
contribution in CQ emission reduction (in Mtpa) according to diffard®CC Special Report on Global
Warming of 1.5°C scenarios (namely P2, P3 and P3)is a sustainability-oriented scenario where siois
reductions are mainly achieved by high human amddarbon technology development, and low demand in
energy and products; P3 is a middle-of-the-roadchate where emission reductions are mainly achidwed
changing the ways energy is produced and produetsmanufactured, and to a lesser degree by demand
reductions; P4 is a resource- and energy-intensoemario where emission reductions are mainly aelie
through technological means, making strong usewdfan dioxide removal through the deployment oehiergy

with CCS) (Global CCS Institute, 2018; Masson-Dette@et al., 2018).

Figure 2. (a) Number of large-scale CCS facilities and @ptare and injection capacity (in Mtpa) in differen
regions of the world (data source Global CCS latit2019). Grey bars represent CCS facilities wisterage
sites and transportation methods are still undezstigation.

Figure 3. Distribution of (a) major conventional hydrocarb@sources (given in million barrel of oil equiviate
(MBOE)): basins in the United States (USGS, 19953)0the Arctic Circle (Bird et al., 2008) and atlmegions
(USGS, 2000) and (b) the tectonic settings of rhgiirocarbon-bearing basins (Robertson, 2014).

Figure 4. Distribution of CQ emissions (tons per annum (tpa)) (data source BR@A12).

Figure 5. Projected emission reductions in 2030 of G20 enwes (Million tonnes C@equivalent (MtCQeq))
(data source Den Elzen et al., 2016).

Figure 6. Distribution of potential C@emissions (in 10tpa) within the main hydrocarbon-bearing basinslyO
emission points above 1€pa are considered in this study.

Figure 7. Distribution of the integrated evaluation paramétgisp) in (2) the main hydrocarbon-bearing basins
in the world; (b)Vcesp in compressional hydrocarbon-bearing basins; ahdliétribution of the high-priority
regions and the projected emission reductions dd &@nomies (data source Den Elzen et al., 201163. T
numbers in (b) and (c) mark the high-priority rewioselected for detailed analyses: (1) North Anaer{@)
North-western South America; (3) South-eastern gerr¢4) Western Middle East; (5) Western China.

Figure 8. Comparison of hydrocarbon resources (BBOE) (ongyuhdiscovered resources are attainable for
North America), C@emissions (Mtpa) and projected emission reductidi€0.eq) of the selected
high-priority regions. (Only the PER of the westétitdle East is negative)

Figure 9. (a) Geographical location, (b) tectonic units (thastern High-steep Fold Belt;)l the Southern
Low-steep Fold Belt ¢), the Central Gentle Fold Belt {J] the South-western Low-steep Fold Belt)(lithe
North-western Low-flat Fold Belt (1]) and the Western Low-steep Fold Belt {ljl(Diao et al., 2017b), major
active faults, seismic intensity (Wei et al., 20183curred earthquake from 20124(magnitude) (data source
China Earthquake Networks Centre, 2019), (c) od gas fields (Ma et al., 2010) and (d) £@missions
(>10,000 tpa) (data source EDGAR, 2012) of the SictB@sin.

Figure 10. Stratigraphic column, source-reservoir-caprocleadsages and tectonic evolution of the Sichuan
Basin (after Luo et al., 2013).



25000
20000
15000
10000

5000

CO, emission reduction of CCS /Mtpa

30000

== Total capacity of CCS facilities

Predicted CCS contribution in CO, emission reduction
CCS in P2 scenario

CCS in P3 scenario
= CCS in P4 scenario

1
1970

1
1980

1
1990

1
1
1
1
|
1
1
1
1
1
1
1
I
o
1
1
T T T T T T T

1 1 1
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090

2100



2 — g
Age . . S - ~ |8 E 3 | Ew|fo
Formation | SUignaphic | S| 3 | E5) 5 | £ 22| £
. = = - @ < S = o ©
Erathem| System | Series = « o o |8 =
-g Quaternay g : 2 : g : 0-380
B 3 — on 0 =
= |Neogene o e 0 e 0 o 0-300 =g §
o — 25 —| SEL 8 _
O [Paleogene (o s owsos] 0-800 <= é
O e O e O o _ 80 ] =~ % I
Cretaceous 0-2000 s
o] L] O e O e E
L] L] L] L] L] L] _140_ E ]
Penglaizhen 5= % % +600-1400
Upper 5 e o e oW
Suining [ — — — — 1 340-500
—— — — B
Jurassic e — o — o 3
el
Middle| Shaximiao [ 6 o o o o o [600-2800 E
o ———= E
8 e o o o o o [
o PO L] L] L] ° L] L]
2 Lower| Ziliujing e — 200-900
E LJ LJ o o LJ L] 195
Upper | Xujiahe s e e o o 1250-3000 g
[ ] L] [ ] (] e (] .E
- [ ) T - T L ) .I [ ) 205_ g ]
Middle| Leikoupo =
Triassic ' I I a
I I I
Jialingjiang 2 ! 1 .
T T T 300-1700
Lower [ — 1 [ — 1
FeixianguanT I I T g
I I I —g
. : : I 230 .g
permi Upper 200-500 20 _Eo
< (=]
S IMiddle 1] 200-500 £ |85
- ] — g
Carboniferous| Huanglong H | ' I 0-500 270 = S5
320— S =8
= =] =
8 ® o o o o o é 8
o | Silurian s s s s e o] (0-1600 S
2 i i I o
>
£ — I T T K
Ordovician 0-600 3
D I. .I ° .I ° o
I i I
Cambrian +% e o 0-2500 §
570 g
Dengyin 200-1100 =
g Ediacaran| UPPer syine o0
= (Sinian) Doushantuo 1-30 5
g Lower 0-400 &0
s 850— & |
o 5,5
-9 —E

S N N == s

Conglomerate

Sandstone

Mudstone

Shale

Limestone

Dolomite



—_ —_
(=} N

o0

£

Number of CCS facilities
N

\S)

r m Compressional basins

Other basins

Under investigation

(@

North  South Europe
America America

Africa Middle

East

Asia  Australia

[ye] S}
S B

—_
(=2}

oo

Maximum capacity of CCS facilities /Mtpa
IN N}

(=}

r ® Compressional basins = Other basins = Under investigation (®)

North  South Europe Africa Middle Asia Australia
America America East



Journal Pre-proof

180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
90°N T T T S 90°N

60°N | 60°N
30°N 30°N
0° Conventional Hﬂ%‘ocarbon 0°
Resources (MBOE)
| ® <100
; / H 100-1000
" = 1000-5000 5
30°S 17— = 5000-10000 30°8
% 10000-50000
I~ >50000
B No Quantitative Data
60°S ¥ No Data 60°S
og —m — 90°S
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120° 150°E 180°
90°N S S ey 90°N
60°N 60°N
30°N 30°N
0° 00
Basin Types
- | ™ Foreland Basin ]
[, / 1 Passive Margin Basin 4
30°8 Intracratonic Basin 30°S
| Rift and Post-ift Basin
- Other Basin
B Undefined Basin
@ No Data
60°S 6008
90°S 90°S

180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°



180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
90°N 90°N

60°N 60°N

30°N

30°N
.
0° CO, Emissions (tpa) 0°
« 10000-15000
- .| * 15000-20000 —
j  20000-30000 “
* 30000-40000
30°8  40000-60000 30°8
= 60000-30000
I~ 80000-100000
>100000
60°S 60°S
90°S _— ——— 90°8
180°W  150°W  120°W  90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°



Journal Pre-proof

180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
90°N 90°N
-
60°N 60°N
30°N 300N
00 00
Projected Emission
Reductions (MtCO,eq)
m <0
30°S —— m 0-100 30°8
100-500
>500
= No Data
60°S 600S
90°S 9008

180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°



180°W
1O

150°W 120°W

90°W

90°N

30°N

”
V

30°S

60°S

o

180°W

CO, Emissions Per

Basin (10°tpa)

m <1

m 1-10

| 10-50

m 50-100

= 100-500

% 500-1000
>1000

= No Data

150°E 180°

—__ ______ °N

60°N

30°N

0°

30°S

60°S

150°W 120°W

90°W

90°S
150°E 180°



180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
90°N s O0°N
60°N 60°N
30°N 30°N
00 . 00
Basin V.,
. m <1q” -
|/ " 10'2-10'2
30°8 10107 30°8
m10,-10°
- ©10°-10
>10°
¥ No Data
60°S 600S
o T 90°S
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
90°N 90°N
60°N |— 60°N
30°N 30°N
0° — Compressional Basin V., 0°
A m <1 3 6
m 10 -10
i I/|= 1075107 i
30°S = 10°-107 30°8
7 10°-10
= >10°
% No Data
60°S _iHigh-priority Regions 60°S
90°8 90°8
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°
90°N 90°N
©
.
60°N 60°N
30°N 30°N
0° Projected Emission 0°
Reductions (MtCO,eq)
m <0
= 0-100
30°S +— ' 100-500 30°S
>500
 No Data
E Compressional Basins
60°S || - High-priority Regions 60°S
o 90°S
180°W 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°



North America I

I 1
| I
I . I
Western China : r : : : :
L 1 1 |
South-eastern Europe | F I | | |
1 I 1 ] ]
North-western South America : r : : : :
Western Middle East : #: :
=500 0 500 1000 1500 2000

B Hydrocarbon resources (BBOE) CO, emissions (Mtpa) Projected emission reductions (MtCO,eq)



Sichualn Basin

o/

Occurred earthquakes
045 @56 @ =6

0 500 1000km a Seismic intensity —/ Major active faults
VI viI vl - Tectonic units
(c)

=z

[ ] Gasfields
Bl ol fields

_ ®152 ©23 34
- Large gas fields 68 8-10 ~10

CO, emissions (10" tpa)

0 100 200 km




Highlights
Compressional basins host 50% of oil and gas reserves and 36% of land CO, emissions
CO, storage potential in compressional basins is assessed based on source-to-sink
matching
Five regions areidentified as high-priority for prospective CCS devel opment

The Sichuan Basinisidentified and assessed as a high-priority compressional basin
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