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Introduction

The changes in climate patterns observed in the recent geological epoch, the
Holocene, have been pointed out as potential for negative impacts on health, social well-
being, and the economy. Global changes can be observed in accelerating shrinking glacial
environment processes, changing coastlines, average ocean temperature, and indirect
impacts, considering how it changes biodiversity maintenance conditions (IPCC, 2014).

Human interactions with each other and with the environment have been
responsible for abrupt changes at a regional scale, for example, those observed in lacustrine
and fluvial environments (CHIN, BEACH, et al., 2017, PORINCHU, HASKETT, et al.,
2017, SCHMIDT, GONZALEZ, et al., 2018). The increasing Greenhouse Gas (GHG)
emissions after the industrial cycle are pointed out as the primary cause vector, and it
has become the subject of international negotiations in which several countries have
committed to the climate mitigation challenge.

The carbon capture and storage (CCS) technology has been elected as a critical
component to be adopted in the climate solutions, mainly for a given group of industries
due to the CCS resilience of rapidly reducing current levels without significant negative
impact on those economic activities the group of industries is involved (IEA, 2013,
2019, 2020a). This technology can be applied to capture the carbon dioxide currently
released into the atmosphere by large-scaled stationary facilities, through the process
of remodeling and revamping them, then transporting and injecting the capture GHG
gas in the adequate geological formations for the permanent sequestration (IEA, 2013).

However, the assurance of committed countries in reducing their emissions has
been difficult to accomplish due to a myriad of factors and actors involved in the decision-
making process, such as production chain interactions between various agents or between
and them and other sectors, having an unclear distribution of gains, income, costs, and
losses in the long-term.

This allocation of responsibilities, benefits, and costs along production chains has
been a complex function in societies engaged in climate change policies. They embed
exogenous variables for the decision-making of agents who, even high GHG emitters,
supply essential goods for society and provide significant well-being gains, despite the
lack of emphasis on climate policies.

This paper will discuss a historical view between climate change diagnosis based
on geological data and the decision-making process in the face of global warming by
countries and discuss the CCS technology contributions and challenges as a crucial tool
for climate change challenges in society.

Climate change approach from geologic carbon cycles
The first consideration to be underlined is how the carbon dioxide enters the

atmosphere and the mechanism to remove it back to the crusts, the sea, or the soil.
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The carbon flow on shallow layers of the Earth can be represented by mass flow
via metamorphic processes, which results in the degassing of the crustal rock under
metamorphism and the migration of carbon in the gas form to the atmosphere; by
precipitation, in which it migrates from the atmosphere to the continental area and the
ocean (ionic form); and by interchange due to the reaction between the seawater and
its ocean floor (solid form, such as mineral phases of silicate), and vice versa (BERNER,
LASAGA, et al., 1983, CONDIE, 1997). There is also a contribution by tectonic
processes and the biological system, being natural sources of carbon exchange with other
environments (CONDIE, 1997).

Figure 1 illustrates the carbonate-silicate cycle (known as the inorganic carbon
cycle), the elements represented as essential components controlling the carbon dioxide
equilibrium system from crustal zone to atmosphere.

The first consideration to be highlighted is how the carbon dioxide leaves the
atmosphere and the mechanism to remove it back to the crusts, the sea, or the soil.

Figure 1. Main components of the Earth carbonate-silicate cycle and
its sources for the atmosphere system. The Geologic and biologic pro-
cesses were the most important contributors to the carbon flow
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The metamorphic process also contributes to the carbon cycle via the carbonate-
silicate reactions or recycling process; the carbon dioxide migrates as H2O.CO2 through
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the rainwater, in the molecular form of an acid responsible for the weathering process in
the long timescale, for the shallow dissolution rocks, including carbonate that insignificant
input amount of carbon dioxide in the atmosphere, and, in short-term, for carrying to the
ocean carbon and other by weathering by-products that improves carbonate precipitation
in the seafloor due to the organic activities, followed by a reworking process and the
transport to the subduction zone, leaving the small superficial system (KASTING, 2019).

The volcanism degassing process remained an important natural source of carbon
dioxide and other gases to the atmosphere and the ocean. This mechanism could release
volcanic gases in the atmosphere by tectonic events through time and inputs directly
to the ocean by hydrothermalism in the submarine volcanos (SANTANA-CASIANO,
FRAILE-NUEZ, et al., 2016)

Among the natural processes, it can highlight those linked to volcanism, which is
pointed out as responsible for the sudden increase in the concentration of carbon dioxide
in the atmosphere during the Ypresian, in the Eocene (PEARSON, PALMER, 2000,
STOREY, DUNCAN, et al., 2007), and those linked to biological processes, such as the
transition to the resurgence of polar glacial formation and its expansion, in the transition
to the Oligocene (PEARSON, FOSTER, et al., 2009, SPEELMAN, VAN KEMPEN, et
al., 2009). The history of terrestrial climate change over the past 500 million years can
be illustrated in Figure 2.
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Figure 2. Historical evolution of the Earth’s climate. On the left side, the anomalous
temperature of the Earth’s surface considering average relativity for the 0 2C equivalent
to the preindustrial period’s baseline. The right illustrates the carbon dioxide concentra-
tion in the atmosphere through the geological era, the critical events that shaped it. Era
five represents the Eocene, in which atmospheric carbon dioxide decreases significantly
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Source: Salawitch et al. (2017).

As a system of equilibrium in the long timescale, the carbon cycle would tend to
capture molecules from the atmosphere to the ocean and its inert deposits on seafloor
via mineral form, through dissolution process, mitigating the effect of carbon dioxide
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concentration in the atmosphere. In the Anthropocene, however, fossil fuels played a
significant role in determining the concentration of carbon dioxide in the atmosphere in a
short time, such that systems capable of balancing the exchange system could not absorb
the new stock transferred into the atmosphere (CRUTZEN, 2002, PAUL ]. CRUTZEN
AND EUGENE E STOERMER, 2000).

The first studies have provided comprehension about the ancient composition
of the atmosphere based on geological records, and it impacted the study of climate

(BARNOLA et al., 1987).

Analyzing a drilling hole 2,077 meters deep, whose location was the Vostok Glacier
in Antarctica, it was interpreted that the concentration of carbon dioxide along the profile
sampled was correlated with temperature records. Given the accuracy of the correlation
between hole depth and history of atmospheric composition in a complete glacial cycle

(BARNOLA et al., 1987, WUNSCH, 2004).

The research was expanded through a new drilling hole, whose maximum depth of
3300 meters was correlated with the age of 420,000 years and 417,000 years respectively
for ice and air trapped molecules (ROTHMAN, 2002), and similar data found elsewhere
besides the Antarctic continent (DEJI, YAQ, et al., 2017, KLEIN, NOLAN, et al., 2016,
PETIT, JOUZEL, et al., 1999, THOMPSON, 2000) as well as its correlation with global
warming (IPCC, 2006, SEIE, GR@ON, et al., 2018, YAMAMOTO, KITAHARA, et al.,
2012). Briefly, glacial-interglacial cycles were observed defined at a periodicity of 100,000
years, with carbon dioxide concentration in the atmosphere of up to 300 ppm in a natural
glacial cycle (Figure 3).
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Figure 3. The Vostok drilling hole’s Carbon dioxide concentration, in parts per mil-
lion in volume (ppmv). The data allows illustrating the last four glacial-intergla-
cial cycles, in which concentration ranged between 190 and 280 ppm of CO,
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Source: https://cdiac.ess-dive.lbl.gov/trends/co2 /graphics/vostok.co2.gif. Access: Nov 26th, 2020.

Understanding anthropogenic GHG’s source on geological eras

The human-Earth interaction brought about changes in the environment of
sufficient relevance for a new division in the geochronological stratigraphic chart to be
discussed. Previously, the current time was framed in the Holocene, a time marked from
the last glaciation, approximately ten thousand years old, and already under the effect of
human interaction and environment, however, with negligible proportion. The agricultural
processes by individuals, the increase of the global population, and the consequent

urbanization, per se, would motivate the improvement of the time global scale within
and beyond the Holocene epoch (ZALASIEWICZ, WATERS, et al., 2017).

Previous research allows inferring the need for a better understanding of the effects
of human activity interventions on the environment in both time and space. It has
been proposed a subdivision on a geologic time scale based on a markable discontinuity
of oxygen isotopes on stalagmites of the Meghalaya cave in India (MARSH, 1864,

WALKER, HEAD, et al., 2018), whose point that the cause was a climatic related event
with an abrupt change of climate conditions at the beginning of the Holocene, as well
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as its markers of Greenlandian, Northgrippian and Meghalayan stages/ages — 11.7, 8.2
and 4.2 thousand years, respectively —. Concurrently, the suggestion of including an
appropriate geochronologic classification to present-day global changes, which happen
faster than usually observed on the global geological cycle, was discussed by academic
research; maintain similar scientific criteria in terms of reasonability that surrounded
another time scale.

Global Boundary Stratotype Section and Point (GSSP) represents the visual record
in a given geological stratum, correlated globally, therefore, without representing only a
local or regional change in the conditions of formation and deposition of sediments, and
such marker should define a reference point in a geological section and specific locality,
called Golden spike (ZALASIEWICZ, WATERS, et al., 2017). Discussions on the recent
geological epoch, the Anthropocene, emerged as the period in which the exploitation of
natural resources in number and per capita expands in such a way that it modifies future
geological records in the form of GSSP and, for instance, indicates a group of climate
changes incompatible with natural behavior that will last for the next fifty thousand
years (CRUTZEN, 2002, PAUL J. CRUTZEN AND EUGENE E STOERMER, 2000).

The theme’s complexity led to creating the Anthropocene Working Group (AWG)
to answer age hierarchy and markers questions. According to the AWG, these discussions!
include changes in carbon dioxide, methane, and nitrous oxide concentrations in the
atmosphere, changes in the isotopic ratio between continental and marine carbon, on
physical patterns of the sea, all of them linked to the atmosphere (ZALASIEWICZ,
WATERS, et al., 2017).

For the AWG, regardless of the previous effects of human action, only in the middle
of the 20th century was the first synchronous and clear marker of the transformative
influence of human beings on the main processes, physical, biological, and chemical,
on a planetary scale. Preliminary Anthropocene results suggest an Epoch hierarchically
positioned after the Holocene, having as a temporal marker the middle of the twentieth
century, the plutonium fallout caused by main human activity and affecting albedo in
the polar regions (ZALASIEWICZ, WATERS, et al., 2017). Despite plutonium marks
proposed by AWG, suggestions for the Anthropocene marker as the end of the 18th
century remains latent since it represents the period of increasing global concentration of
carbon dioxide and methane in the atmosphere began (CRUTZEN, 2002). The definition
of a new geological Epoch remained opened by geoscientists; nonetheless, it is emphasized
that the GHG emission growth after the industrial era is directly correlated to human
activity, and it might be correlated with a possible new geological epoch.

Since 1950, a virtually exponential increase in key socioeconomic parameters
has been observed: population growth has achieved unprecedented levels, as well as

1 - Based on the preliminary recommendation of the AWC, the proposal of a new epoch that will come after the Holocene
has been on the analysis by scientists of the International Union of Geological Sciences. Until it is not broadly accepted,
the Holocene continuous to be officially the current geological epoch. Informally, the Anthropocene has been used to
highlight the diachronous impact of humans on Earth. This paper will take the freedom to adopt the term much more
in this informal path.
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the levels of urbanization and production necessary for the new demographic profile,
such as the significant increase in fertilizer consumption, on energy, on international
tourism, on transportation, on telecommunications or even on large dams (STEFFEN,

BROADGATE, et al., 2015).

Recent environmental changes on the regional level are also linked to human
interaction with the environment.

The climate change’ influence on the aquatic ecosystem in the western region of
the United States of America has been interpreted by analyzing the Linkins and Grizzly
Lakes microfossils, in which the rate and the magnitude of fauna renewal observed in the
early 20th century exceeded those observed in the older samples, resulted from the organic

production increasing due to warming process (PORINCHU, HASKETT, et al., 2017).

The land-use changes and occupation may lead to relevant river modifications.
Studying sedimentary load contained in twenty river courses in western China, it has
been observed that the proportion of cultivated land was directly proportional to the

increasing in contemporary sedimentary load compared to the sedimentary load generated
(SCHMIDT, GONZALEZ, et al., 2018).

Similarly, there is a wide possibility of diagnosis regarding human-induced

environmental changes, which allow changes on acceleration tendency of human action
effects on the environment (CHIN, BEACH, et al., 2017, STEFFEN, BROADGATE,
et al., 2015).

Given the diagnoses, climate issues began to occupy the governmental agenda.
By resuming the global warming theme as a focal point, it is possible to understand the
emergence of the appeal for mitigating measures. After the beginning of the industrial
period, the concentration of carbon dioxide in the atmosphere increased approximately
50%, reaching 420 parts per million (ppm) of carbon dioxide in the atmosphere,
significantly increased in the last two decades. Human activity is among the most
significant contemporary challenges to be confronted, engaging agents to look for
technologies that allow the reduction of carbon dioxide emissions levels in the atmosphere,
the changes in production and consumption patterns to achieve a global scaled low-carbon

economy(IPCC, 2014).

The CCS technology is one of the eligible mechanisms to solve the GHG effect of
anthropogenic origin. As part of the climate change solution, this technology has been
targeted within a portfolio to reduce carbon dioxide emissions from fossil fuels and the
hard-to-reduce industries (EUROPEAN ENVIRONMENT AGENCY, 2011, IEA, 2011,
2013, 2019).

However, the complex paths between the conceptual CCS application and
the concrete implementation of economic production chains and its global effects
intersectoral, observing how the CCS can affect the other economic chains, remains as
a decisive barrier.
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The contribution of the CCS Technology to tackle climate change mitigation
challenge

The GHG emissions can be combined into two segments: natural and anthropogenic.
The natural emissions include all processes related to biological activity, native vegetation,
and natural processes of burning, reforestation, and decomposition of biomass counting
diagenetic and metamorphic processes on geologic formations (CONDIE, 1997, IPCC,
2014). The anthropogenic emissions cover those resulting from human activity, especially
the burning of hydrocarbons, those linked to agriculture, forests, land-use changes, and
industrial processes.

Within anthropogenic sources, GHG emissions can occur immobile over time, such
as thermopower plants, large industrial clusters of chemical, petrochemical, refining and
fertilizer manufacture, cement and steel industry, which represents a punctual and local
concentration of high emission level. They are named stationary sources (MCQUEEN,
WOODALL, et al., 2020, MILLAR, ALLEN, 2020).

Another situation can be characterized by the severe difficulty of reducing their
emissions, migrating to a low carbon economy and being resilient to the significant changes
in their behavior, such as operational thermopower plants, industry, and transport sectors.

The industry and the energy sector can be directly qualified in both criteria,
stationary and hard-to-reduce their carbon footprint. Both sources can be classified,
directly or indirectly, as challenging to decarbonize and stationary, and emissions linked
to them have been of complex resolution only through international climate agreements.

From the 21st Conference of the Parties (COP) agreement — The Paris Agreement
—, the need to promote the concept of incentive mechanisms for each economic segment
emerged, particularly for large-scale stationary sources without the institutional capacity
to adopt appropriate climate change behavior unless external gain factors allow dealing
with decarbonizing long-term costs.

The dimension can be understood from the global view. In 2016, the annual
emissions total was approximately 49.04 GtCO2eq, being 33.1 GtCO2eq from the energy
and industrial sectors distributed in several end-use sectors (UNCC, 2019), as shown in
Figure 4.

There is the coupling of emissions by source and sector on the left side, which could
be inferred as part of the link upstream of the production chain, intertwined with the other,
for example, energy and transport. On the right, the graph shows emissions by productive
activity or final use, which allows us to infer being downstream of the production chain.

As a corollary, agreements that seek to modify the energy sector cause a spreading
effect of improving the other end-use sectors. Besides, interventions in end-use sectors may
affect the carbon footprint for final consumers, who would be, in elastic interpretation,
the main impacted and responsible for emissions, from the final product’s point of view.

Hard-to-abate sectors, like steel, cement, dispatchable thermopower plants, long-
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distance transport, naval, and aviation added up together approximately 27% of AFOLU?,
as shown in Figure 5, it fits the criteria of complex decarbonization emissions factories

(DAVIS, LEWIS, et al., 2018).

Figure 4. Stacking graph and the correlation between emis-
sions by source sector (left) and end-uses (right)
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2 - AFOLU: Agriculture, Forestry, and Other Land Use
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Figure 5. Percentage distribution of GHG emissions. The featured plots (red, or-
ange, blue, and purple) refer to the sectors based on final use resilient to decar-
bonization. The solution for mitigation in the current context includes direct CCS
application in the factories and compensation via natural sinks or BECSS?
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Source: (DAVIS, LEWIS, et al., 2018).

In terms of cost, solutions are applied to make use of energy efficiency mechanisms,
increase productivity on power generation segment and industrial processes, and replace
polluting fuels for cleaner options, such as the exchange of thermal coal for natural gas

(IEA, 2017, PEE, PINNER, et al., 2018).

For ambitious targets set by developed countries, for instance, net-zero emissions in
the European Union and the United Kingdom, intervention is needed to capture GHG
emissions before reaching the atmosphere and its geological sequestration. CCS as a
critical technology could contribute up to 14% of the total reduction of carbon dioxide
emissions in the reference 2060’ scenarios, and whose the majority contribution is the
ability to allow capture process in the large-scale stationary sources economically feasible

(IEA, 2019, 2020b, a).

However, it is essential to adapt the legal and institutional rules to encourage
their development in these segments to implement the CCS technology. The absence
of incentives probably may discourage an economy with low levels of carbon emissions.

In addition to the definition of a specific legal framework, it is necessary to adapt the
network of governance, coordination, and cooperation between countries to understand
acceptable practices in the conduct of operations and business necessary in the creation

3 - BECCS: Bioenergy with carbon capture and storage
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of the scalability of the CCS projects (ALLINSON, BURT, et al., 2017, IEA, 2017)

Therefore, international climate agreements can lead to aprioritically change in

the behavior of decision-makers via soft power (FALKNER, 2016).

Subsequently, they are encouraged to make changes in the new legal, institutional,
and normative frameworks under their jurisdictions, intending to implement long-term
guidelines that support the reach of a low-carbon economy.

Through the behavior’ changing of the various agents along with the production
and consumption chain, based on incentives and punishments aimed at reducing the
general and unitary costs for society, and that pursues the equitable sharing of duties,
in addition to the tax and credit capacity of the countries (Parties) signatories to the
international treaty, and in a harmonious way between the present and the future
generations (FALKNER, 2016).

Conclusions

Pioneering studies on the effects of human activity on the Earth’s climate, especially
when compared to rapid growth after the industrial period to the same atmosphere, has
raised political concerns about climate change caused by the increase in GHG in the
Anthropocene and whose cumulative trajectory may become irreversible due to the
importance of economic activities dependent on the energy sector(BARNOLA et al.,
1987, IDSO, 1988, SEIE, GRPN, et al., 2018).

From these discussions in society, several countries engaged and made decisions
to reduce such emissions.

The form of embodiment took place through the international agreements,
highlighting the most relevant, the Paris Agreement. However, they have not been
effective in limiting emissions in this case. The complexity occurs because the issuing
sources are incomparable directly, given that the costs involved, the maturity of the
CCS projects, the accessibility of financial resources to modify the business’s trajectory
as usual, over and above the contractual, juridic and institutional frameworks involved.

The complexity, as mentioned earlier, could be the case of those sectors whose
reduction or cessation of GHG emissions in an economical and efficient method and
whose current choice of reductions by country rather than sectoral targets tends to make
a choice incomplete or even tricky to achieve global terms.

Once the governments deal with hard-to-abate sectors into mature and complex
production chains, the business groups try to bargain with public agents involved to
postpone the solutions available.

For that, organized groups with well-defined and firm interests have been
characterized by the concentration of benefits on producers and the partition of costs
between the whole society, whose conflict interest with the political body on a short
term, and a residual uncertainty about the climate issue and make possible only political
consensus on an incomplete solution. An urgent need emerged to establish regulation
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and economic incentives that adequately available resources, territorial realities, and
limitations of existing national and international institutions on climate change. For
them, the solution that proves feasible involves adopting carbon sequestration via the
CCS technology, directly in their stationary sources of GHG emissions or through the
BECCS as a compensation mechanism when the technical or economic impossibility of
performing it directly at the issuing source.

Governments, therefore, are responsible for establishing suitable institutional rules
and for arbitrating the available resources, the interests between the groups, adjusting
costs overtime to those they will fund, and, as a result, deal with the problem of the long
temporal gap between the cause (emissions) and the consequence (global warming).
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Mudancas climaticas e a contribuicao da
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Resumo: O principal desafio recente tem sido o problema das emis-  Sao Paulo. Vol. 25, 2022
soes de e gases de efeito estufa (GEE) pés-industrializagio, e que se
tornou objeto de esforgos internacionais no intuito de mitigar os efeitos
de mudanga climatica. Esse trabalho visa discutir o tema principal sob
Otica das mudangas geoldgicas de longo prazo, e como a tecnologia de
captura e armazenamento de carbono (CCS) pode contribuir para a
resolugdo do desafio climatico global. A metodologia baseia-se em re-
visdo literaria do CCS e de dados geoldgicos. O resultado mostra que
a atividade humana quanto & GEE tem sido o vetor da definicio do
Antropoceno como era geoldgica, e acarretou preocupagdes politicas e
acordos internacionais do clima, que encorajam aperfeicoamentos legal,
institucional e normativo para lidar com desafios da implementagio do
CCS. Conclui-se pela responsabilidade do poder piblico como agente
que arbitra regras e estabelece recursos disponiveis, interesses envolvi-
dos e ajustes de custo.
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Palavras-chave: Mudanga climética, medidas mitigatdrias, tecnologia
de CCS, fontes antropogénicas de GEE.
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la tecnologia de CCS a los desafios de la
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Resumen: El contemporaneo ha sido enfrentar el aumento de gases de  Sao Paulo. Vol. 25, 2022
efecto Invernadero (GEI) postindustrial, tema de los esfuerzos interna-
cionales para mitigar efectos del clima. Este trabajo objetiva discutir el
tema principal desde la perspectiva de los cambios geoldgicos a largo
plazo, y cémo la tecnologia de captura y almacenamiento de carbono
(CCS) puede contribuir a resolver el desafio climitico. La metodologfa
se basa en una revisién literaria de CCS y datos geoldgicos. El resultado
muestra que la actividad humana en materia de GEI ha sido vector para
definir el Antropoceno como una era geoldgica, y ha generado inquie-
tudes politicas y acuerdos climéticos internacionales, que fomentan me-
joras legales, institucionales y normativas para enfrentar los desafios de
implementalo CCS. Concluye con la responsabilidad del poder ptblico
como agente que arbitra reglas y establece los recursos disponibles, los
intereses involucrados y los ajustes de costos en el tiempo a los emple-
ados remunerados

Anrticulo original

Palabras-clave: Cambio climAtico, medidas de mitigacién, tecnologfa
CCS, fuentes antropogénicas de gases de efecto invernadero.
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