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ABSTRACT

The Parand Basin represents an enormous potential for Brazil concerning
implementing carbon dioxide capture, utilization and storage (CCUY), a critical
technology to ensure a global clean transition. The relevance of the Parana Basin
relies not only on its stratigraphic sequence with a thickness of over 7 km but
also because this basin happens to hold most of the CO- stationary sources of
the entire country. Thus, CCUS can offer a feasible CO2 mitigation solution for
the south-eastern region of Brazil. Furthermore, the Irati Formation is one of the
lithologic units within the Parana Basin that exhibit a high prospect for CO- geo-
logical storage. The purpose of this chapter is to conduct a prospectivity mapping
looking to identify the most favourable areas. The methodology consists of a
geological mapping for site selection using the inverse distance weighting (IDW)
interpolation method, using as inputs the ANP’s wireline logs information and
spatial data generated by our IEE-CCS research group. The resulting map validates
the high prospectivity of the black shales of the Irati Formation as reservoirs for
CO: geological storage that comply with both the technical and environmental



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

requirements in the central region of the Parana Basin, specifically in the states
of Sdo Paulo, Parana, and Mato Grosso do Sul.

Keywords: CO: geological storage, prospect assessment, Irati Formation,
Parana Basin.

1. INTRODUCTION

The future of the global energy sector relies on complying with the climate
agreements of decarbonizing its operations to mitigate the effects of climate
change. Decarbonization may come through a global clean transition from
fossil energy sources into renewable energy sources. According to the IPCC
(2018), decarbonization could be through a combination of electrification, the
use of hydrogen, sustainable bio-based feedstocks, product substitution, and
carbon dioxide capture, utilization and storage (CCUS). In this context, CCUS
has been considered as one of the critical technologies to ensure the global
clean transition. Also, an essential part of the lowest-cost path to effectively
meet the climate targets (Global CCS Institute, 2019).

The relevance of CCUS relies on its ease and flexibility to be retrofitted to
many existing fossil energy facilities, especially into the natural gas operations,
and its ability to be integrated during the processes of design and construction
of new facilities (Global CCS Institute, 2016). Considering the crucial role of
CCUS in achieving climate targets and readiness of Brazil for its wide-scale
deployment according to the Global CCS Institute (2015), since 2014, lots of
efforts have been made to identify the regions with the best rock formations
for CO: geological storage. Ketzer et al. (2014), in the ‘Brazilian Atlas of CO2
Capture Geological Storage’, classified the Campos, Potiguar, Reconcavo, Santos,
and Parand sedimentary basins with a high prospect for CO- geological storage.
From these five basins, the Parana Basin represents an enormous potential due to
its 7 km of thickness and its strategic position where most of the CO: stationary
sources the entire country is located.

Although the Brazilian Atlas is one of the most relevant bibliographical
sources on the potential for CO: geological storage in Brazil, the classification
presented by Ketzer et al. (2014) on this atlas was rather general. It did not offer
the most favourable areas within the prospective locations in the basin, as it was
previously proposed by Caporale (2007) in a map that Rockett (2010) reported.

Therefore, considering the minimum requirements for implementing CO2
geological storage, Brazil’s two existing CO2 storage prospect maps should
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exhibit significant reductions of the proposed areas with high prospectivity.
Additionally, to implement industrial CO2 geological storage projects in the Parana
Basin, the Brazilian energy sector must face the barrier of the lack of nearby
storage sites and connectivity to transport and storage infrastructure (NAPP et
al., 2014). Based on these concerns, this chapter evaluates the most prospective
areas for CO: geological storage via detailed mapping of the Irati Formation.
Looking to contribute to mitigating CO2 emissions within the south-eastern
region of Brazil, associated with prospective natural gas production, and may
help reduce the overall costs of the CCUS project in the Parand Basin .

2. (0, GEOLOGICAL STORAGE PROSPECTIVITY MAPPING OF THE IRATI
FORMATION IN THE PARANA BASIN

Many authors agree that the selection process of suitable CO: geological
storage sites is the most crucial step towards successful deployments of CCUS
projects (IPCC, 2005; WRI, 2008; ROSNES et al., 2011; THRONICKER et al.,
2016; NETL, 2017, SELOSSE & RICCI, 2017; MIDDLETON & YAW, 2018).

According to the NETL (2017), the site selection process consists of four
stages: extensive regional evaluations, subregional assessments, detailed cha-
racterization of prospective areas, and selection of suitable storage sites ready
for permitting under all regulations. This chapter focused on the first stage
by identifying the best subregional locations where the Irati Formation offers
suitable geological characteristics optimal for detailed reservoir assessments.

A suitable storage site for CO2 geological storage must comply with three
general requirements — capacity, integrity and injectivity (Table 1). The capacity
requirement refers to the availability of sufficient CO: geological storage volume,
the integrity refers to secure sites that do not present a significant risk of leakages,
and the injectivity refers to the suitable reservoir properties for continuous CO2
injections at industrial supply levels (IPCC, 2005; WRI, 2008; and European
Communities, 2011). Also, the suitable storage sites must follow all regulations
concerning the environmental and societal impacts, as well as the local HSQE
risks and economic constraints (ROSNES et al., 2011; JAKOBSEN et al., 2013;
and SENIOR, 2014).
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High CO: sorption

Porous rock
Capacity

Good thickness

Areal continuity

Reservoir depth =800 m

Effective seal
Integrity

Simple structural complexity

Reservoir pressure =73, 9 bar (CO:z critical

pressure)

Injectivity Good permeability

Appropriate salinity levels

Table 1. Parameters for suitable CO2 geological storage sites

Source: San Martin Caiias, 2020.

2.1. The Irati Formation as a suitable storage site for CO: geological
storage

The previous studies involving prospectivity of CO2 geological storage in
the Parana basin by Ketzer et al. (2014) and Caporale (2007) did not consider the
organic-rich shales formations as prospective reservoirs. According to San Martin
Caifias (2020), the shale formations are considered unique exploratory assets that
enable the co-development of the reservoirs for natural gas production and CO2
geological storage in the Parana Basin.

The relevance of the shales formations relies on the high potential to store CO:
on their principal constituents: organic matter and smectites, especially montmo-
rillonite (KROOS et al., 2003; BUSH et al., 2008; CHALMERS & BUSTIN, 2008;
ROSS & Bustin, 2009; WENIGER et al., 2010; ESTUBLIER et al., 2014; BACON
et al., 2015). Therefore, the Irati Formation represents an essential option for the
development of CO- geological storage in Brazil considering the characteristics of
its black bituminous shales: excellent organic matter content that reaches values
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over 20% (MILANTI et al., 2007) and predominance of smectites (SOUZA, 2018;
SAN MARTIN CANAS, 2020).

Furthermore, considering the cost-effectiveness of co-developing natural gas
with CO:2 geological storage, the Irati Formation has been considered a potential
source rock for hydrocarbon generation in the Parand Basin (MILANI et al., 2007,
ANP, 2013; ANP, 2017; LOPEZ et al. 2019).

The high prospectivity of co-development of the reservoirs of the Irati
Formation for natural gas production and CO: geological storage has been presented
by San Martin Cafas (2020) through an investigation based on the data mining of
the organic geochemical data. The organic geochemical data consist of 484 rock
samples retrieved from literature and 19 rock samples produced by our IEE-CCS
research group. Considering the potential reservoir requirements for CO- storage,
the black shales of the Irati Formation have a high CO- sorption capacity. The
shales have a high content of smectites, high TOC values (mainly of type I and II
kerogens), high secondary porosity volume from thermal maturation and magmatic
influence of the Serra Geral Formation and good areal continuity. On the potential
reservoirs integrity and security requirements, the Irati Formation appears to be
safe due to the simple structural complexity within the central region of the Parana
Basin. At these regions, the potential reservoir’s unit reaches higher depths (~800
m), confined by effective seals such as the organic-lean shales of the Serra Alta
formation and the intrusions of the Serra Geral Formation.

Although San Martin Canas (2020) verified the capacity and integrity requi-
rements, the author did not validate the injectivity requirement since investigations
involving reservoir pressure, permeability and salinity levels are absent because
the Irati Formation is not associated with hydrocarbon production.

2.2. Methodology

To identify areas with high prospectivity for CO2 geological storage within
the Irati Formation of the Parana Basin, a dataset with the information of 125
wells reported in the BDEP well technical data provided by the ANP for the RCGI
project 36 were engaged. It involves a collection of shapefiles from San Martin
Canas (2020) corresponding to the minimum CO: injection depth, the Guarani
aquifer maximum depth, and the safe distance between the aquifer and the CO2
injection. Other shapefiles engaged include those from the GASBOL pipeline
(GISMAPS, 2016) with the Brazilian administrative boundaries, Parand Basin’s
geological settings with the outcrops of the Irati Formation, and regional geological
structures (Servigo Geologico do Brasil - CPRM, 2020). The methodology for
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the CO: geological storage prospectivity mapping of the Irati Formation in the
Parand Basin involves a numerical encoding of the well information regarding
hydrocarbon shows and interpolation using the inverse distance weighting (IDW)
tool software QGIS 3.12.1.

Understanding that there is a relationship between the hydrocarbon potential
and the CO:2 geological storage potential due to the characteristics of the black
shales of the Irati Formation discussed in the previous section, from the well
information records it was encoded into two numerical values the hydrocarbon
show attribute. Such numerical encoding designated values of 0 (zero) in the
case of no presence of hydrocarbon shows, and values of 1 (one) for the presence
of hydrocarbon shows within the Irati Formation.

Using the values from the numerical encoding and the IDW tool, a map
of interpolations of the hydrocarbon occurrences was generated. The yellow
colour indicates areas with the best chance for hydrocarbon occurrences. The
IDW interpolation map was contrasted against the minimum depth limits for
technical and environmental compliance based on CO:2 geological storage. The
areas that resulted from the intersection between the IDW interpolation within
the safe distance between the aquifer and the CO: injection have a high pros-
pectivity for storage and then converted into a separated polygon in red colour.
The areas that resulted from the intersection between the IWD interpolation
and the Guarani Aquifer maximum depth, the safe distance between the aquifer
and the CO: injection, are considered portions with intermediate prospectivity
for CO:2 geological storage and separated into an orange-coloured area polygon.
The areas that resulted in no chance for hydrocarbon occurrences and outside
the minimum CO: injection depth were not split into individual polygons and
maintained a grey colour as an indicator of no likelihood of hydrocarbon;
therefore, indicated as poor prospectivity areas for CO2 geological storage.

2.3. Results and discussions

As aresult, the CO2 geological storage prospect map of the Irati Formation
is presented in Figure 1. The map shows that the areas with high prospects are in
the southwestern region of Sao Paulo, the northwestern region of Parand, and the
central part of the eastern region of Mato Grosso do Sul. Furthermore, the central
part of the southern region of Sao Paulo, the central region of Parana, and the
southern region of Mato Grosso do Sul are considered areas with intermediate
prospectivity for CO2 geological storage.
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The areas with high prospects for CO- storage comply with the technical
constrain of a depth below -800m. The environmental constraints involving
the distance between the CO2 injection and the maximum aquifer depth of
approximately -1000 m are consider safe. Based on capacity and integrity
requirements, the Guarani Aquifer is secure from any possible contamination
related to the future CO: injection in reservoirs of the Irati Formation. In these
high prospect areas, the CO= geological storage reservoirs are expected to
reach depths between -1600 m and -3000 m. The intermediate prospects areas
for CO: storage comply only with the technical constraints. Still, considering
the uncertainties and variabilities related to the actual maximum depth of the
Guarani Aquifer, it is expected that many of these areas are suitable for CO2
injections if further research validates accurate depths for these limits. In this
regard, the proposed reservoirs may reach depths between -1000 m and -1600
m. Such reservoir units can offer a better cost-benefit option than those in the
high prospects area, considering the less drilling depth, reservoir pressures, and
temperatures that impact the storage infrastructure costs. However, the IDW
interpolation of the hydrocarbon occurrences shows a high potential towards the
southern part of the Parand Basin in Santa Catarina and the Rio Grande do Sul.
It is essential to address that this region has fewer control points; therefore, the
performance of the IDW tool is not accurate. Contrasting with IDW interpolation
results presented in Figure 1, San Martin Caias (2020) proposed a prospectivity
map using an interpolation generated by a Support Vector Machine algorithm
where the Irati Formation has poor-to-no potential for CO2 geological storage
in this part of the Parand Basin. This last fact reinforces the poor performance
of the IDW tool in this southern region.
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Figure 1. COz geological storage prospectivity map of the Irati Formation in the Parana
Basin.

3. FINAL REMARKS

From mapping the prospective CO2 storage sites, we can conclude that the
most suitable areas of the Irati Formation for CO2 geological storage within
the Parand Basin are in the states of Sdo Paulo, Parand and Mato Grosso.
Areas with high to intermediate prospectivity for CO- storage only comply with
the technical and environmental constraints. But also contain most of the CO2
stationary sources of the whole country.
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Addressing the need for connectivity between the storage and transport
infrastructure, the proximity of the GASBOL pipeline to the proposed high to
intermediate prospectivity areas offers an optimal scenario for the development
of CCUS industrial projects in the south-eastern region of Brazil, the most
carbon-intensive of the country. Furthermore, the proposed CO: geological
storage prospectivity map of the Irati Formation offers a more detailed overview
of suitable areas than the maps previously presented by Ketzer et al. (2014) and
Caporale (2007).

ACKNOWLEDGEMENT

The author is grateful for the support of FAPESP and Shell through the
Research Centre for Gas Innovation - RCGI, organized by the University of Sdo
Paulo (USP), and the strategic importance of the support granted by the ANP
through the R&D clause. She also thanks the Institute of Energy and Environment
of USP for hosting the research and CAPES and FUSP for the financial support.

REFERENCES

AGENCIA NACIONAL DO PETROLEO, GAS NATURAL E
BIOCOMBUSTIVEIS (ANP). Brasil 12* Rodada, Licitagdes de Petroleo e Gas,
Bacia do Parand. Presentation by Rodrigo Fernandez. 2013. [pdf file]. Retrieved
from: http:/filesrodadas.anp.gov.br/arquivos/Seminarios_R12/apresentacao/
rl2 06 parana.pdf

AGENCIA NACIONAL DO PETROLEO, GAS NATURAL E
BIOCOMBUSTIVEIS (ANP). Brasil 14* Rodada, Licitagdes de Petroleo e Gas,
Bacia do Parand, Sumario Geoldgico e Setores em Oferta. Superintendéncia de
Defini¢ao de Blocos (SDB). 2017. [pdf file]. Retrieved from: hhttp://rodadas.anp.
gov.br/arquivos/Round14/Mapas/sumarios/Sumario_Geologico R14 Parana.pdf

BACON, D. H.,, RUPRECHT, C. M., SCHAEF, H. T., WHITE, M. D., MCGRAIL,
B. P. CO: storage by sorption on organic matter and clay in gas shale. Journal of
Unconventional Oil and Gas Resources, v. 12, p. 123-133, 2015.

BUSCH, A., ALLES, S., GENSTERBLUM, Y., PRINZ, D., DEWHURST, D.
N., RAVEN, M. D., STANJEK, H., KROOSS, B. M. Carbon dioxide storage
potential of shales. International Journal of Greenhouse Gas Control, v. 2, p.
297-308, 2008.

69



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

CHALMERS, G. R. L., BUSTIN, R. M. Lower Cretaceous gas shales in
northeastern British Columbia, Part I: geological controls on methane sorption
capacity. Bulletin of Canadian Petroleum Geology, v. 56 (1), p. 1-21, 2008.

ESTUBLIER, A.,BACHAUD, P., MICHEL, A.,, MAURAND, N.,DEFLANDRE,
J. P. Long-term fate of CO2 in a saline aquifer: modeling issues. Energy Procedia,
v. 63, p. 3464-3474, 2014.

EUROPEAN COMMUNITIES. Implementation of Directive 2009/31/EC on the
Geological Storage of Carbon Dioxide, Guidance Document 1, CO: Storage Life
Cycle Risk Management Framework. 2011. DOI: 10.2834/9801.

GISMAPS. Gasbol — Gasoduto Bolivia — Brasil. 2016. [KML file]. Retrieved
from: https://gismaps.com.br/downloads/gasbol-bolivia-brazil-pipeline/

GLOBAL CCS INSTITUTE. Global Storage Readiness Assessment: An
Approach to Assessing National Readiness for Wide-scale Deployment of CO-
Geological Storage Projects. 2015.

GLOBAL CCS INSTITUTE. The Global Status of CCS. Special Report:
Introducing Industrial Carbon Capture and Storage. Melbourne, Australia. 2016.

GLOBAL CCS INSTITUTE. Global Status of CCS 2019, Targeting Climate
Change. 2019.

IPCC. IPCC Special Report on Carbon Dioxide Capture and Storage. Prepared
by Working Group III of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA. 2005.

IPCC. Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC
Special Report on the impacts of global warming of 1.5°C above pre-industrial
levels and related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty. [Masson-Delmotte, V., P. Zhai, H.
-O. Portner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani, W. Moufouma-QOkia, C.
Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. Zhou, M. I. Gomis,
E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (eds.)]. In Press. 2018.

JAKOBSEN, J. P, ROUSSANALY, S., MOLNVIK, M. J., TANGEN, G. A
standardized approach to multi-criteria assessment of CCS chains. Energy
Procedia, v. 37, p. 2765-2774, 2013.



Prospectivity Mapping of the Irati Formation for Co, Geological Storage in the Parand Basin

KETZER, J. M. M., MACHADO, C. X., ROCKETT, G. C., IGLESIAS, R. S.
Brazilian Atlas ofCO: capture and geological storage. EDIPUCRS, Porto Alegre.
2014.

KROOS, B. M., BUSCH, A., ALLES, S., HILDENBRAND, A. Experimental
investigation of molecular diffusion of CO:2 in coals and shales. In: International
Conference on Gas-Water-Rock Interactions Induced by Reservoir Exploitation,

CO: Sequestration, and other Geological Storage. Rueil-Malmaison, France.
November, 2003.

LOPEZ, L., LO MONACO, S., KALKREUTH, W., PERALBA, M. D. C. R.
Assessment of the depositional environment and source rock potential of Permian
shales, siltstones and coal seams from the Santa Terezinha Coalfield, Parana
Basin, Brazil. Journal of South American Earth Sciences, v. 94, p. 1-17, 2019.

MIDDLETON, R. S., YAW, S. The cost of getting CCS wrong: Uncertainty,
infrastructure design, and stranded COs-. International Journal of Greenhouse
Gas Control, v. 70, p. 1-11, 2018.

MILANL E. J.,, MELO, J. H. G., SOUZA, P. A., FERNANDES, L. A., FRANCA,
A. B. Bacia do Parana. Boletim de Geociéncias da Petrobras, v. 15, n. 2, p. 265-
287. Rio de Janeiro, 2007.

NAPP, T.,, SUM, K. S., HILLS, T., FENELL, P. S. Attitudes and Barriers to
Deployment of CCS from industrial sources in the UK. Report GR6. Grantham
Institute for Climate Change, Imperial College. London, February 2014. [pdf
File] Retrieved from: https:/www.imperial.ac.uk/media/imperial-college/
grantham-institute/public/publications/institute-reports-and-analytical-notes/
Attitudes-and-Barriers-to-CCS---GR6.pdf

NATIONAL ENERGY TECHNOLOGY LABORATORY (NETL). Best
Practices: Site Screening, Site Selection, and Site Characterization for Geologic
Storage Projects. DOE/NETL-2017/1844.2017.

ROCKETT, G. C. Associacao de fontes emissoras e reservatorios potenciais para
armazenamento geologico de CO2 na Bacia de Campos, Brasil. Dissertacao de
Mestrado. Faculdade de Engenharia, Pontificia Universidade Catdlica do Rio
Grande do Sul. Porto Alegre, 2010.

ROSS, D. J. K., BUSTIN, R. M. The importance of shale composition and
pore structure upon gas storage potential of shale gas reservoirs. Marine and
Petroleum Geology, v. 26, p. 916-927, 20009.



Perspectives to CO, Geological Storage and Greenhouse Gas Negative Emissions in South-Southeastern Brazil: Parand and Santos
Sedimentary Basins

ROSNES, O., HEKTOR, E. A., LYNGROTH, S., MIDTSUND, M. A. A
methodology for value chain assessment of CCS projects. Energy Procedia, v. 4,
p. 2478-2485, 2011.

SAN MARTIN CANAS, S. Data mining for prospectivity evaluation: The Irati
Formation as reservoir for the co-development of shale gas and CO- geological
storage in the Parand Basin — Case Study of the State of Sao Paulo. 2020. Master’s
Thesis (Master’s in Science) — Graduate Program in Energy, University of Sao
Paulo, 2020.

SELOSSE, S., RICCI, O. Carbon capture and storage: Lessons from a storage
potential and localization analysis. Applied Energy, v. 188, p. 32-44, 2017.

SENIOR, W. Guidance for CO2 Geological Storage Site Assessment in the
People’s Republic of China. Final Report. Project 45096-001, 2014. Retrieved
from: http://adb.org/sites/default/files/project-document/173216/45096-001-
tarc-03.pdf

SERVICO GEOLOGICO DO BRASIL — CPRM. Dados, informagdes e produtos
do Servigo Geologico do Brasil: Downloads. [Shapefiles]. Retrieved from: http:/
geosgb. cprm. gov.br/geosgb/downloads.html

SOUZA, J. D. Efeitos da composi¢do mineraldgica no potencial de adsor¢ao de
gases (CO2/ CHa4) de folhelhos da Formagao Irati: Implicagdes para caracterizagao
de reservatdrios geoldgicos para armazenamento de CO2. Monografia de Trabalho
de Formatura. Instituto de Geociéncias, Universidade de Sdao Paulo. Sdo Paulo,
2018.

THRONICKER, D., LANGE, I., PLESS, J. Determining the success of carbon
capture and storage projects. The Electricity Journal, v. 29, p. 1-4, 2016.

WENIGER, P, KALKREUTH, W., BUSCH, A., KROOSS, B. M. High-pressure
methane and carbon dioxide sorption on coal and shale samples from the Parana
Basin, Brazil. International Journal of Coal Geology, v. 84, p. 190-205, 2010.

WORLD RESOURCES INSTITUTE (WRI). CCS Guidelines: Guidelines for
Carbon Dioxide Capture, Transport, and Storage. Washington, DC: WRI. 2008.





