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1. Introduction

In order to discuss the global topic of the clean energy transition, it is essential
that strategies by world decision makers are clearly understood. International
agencies and European Union (EU) institutions have developed and implemented
significant programs, as described below. The first European strategy on climate
was developed in 1991 through the creation of the European Commission and
Climate Program. Later on, in 1997, the Kyoto Protocol was designed, the main
goal being to stabilize atmospheric concentrations of GHGs at a level that would
prevent dangerous interference with the climate system. Since then, several initiatives
have been promoted, such as the reports of the UNFCCC and the first (2000) and
second (2005) European Climate Change Programmes, which included the need
to identify the most environmentally and cost-effective policies and measures that
would allow Europe to cut its GHGs, and to apply carbon capture and storage (CCS)
technologies as part of the efforts. The agreements currently in force are as follows:

(i) In 2015, with the Paris Climate Agreement, a global political action plan was
developed to put the world on track to avoid climate change, highly supported
by the idea of keeping the increase in the global average temperature to well
below 2 ◦C (or ultimately 1.5 ◦C) above pre-industrial levels. To reach this main
goal, it was established that renewable energies should embody a higher share
of the global energy matrix, as well as nuclear energy.

(ii) In 2019, the European Green Deal was established, with one of the main targets
focusing on climate change, through actions to be developed by the EU. The
use of “green hydrogen” and carbon neutrality are seen as priorities for a clean
and circular economy.

Given the above context, one should ask how best to respond to the mentioned
political agreements whilst taking into account the actual and forecast global and
European energy demand, notwithstanding the fact that the world energy supply
is, and will continue to be, highly dependent on fossil fuels, for both technological
and economic reasons, at least in the short and medium terms. Accelerated, rapid
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innovation and invention will certainly be the catalysts in developing non-fossil fuel
alternatives to energy production, so long as they are sustainable and affordable
and can reduce the time frame for achieving the goals of clean energy and almost
neutral emissions.

Consequently, in the authors’ view, the need to implement the energy transition
strategy, meaning to shift the global energy sector from fossil fuel based to
zero-carbon energies by the second half of the 21st century, should be a main goal,
allowing for growth in the global energy demand to continue whilst addressing
climate change concerns and targets. The energy transition has to be implemented
in a conscious and coherent manner in order to achieve the clean and circular
economy concepts. This means that strong efforts in technology and policy are
required, capable of turning non-fossil fuel energy production into competitive and
sustainable economically viable sources. Therefore, analysis of the cost of climate
change mitigation versus the cost of the energy transition is a must, given the costs of
renewable energy solutions, and those of batteries and hydrogen energy (Nordhaus
2018).

If one accepts the general framework described above, and in order to
accomplish the main goal of the Paris Climate Agreement, which is to reduce CO2

emissions in order to keep the global temperature rise well below 2 ◦C (or even
1.5 ◦C), we insist that it is indispensable to use the contribution of geology in the
application of carbon capture and storage, as well as in underground energy storage
technologies, and to do so as soon as possible.

The main goal of this chapter is to discuss the energy and climate sectors, given
the need to develop a workable international strategy for a clean energy transition
by considering the contribution of geology in the application of carbon capture and
storage, as well as in underground energy storage technologies, and to do so as soon
as possible.

Energy transition is a well-known subject discussed at all climate and energy
meetings. It is also one of the most controversial topics, and therefore an almost
impossible mission in seeking to establish successful and acceptable international
economic, technical, political and social measures. To better address the energy
transition thematic, it is pertinent to highlight and to clarify several related subjects,
which are discussed in the present manuscript. This approach begins with a general
overview of the international energy and climate strategies implemented in recent
decades, and the global and European decisions focusing on the politically binding
and non-binding measures established to meet the greenhouse gas (GHG) reduction
targets are also highlighted. In the second section, the topic of climate change
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is presented, with emphasis on the need to contextualize climate change in the
geological evolution of planet Earth. The third topic addressed is the energy
transition target in order to fulfill the current global energy demand. Finally, the
role that geology can play, and will play, in the energy transition strategy is assessed,
making it clear that this ambitious target will not be reached without a strong
contribution from geology.

2. Overview on International Energy and Climate Strategies

The energy transition was recently established as one of the key solutions to
climate change mitigation, which involves shifting from a system based on fossil
fuels (oil, natural gas and coal) to one dominated by variable renewable energies.
However, the starting point in discussing the energy transition topic goes back, at
least, to 1979 with the First World Climate Conference held at Geneva (Conference of
Experts on Climate and Mankind), where climate change was recognized as a serious
problem. Rightly or wrongly, climate change is considered to be intimately related
to the increase in GHGs, of which carbon dioxide (CO2) is a constituent, despite its
relevance, for example, to agricultural production (Dayaratna et al. 2020). CO2 is
acknowledged as playing an important role in the atmospheric temperature of the
Earth, and therefore a CO2 increase can contribute to a gradual warming of the lower
atmosphere, especially at high latitudes. It is assumed that anthropogenic activity,
including the exploitation and burning of fossil fuels, deforestation and changes in
land use, has a fundamental role in the amount of CO2 increase in the atmosphere
and, consequently, in increasing GHG concentrations. The Declaration of the First
World Climate Conference established a main goal “to foresee and prevent potential
man-made changes in climate that might be adverse to the well-being of humanity”
(WMO (World Meteorological Organization) 1979, p. 3). Additionally, it was also
advised to implement efforts to reduce fossil fuels in the world energy matrix by
including nuclear and renewable energies.

In the late 1980s and early 1990s, several intergovernmental conferences focusing
on climate change occurred, in which both scientific and policy subjects were
discussed, and the ultimate conclusion reached was the need to establish a global
climate action plan.

In 1990, although established in 1988, the Intergovernmental Panel on
Climate Change (IPCC) released its First Assessment Report, which scientifically
confirmed the climate change issue, allowing governments to adapt their policy
decisions. The Second World Climate Conference, also held in 1990, established
a framework treaty on climate change, the final declaration of which did not
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specify any international targets for reducing CO2 emissions, but a number of
principles were defined that were included in the Climate Change Convention.
The Intergovernmental Negotiating Committee for a Framework Convention on
Climate Change (INC/FCCC) was approved later (December) in 1990.

Only in 1991 was the first European community strategy created on climate
change, establishing the need to limit CO2 emissions and to improve energy efficiency
as main objectives. The specific action plan was as follows:

(1) To create a directive to promote electricity from renewable energy;
(2) To promote voluntary commitments by car markets to reduce CO2 emissions

by 25%;
(3) To propose taxation of energy products.

The United Nations Framework Convention on Climate Change (UNFCCC)
was signed at Rio de Janeiro in 1992, which was established as the main international
treaty on fighting climate change, in order to prevent dangerous human-made
interference with the global climate system. A global agreement was required
to implement UNFCCC strategies; therefore, in 1995, the first Conference of the
Parties (COP1) took place in Berlin, and finally in 1997, in Kyoto (Japan), the
Kyoto Protocol, an extension of the UNFCCC, was signed. Nevertheless, the Kyoto
Protocol was only implemented in Montreal (Canada) in 2005, with the main goal to
stabilize atmospheric concentrations of GHGs at a level that will prevent dangerous
anthropogenic interference with the climate system. This was to be achieved by
cutting GHGs to 5% below 1990 levels, by the 2008–2012 period. The Kyoto Protocol
legally binds industrialized countries and economies in transition and the EU to
emission reduction targets. Targets for the first commitment period (2008–2012) of
the Kyoto Protocol covered emissions of the six main GHGs, namely CO2, methane
(CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs)
and sulphur hexafluoride (SF6) (Wigley 1998). It was established that the Party’s
assigned amount is the maximum amount of emissions, measured as equivalent in
CO2, that a Party could emit during a commitment period.

The COP meetings continue to take place on a regular basis with the main goal
to discuss, in detail, the rules for the implementation of the Kyoto Protocol by setting
up new funding and planning instruments for adapting and establishing an outline
for technology transfer.

As it is well known, the EU has long been committed to international efforts
to reduce climate change and felt the responsibility to set an example through the
creation of strong policies in Europe. To ensure the development of a comprehensive
package of the most environmentally effective policies and measures to reduce GHG
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emissions, the EU established the European Climate Change Programme (ECCP).
Two ECCP plans were developed in the period from 2000 to 2005. The first ECCP,
established in 2000, was responsible for examining an extensive range of policy
sectors and instruments with potential for reducing GHG emissions, by creating
several working groups, namely, energy supply, energy demand, energy efficiency in
end-use equipment and industrial processes, transport and research, among others,
but the most important and innovative one was emissions trading. Each working
group had to identify different options for reducing GHG emissions based on cost
effectiveness, seeking the promotion of energy security and air quality as a final
target. The second ECCP, launched in 2005, after four years of implementation of
the first ECCP, aimed to further identify cost-effective options for reducing GHG
emissions that would promote economic growth increase and job creation. Learning
from the first period of the ECCP, when priorities allowed identifying five main
working groups (energy supply, energy demand, transport, non-CO2 gases and
agriculture), it was possible in the second ECCP period to add new working groups,
namely, aviation, CO2 and cars, adaptation to the effects of climate change, reducing
greenhouse gas emissions from ships and carbon capture and storage. In this second
program, additional measures were taken, such as promoting the use of renewable
energies in heating applications.

As it has become clear, the 21st century has been marked by new energy and
climate challenges, in which the EU has played a leading role in identifying potential
efficient solutions, although mainly political ones. The European energy/climate
strategy has led to the development of several initiatives, namely, “Europe 2020”
(EC (European Commission) 2007a), “European Strategic Energy Technology Plan
(SET-Plan)” (EC (European Commission) 2007b), “Energy 2020: a strategy for
competitive, sustainable and secure energy” (EC (European Commission) 2010),
“The EU energy policy: engaging with partners beyond our borders” (EC (European
Commission) 2011c), “Energy Roadmap 2050” (EC (European Commission) 2011b),
“Directive on energy efficiency” (EC (European Commission) 2011a), “Guidelines
for trans-European energy infrastructure” (EC (European Commission) 2011e) and
“Smart grids: from innovation to deployment” (EC (European Commission) 2011d)
(Rodrigues et al. 2015).

During this period, in order to ensure the security of supply and competitiveness
and, at the same time, to promote decarbonization of the energy system, aiming
at reducing GHG emissions, mainly CO2, the EU identified and recommended
six European industrial initiatives for implementation: wind, solar, bioenergy,
smart grids, nuclear fission and carbon capture and storage (CCS) (EC (European

51



Commission) 2007b). It was then clear that to meet the goals of the “Limiting
Global Climate Change to 2 ◦C: the way ahead for 2020 and beyond” (EC (European
Commission) 2007a) report by reducing CO2 emissions will not be possible without
geological sequestration/storage (Rodrigues et al. 2015; D’Amore and Bezzo 2017).
As a result, on 23 April 2009, the European Parliament and the European Council
unveiled Directive 2009/31/EC (Directive on Geological Storage of CO2) (EC
(European Commission) 2009), in order to define a regulatory framework for
geological sequestration/storage of CO2 regarding the conditions to deliver “storage
permits” proposed by the Kyoto Protocol (2005) whilst promoting the vision of global
environmental integration. Nevertheless, it is pertinent to mention that over the
years, COP negotiations have been quite controversial. In fact, the COP15 meeting,
in 2009 at Copenhagen, was recognized as disappointing for several reasons:

(1) It failed to set the basic targets for reducing global annual emissions of GHGs
up to 2050;

(2) It did not secure commitments from countries to meet the emissions
targets collectively;

(3) The target agreement was not binding.

It is indisputable that the first period of the Kyoto Protocol (2008–2012) failed,
due to deficiencies in the structure of the treaty, such as the time frame of the
agreement and the choice to establish a five-year commitment period which would
start ten years after being signed, the exemption of developing countries from
reduction requirements and the lack of an effective progressive emissions trading
system (Rosen 2015). It is well known that the Kyoto Protocol was condemned from
the beginning, given that it did not include the world’s largest and fastest growing
economies, for example, China, which was excluded from binding targets, and the
fact that the United States of America (USA) did not sign the agreement.

A second commitment period (2013–2020) to the Kyoto Protocol was agreed
in 2012, in the so-called Doha Amendment (UN (United Nations) 2012). This
amendment included new commitments for Annex I Parties to the Kyoto Protocol, a
revised list of GHGs which included one more GHG (nitrogen trifluoride—NF3) and
amendments to several articles of the Kyoto Protocol which needed to be updated.
During the first period of the agreement, a 5% reduction in GHGs was established,
but the second commitment period was really ambitious by establishing a reduction
in GHG emissions by a least 8% below 1990 levels. Flexible market mechanisms
were created in the second Kyoto Protocol period, which were based on a trade
of emissions permits, namely, international emissions trading, clean development
mechanisms and joint implementation by the Parties. As a matter of fact, the
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commitment period established by the second Kyoto Protocol agreement to meet
the GHG emission reduction target was rather ambitious and too short, and when
associated with the energy demand increase, it led to a new GHG emissions strategy.
In fact, the main goal became the removal of GHGs from the atmosphere, even if GHG
emissions are not reduced. In this perspective, these new mechanisms motivated
GHG abatement techniques using the most cost-effective processes, such as CCS
technologies (UN (United Nations) 2012).

The Paris Agreement, adopted at the Paris Climate Conference (COP21) in 2015,
is the first international legally binding global climate change agreement set out to
avoid dangerous climate change. This agreement was recognized as a key point
between policies and climate carbon neutrality before the end of the 21st century,
which implied reaching the following targets (UN (United Nations) 2015):

(1) To limit the increase in the global average temperature to well below 2.0 ◦C, or
even 1.5 ◦C, above pre-industrial levels;

(2) To reach the global emissions peak as soon as possible, which has already been
accomplished in Europe and North America but will, most likely, take longer
for developing countries;

(3) To undertake a rapid reduction in emissions using the best available science
knowledge to achieve an efficient balance between emissions and removals in
the second half of the 21st century;

(4) To strengthen the ability of countries to deal with the impacts of climate change,
through appropriate financial programs and new technology frameworks.

In 2019, the European Green Deal (EGD) was proposed to transform the EU
into a modern, resource-efficient and competitive economy and therefore the world’s
first carbon-neutral continent by 2050. The action plan established by the EGD
aimed to increase the efficient use of all resources by moving to a clean and circular
economy, to restore biodiversity and to cut pollution. In fact, the EGD is not a law
that will put all countries on track to achieve climate change goals, but one of its main
targets is to propose a European Climate Law to transform this political commitment
into a legal obligation through the revision of the EU Regulation (EU) 2018/1999
(EC (European Commission) 2020b). The EGD has been seen as a powerful tool to
combine efforts to reduce GHG emissions and, at the same time, to prepare Europe’s
industry for a climate-neutral economy. In this perspective, hydrogen has been
considered as a key priority for addressing both the EGD and Europe’s clean energy
transition (EC (European Commission) 2020a). The EU Hydrogen Strategy is seen as
a prevailing strategy to increase electricity production from renewable energy, and
since hydrogen does not emit CO2, it can play an important role in decarbonizing the
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industry. However, this energy scenario change will not be an easy task, given that
hydrogen energy represents a small fraction of the world energy matrix, and it is still
largely produced from fossil fuels, mainly from natural gas and coal. Consequently,
the main goal of the hydrogen strategy is to decarbonize hydrogen production and
expand its use into sectors where it can replace fossil fuels. The EU proposed an
additional program, the Digital Transformation (EU (European Union) 2021), which
seems capable of accelerating the energy transition by making power-generating
assets more efficient, through grid modernization processes that make the system
more secure and resilient, and that assist the industry in providing sustainable and
affordable power to final consumers.

Summarizing, the transition energy issue has been subjected to several
approaches in recent decades, but it is an international consensus that countries are
not doing nearly enough to transition to non-fossil fuel energy sources. Undoubtedly,
it is quite a hard task to accomplish a net zero-carbon economy by 2050, and to
keep the world temperature increase to 2 ◦C, or even 1.5 ◦C. However, it is pertinent
to state that this 2 ◦C target was a political decision, perceived by the public as a
realistically achievable and acceptable goal, but it was never clearly advocated and
recommended as a safe level of warming through a scientific assessment (Knutti
et al. 2015). Additionally, transition energy has negative implications for cohesion
and social inclusion of all countries, since several regions (Eastern and Southeastern
European countries) will be obliged to make great investments, while other countries
(Western Europe and North America) will be encouraged to reduce carbon-intensive
industries which will imply infrastructure adaptations. In conclusion, to reach
net zero emissions by 2050, the EU needs to agree and ratify a consistent climate
change strategy, with strong and rapid investments, which must be accompanied
and supported by innovation in science and technology. In fact, several studies are
in place that are focused on climate change mitigation, including understanding the
influence (if any) of solar variability on surface air temperature (Soon et al. 2015).

3. Climate Change: Is It the Problem?

As previously mentioned, climate change was identified as a serious problem
back in 1979, during the First World Climate Conference, which was globally accepted
as a result of the increase in GHG emissions. It was recognized that GHGs affected
the energy balance of the global atmosphere, ultimately leading to an overall increase
in the global average temperature.

First of all, it is pertinent to clearly understand the concept of climate change
used worldwide, and to accomplish that goal, the crucial role of two entities must
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be highlighted, namely, the UNFCCC and the IPCC. However, both entities have
different approaches to the climate change definition, and, surely, this inconsistency
in the concept is one of the main reasons for the international standoff on a climate
policy, leading to a lack of decision making regarding updating policies on climate
and energy strategies. The UNFCCC established that “climate change is directly
or indirectly attributed to human activity that alters the composition of the global
atmosphere and which is in addition to natural climate variability observed over
comparable time periods” (UN (United Nations) 1992, p. 3). The IPCC defined
climate change as any change in climate over time, whether due to natural variability
or induced by human activity (Rahman 2013).

The definition of climate change is a nontrivial and contentious exercise and,
therefore, can be understood as the most complex and controversial question in the
entire science of meteorology and climatology. In fact, several specialists (Allen 2003;
Werndl 2016) argue that there are no strict criteria to justify the use of the expression
climate change, and therefore its understanding remains unclear. As a result, the
concept of climate change is often roughly employed and, consequently, may lead to
considerable confusion regarding the existence and extent of global warming.

Undeniably, climate change means, a priori, a change in the statistical
distribution of weather patterns in the long term, which may take place over
decades (traditionally 30 years), but such changes and variations are typically
studied over significantly longer periods of time, as shown through geological
studies covering millions of years. In fact, the Earth’s climate has changed in
the course of the geological evolution, even before human activity could have
played a role in its transformation. Thus, climate change consists of temporary
changes in climatic conditions (temperature, precipitation and wind, among others),
which can encompass changes in both average conditions and changes in variability.
Since planet Earth’s climate is naturally variable in the geological time scale, the
long-term characteristics—specifically average temperatures—are controlled by the
Earth’s energy balance over time. In the last million years, the climate has naturally
shown fluctuations between warm periods and glacial ages, which are strongly
correlated with the natural Milankovitch cycles, established between 1920 and 1942
(Tarling 2010). According to Milankovitch, these oscillations are related to orbital
changes, which, in turn, are controlled by three elements: eccentricity, obliquity and
precession. These elements also have different periodicities, which affect not only the
gravitational field of the Earth’s surface but also the intensity and distribution of solar
radiation that reaches the upper atmosphere. In this context, what is understood
today as climate change, meaning changes produced by anthropogenic activities,
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is, from a geological time scale perspective, natural climate change (Figure 1). In
fact, it appears that the role of human activity in the climate change increase can be
addressed as a time scale-dependent subject (Figure 1).
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Figure 1. Historical temperature of planet Earth: (a) 44-year interval (adapted from
Augustin et al. 2004); (b) 450,000-year interval (adapted from Augustin et al. 2004);
(c) 542,000-year interval. Source: Graphics by authors, adapted from Veizer et al.
(2000), Berner and Kothavala (2001) and Moore (2019).

Herbert and Fischer (1986) and Park and Herbert (1987), by studying
paleoclimatic periodicities in a geologic time series, stated “there is overwhelming
evidence for cyclicity at about 2 cycles/m, corresponding to Milankovitch oscillations
with periods near from 100 thousand of years” (Park and Herbert 1987, p. 14,037).
This type of study will greatly improve our understanding of the role of orbital
oscillations in climate change, and, consequently, it could help in defining a time
scale which will allow measuring the components and their variability over short
periods (Schwarzacher 1993; Giraud et al. 1995; Crowley and Berner 2001; Stenni
et al. 2010).

In the present work, the concept of climate change is not addressed with the
commonly fatalistic approach, where it is considered to be promoted by GHG
emissions, these being responsible for an overall increase in the global average
temperature; rather, GHG emissions are seen to correspond to local changes
susceptible only to influencing the environment at the scale of humanity’s lifetime.
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As it stands, one pertinent question arises: why is it that CO2 is taken as
the most dangerous GHG in the atmosphere? According to the Environmental
Protection Agency (EPA), and other international entities (IPCC and UNFCCC), the
most dangerous GHGs are CO2, CH4, nitrous oxide (N2O) and fluorinated gases (e.g.,
chlorofluorocarbons, hydrochlorofluorocarbons). It is assumed that an anthropogenic
source is responsible for almost all of the increase in GHGs in the atmosphere in
recent centuries, mainly attributing CO2 and CH4 emission increases to general
activities in the fossil fuel sector, whereas those of nitrous oxide and fluorocarbons
to other human activities. Table 1 depicts some of the main characteristics of the
major GHGs, in which it is quite perceptible that CO2 is not the most dangerous
GHG, since its lifetime can be a few days when it is quickly absorbed by the ocean
surface, but some part will remain in the atmosphere for thousands of years; instead,
CH4 and N2O have a more worrying lifetime average. Therefore, CH4 plays a more
negative role in the atmosphere than CO2.

Additionally, Figure 2 shows that CH4 concentrations (between ~300 and 800
ppmv) in the atmosphere have always been higher than CO2 concentrations (between
160 and 300 ppmv)—actually, more than double. Yet, again, how are these two GHGs’
emissions closely related to anthropogenic activities? Several studies using data
going back 800,000 years in time, extracted from ice cores located at Dome C in
Antarctica (Jouzel et al. 2003; Jouzel et al. 2007; Pol et al. 2010; Kang and Larsson 2013;
Persson 2019), have shown what had been proposed by Herbert and Fischer (1986),
meaning that consistent fluctuations in CO2 and CH4 concentrations exist, and these
rising and falling CO2 and CH4 concentrations coincide with the onset of ice ages
(low CO2 and CH4) and interglacial (warm) periods (high CO2 and CH4). Indeed,
these periodic fluctuations are promoted by changes in the Earth’s orbit around the
sun, the so-called Milankovitch cycles (Figure 3).

A worrying scenario of an uncontrolled increase in CO2 emissions due to
anthropogenic activities, mainly related to the burning of fossil fuels, has been
presented by the IPCC (Intergovernmental Panel on Climate Change) (2013). Actually,
Figure 4 displays a common projection of the atmospheric CO2 concentration
measured during the last 800,000 years until the present day, showing that the last few
years are clearly marked by a strong increase in the CO2 concentration. Again, this
fatalistic approach is related to the time scale used, 800,000 years, which is negligible
from the geological scale point of view. Actually, taking into consideration Figure 1c,
the time scale (800,000 years) used in Figure 4 could be understood as a “few minutes”
from the geological scale perspective, and consequently, the approximately 4600
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million years of planet Earth’s evolution, which is intimately connected to the warm
and cold periods identified by Milankovitch, is completely neglected.

Table 1. Major GHGs and their main characteristics.

Global Warming
PotentialGHG Major Sources

Average
Lifetime in the

Atmosphere 20 Years 100 Years

Carbon
dioxide

Burning fossil fuels (oil,
natural gas and coal), solid
waste and trees and wood
products; changes in land
use; deforestation and soil
degradation.

A few days to
thousands of

years
1 1

Methane

Production and transport
of fossil fuels; livestock
and agricultural practices,
mainly rice fields;
anaerobic decay of organic
waste in municipal solid
waste landfills.

12.4 years 84 28–36

Nitrous
oxide

Fertilizers, deforestation,
burning biomass. 121 years 264 265–298

Fluorinated
gases

Industrial processes and
commercial (aerosol
sprays, refrigerants) and
household uses, and they
do not occur naturally.

A few weeks to
thousands of

years

Varies (the
highest is
sulphur

hexafluoride
at 15,000)

Varies (the
highest is
sulphur

hexafluoride
at 23,500)

Source: Table adapted from IPCC (Intergovernmental Panel on Climate Change) (2013).

It is now pertinent to mention the concept highlighted in 2013 by the IPCC
(Intergovernmental Panel on Climate Change) (2013), “Climate Numerical Models”,
as well as “Earth System Models”, which are embodied as the modern environmental
and climate science approaches to enable a full understanding of natural systems
and their sensitivities (Haywood et al. 2019; Voosen 2021). Different sources of
uncertainties in climate change models have been reported, namely, anthropogenic
and natural factors. Among the main anthropogenic factors are radiative forcing
due to GHGs, and changes in population size and distribution, urbanization,
energy system production and consumption and land use. The natural factors
are mainly related to major volcanic eruptions, which can be responsible for the
injection of small aerosol particles into the stratosphere, and changes in the radiation
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emitted by the sun (Giorgi 2010; Mitchell et al. 2020; Pielke 2020; Shaviv 2008).
The IPCC (Intergovernmental Panel on Climate Change) (2013) stated that the
concept of climate models is an attempt to assess the effects, risks and potential
impacts associated with anthropogenic GHG emissions, which will allow scientific
assessment of mitigation and societal adaptation strategies. Nevertheless, if the
idyllic situation of immediately stopping CO2 emissions were a reality, most of the
warming and, consequently, its climate impacts would persist for many centuries.
These irreversible changes are often misunderstood and are currently disregarded in
most climate models. The irreversibility on time scales is at least hundreds of years,
meaning that planet Earth is a multiparameter system in a dynamic equilibrium,
and implying that climate change resulting from past emissions, even in the absence
of future emissions, constitutes a global commitment for many future generations.
Additionally, acknowledging that climate change will simply persist for centuries to
millennia due to the long lifetime of CO2 in the atmosphere is a key point in decision
makers’ strategies (Knutti et al. 2015).

Another relevant subject, commonly discussed on climate change forums, is
the general rise in the sea level around the world (Figure 3). According to the
IPCC (Intergovernmental Panel on Climate Change) (2013), the long-term effects
of the global average temperature increase are responsible for the general rise in
the sea level, resulting in the inundation of low-lying coastal areas and the possible
disappearance of some island states, and the melting of glaciers, sea ice and Arctic
permafrost. Actually, as already mentioned in this work, climate change corresponds
to cyclic natural modifications, such as underwater volcanism, which significantly
contributes to the overall increase in temperature, mainly in the oceans. In this
regard, on the matter of underwater volcanism, it is worth emphasizing that a
recent and remarkable scientific study, with the credibility of MIT (Huppert et al.
2020), although already discussed by others (Johnson et al. 2018), has highlighted
what geologists empirically already knew, but that is now supported by rigorous
geophysical observations and measurements. As is well known, volcanic islands do
not last forever, and their longevity can differ significantly; for example, some islands
such as the Canary Islands located in the Atlantic Ocean are more than 20 million
years old, while the Galapagos Islands located in the Pacific Ocean have already
drowned. Recently, it has been demonstrated that the formation and longevity of
volcanic islands are intimately related to the movement of tectonic plates and their
relationship with mantle plumes (hotspots). Nevertheless, to determine the actual
age of each island, including those that have drowned, the direction and speed at
which tectonic plates are moving in relation to the swell uplift underneath need to be
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measured, as does the length of each swell, which is formed when the mantle plume
raises the seafloor. The unavoidable drowning of all volcanic islands over time is a
natural phenomenon, which depends on the tectonic plate’s speed and the size of
the mantle plumes, and therefore it is not, in any way, related to an eventual rise in
the sea level.
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(1950): (a) CO2; (b) CH4. Source: Graphics by authors, adapted from Persson 2019.
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One of the key mistakes made when dealing with climate change questions, and
consequently the cause of worldwide controversial opinions, is the consideration
that the climate change increase is due to anthropogenic sources, resulting from,
above all, the use of fossil fuels (Giorgi 2010; Pielke 2020). Even if it is true that
fossil fuel activities play a relevant role in the increase in GHG emissions and require
mitigation, it is not true that they are the only cause, nor even the most dominant one.
Be that as it may, in the second decade of the 21st century, questions related to climate
change gained a greater acceptance by private and/or public entities, specifically
as a result of the change in the definition or the perspective of the “climate change”
concept. Actually, this change consists in a paradigm shift supported by the idea that
climate change is no longer a cause of environmental degradation, but a requirement
for sustainable development.

The Paris Conference (COP21) represents the culmination of the convergence
of efforts of different players, with the main goal of reducing CO2 emissions, and
therefore limiting the global average temperature increase, which will allow meeting
the net zero GHG emissions target, in the second part of the 21st century.

4. Energy Transition and Energy Demand

In the Conference of the Parties meetings (COP22—Marrakech, COP23—Bonn,
COP24—Katowice and COP25—Madrid) held after the Paris Conference (COP21,
2015), it was emphasized that the future of climate change mitigation involves the
processes of decarbonization and energy transition. The urgent need to align the
use of fossil fuels and climate goals was also recommended because a radical energy
transition requiring a far more predominant use of renewable energies can never be
achieved in the short and medium term. With the current state of knowledge, it is
not even possible to imagine, in a sustainable (economic and technical) way, a world
energy supply exclusively from renewable sources.

The energy transition is not only related to the production of renewable energy,
with the main goal to replace fossil fuels in the world energy supply, but it is also seen
(IPCC (Intergovernmental Panel on Climate Change) 2013) as a long-term investment
opportunity that will transform the entire energy system over the next 30 years and
beyond. This means that significant investments across the entire value chain are
required, namely, in clean energy generation, transmission and distribution networks,
energy storage and electric transport infrastructure.

The EGD (EC (European Commission) 2019) is a set of policy initiatives which
combines the twin effort of reducing GHG emissions and preparing Europe’s industry
for a climate-neutral economy, to be conducted through the implementation of
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renewable energy sources. The EGD stands for a tech-driven energy revolution that
will rapidly replace all hydrocarbons, and Kovac et al. (2021) went further by assuring
that such an energy transition process is already being implemented. This unrealistic
“new energy economy” scenario is confident that the technologies of wind and solar
power and battery storage are undergoing innovative development in computing
and communication technologies, to the extent that it will dramatically reduce costs
and increase efficiency (Mills 2019). Given the intermittency of renewable energy
sources, highly dependent on weather conditions and the number of hours of day
light, energy storage has an essential role in the general energy transition framework.

In this context, the European Commission launched a new initiative entitled
“A hydrogen strategy for a climate-neutral Europe” (EC (European Commission)
2020a). Hydrogen energy is, today, seen as a key priority to achieve the EGD
and, consequently, Europe’s clean energy transition. The relevant role of the new
carbon-neutral system scenario is, evidently, related to the fact that hydrogen energy
production does not emit CO2, as it uses renewable energy sources, and that almost
no air pollution is generated when it is used. Additionally, hydrogen energy can
play a crucial role in the renewable energy storage sector, and it can be used as a
feedstock, as a fuel, as batteries and in many other industrial applications, such as in
the transport, power and building sectors.

However, how is hydrogen energy generated? Hydrogen energy is produced
through a chemical process known as electrolysis, which uses an electrical current to
separate the hydrogen from the oxygen atoms in water. There are different processes
to produce hydrogen energy which are associated with a wide range of emissions,
depending on the technology and energy source used, namely: electricity-based
hydrogen (any type of electricity source); renewable hydrogen or clean hydrogen
(renewable electricity source); fossil-based hydrogen (fossil fuel as an electricity
source); fossil-based hydrogen with carbon capture (fossil fuel as an electricity
source using carbon capture technologies); low-carbon hydrogen (any type of
electricity source associated with fossil-based hydrogen with carbon capture); and
hydrogen-derived synthetic fuels (gaseous and liquid fuels on the basis of hydrogen
and carbon) (EC (European Commission) 2020a).

Presently, hydrogen represents a small fraction of the global and EU energy
matrix, and according to IRENA (International Renewable Energy Agency) (2019),
future projections on the breakdown of renewables used in the total final energy
consumption in 2050 indicate that hydrogen energy will continue to account for only
3% (Figure 5).
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Despite this reality check, for hydrogen energy to contribute to climate neutrality,
it will need to achieve a far larger scale, and its production must be a fully
decarbonized process, meaning that hydrogen must be generated from renewable
hydrogen (clean hydrogen or green hydrogen) using electricity generated from
renewable sources. In such a process, hydrogen energy is produced without emitting
CO2 into the atmosphere, with water vapor being the only emission. The renewable
hydrogen process is quite complex, requiring the following requisites: (1) the water
used must contain salts and minerals to allow electrical conductivity, and (2) two
electrodes must be immersed in the water and connected to an electrical power
source. Ultimately, the dissociation of hydrogen and oxygen atoms will occur when
the electrodes attract ions with opposite charges.
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Figure 5. Breakdown of renewables use in total final energy consumption in 2050.
Source: Graphic by authors, adapted from Gielen et al. (2019).

However, there are unavoidable questions about the viability of clean hydrogen
relating its high production and storage costs (Figure 6), the difficulty of transport
over long distances and the energy losses during conversion processes (Bossel
et al. 2003), and, today, hydrogen energy is still largely produced from fossil fuels
(Figure 7).
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Of the four major sources used for commercial production of hydrogen, three
require fossil fuels: (1) steam methane reformation (SMR), (2) oil oxidation and
(3) coal gasification (Figure 7), and therefore emit CO2. These three processes are
referred to as gray hydrogen production. Nevertheless, if the production of hydrogen
is accompanied by CO2 capture and storage, it is then referred to as blue hydrogen
(EC (European Commission) 2020a). However, the effectiveness of CO2 capture
(maximum 90%) needs to be taken into consideration.

The fourth source is renewable electrolysis, generating so-called green hydrogen,
the only process that does not emit CO2 (Figure 8).

kg
CO

2/k
gH

2

20

15

10

5

Note: includes only CO2 emissions from combustion and chemical conversion.

Coal
gasification

Steam methane
reforming

Coal
90% 

capture

Gas
90% 

capture

Electrolysis 
renewable or 

nuclear

Gas
56% 

capture

Figure 8. CO2 emissions by hydrogen production process in 2019. Note: Includes
only CO2 emissions from combustion and chemical conversion. Source: Graphic by
authors, adapted from Bartlett and Krupnick (2020).

In the extremely complex and high-cost scenario of the hydrogen sector,
Germany aims for the European leadership in carbon capture and storage, and
to produce hydrogen from natural gas, and has launched a new hydrogen strategy
with a clear focus on green hydrogen production (BMWI 2020). To achieve carbon
neutrality by 2050, Germany greatly relies on the energy transition strategy, keeping
in mind that gaseous and liquid energy sources will continue to be an essential part
of Germany’s energy supply, with the expectation that hydrogen energy will play a
key role in enhancing and completing the energy transition.
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There is no doubt that, today, green hydrogen (renewable hydrogen) is not cost
competitive against fossil-based hydrogen and, in particular, fossil-based hydrogen
with carbon capture and storage, which is highly dependent on natural gas prices.
The EC (European Commission) (2020b) stated that costs for renewable hydrogen are
declining quickly and will continue to get cheaper, with the cost of the electrolysis
process having already reduced by 60% in the last ten years. Therefore, there is an
expectation that cost-competitive renewable hydrogen will eventually be achieved if
accompanied by cost-competitive renewable energy.

In this optimistic scenario, where the generation of renewable energy will
quickly become cheaper, the matter of intermittency comes to mind, as does the
imperative need for cost-effective and reliable energy storage.

Schernikau and Smith (2021) highlighted the enormous difficulties and practical
issues related to one source of renewable energy—solar photovoltaic panels. They
focused on Germany as a case study and showed that supplying Germany’s electricity
demand entirely from solar photovoltaic panels (located in Spain, the optimal region
for the production of solar energy due to the high direct normal solar irradiation),
considering several adjustment factors (peak power, backup peak, transmission loss,
winter capacity, etc.), would require a total area of approximately 35,000 km2 (7%
of Spain´s surface area) covered with solar photovoltaic panels. Such a scenario
would equate to an installed capacity of 2000 GW, which is almost three times more
than the worldwide capacity installed in 2020 (715 GW). In addition, one cannot
ignore the fact that solar photovoltaic panels last, on average, 15 years and would
require replacement every 15 years. Schernikau and Smith (2021) further estimated
that the annual silicon and silver requirements for such a scenario would require
close to 10% and 30% of the current global production capacity, respectively. This
seems to be an unrealistic and unachievable scenario which will worsen once we add
estimations of resource requirements for the production and installation of battery
backup systems. Advancing this scenario to cover about 40% (200,000 km2) of Spain
with solar photovoltaic panels in order to supply the entire European electricity
demand, as suggested by Schernikau and Smith (2021), how would all the energy
produced be stored?

In fact, the EC (European Commission) (2020b) stated that energy storage is the
key factor in promoting an increase in renewables into the global and EU energy
matrix. Battery electricity storage has been established as a vital technology in the
world’ transition to a sustainable energy system, and its worldwide acceptance is
also connected to specific advantages, namely, its fast response capability, sustained
power delivery and geographical independence (Yang et al. 2018). Despite the

68



major improvements in the battery sector, it seems that selecting the battery energy
storage system sizing methodology, which is clearly dependent on the renewable
energy system used, is the biggest challenge of the entire process. Given the
difficulty for a single battery energy storage system to produce capable and reliable
renewable energy independent of electricity provided through main grids, unless
an oversized generator and storage capacities are utilized, new battery systems are
being developed. Javed et al. (2020) proposed a hybrid pumped and battery storage
(HPBS) system, in which “the battery is only used in order to meet very low energy
shortfalls considering the net power deficiency and state of charge, while pumped
hydro storage works as the main storage for high energy demand” (Javed et al. 2020,
p. 1).

On the subject of batteries, how many would be needed to store the world
renewable energy demand? The study by Schernikau and Smith (2021) was a realistic
analysis of 14 days of energy storage backup for Germany during the winter period.
For this period, Germany will require approximately 45 TWh of battery storage.
However, producing the required storage capacity from batteries using current
technology would require the full production of 900 Tesla Gigafactories, such as
the Nevada Gigafactory (Mills 2019), working at full capacity for an entire year.
Additionally, for the annual replacement of batteries, an extra output of 45 Tesla
Gigafactories, corresponding to a full production of 2.25 TWh, will be required.
To gain a general idea of what these numbers actually mean, the global battery
production in 2020 was 0.5 TWh. Another key point on batteries is the future
demand, and the rate of demand, for specific raw materials (such as lithium, copper,
cobalt, nickel, graphite, rare earths, bauxite, iron and aluminum), leading to a
dramatic increase in production, which would significantly affect the global mining
sector. The mining chain comprises several processes from prospecting to extraction,
transportation and processing, requiring significant amounts of energy. Mills (2019)
suggested that the energy equivalent of 100 barrels of oil is required to produce a
single battery that can store the equivalent of one barrel of oil. Additionally, today,
natural gas accounts for more than 70% of the energy used to produce glass required
to build solar photovoltaic planes, and if wind turbines are used to supply half the
electricity in the entire world, 2000 Mt of coal would be required to produce the
concrete and the steel needed to build the wind equipment (Mills 2020), knowing that
the annual production of coal in 2019 was approximately 8000 Mt (IEA (International
Energy Agency) 2020). Therefore, how will the clean energy system process work if
a dramatic increase in the production of raw materials is required to produce green
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energy, which in themselves have negative environmental and health impacts, with
high amounts of energy being required, which actually originates from fossil fuels?

Despite all the production issues related to battery systems, it is obvious that
the raw materials required to produce battery storage systems will soon dominate
the global production of minerals. In fact, today’s production of lithium batteries
already accounts for about 40% of all lithium and 25% of cobalt, meaning that,
in the near future, global lithium mining would have to expand by at least 500%
(Mills 2019). This analysis leads to another essential question—does planet Earth
have enough raw materials to fulfill the production of batteries that the market will
demand? The study by Schernikau and Smith (2021) clearly assists in answering
this key point, by using the Germany case study. As mentioned, a 14-day battery
storage solution for Germany would imply 45 TWh of battery storage production,
using Tesla’s newest technology, and consequently a 7000–13,000 Mt demand for raw
materials. Battery replacement would require a capacity production of 2.25 TWh,
implying a 400–700 Mt demand for raw materials. For example, 1,800,000 t of lithium
production would be needed, knowing that the 2020 global production was 230,000
t, meaning feeding Germany’s battery storage systems would require a lithium
supply which is 5.6 times greater than the current global production (Figure 9). In
the case of cobalt, another essential mineral used in the production of batteries,
225,000 t of cobalt production would be required, but the current global production
is about 120,000 t, meaning Germany’s battery storage production would demand
1.9 times more than the 2020 global production (Figure 9). To conclude on this matter,
considering the current global production of raw materials, the Germany case study
clearly demonstrates that the use of renewables, in the form of solar photovoltaic
panels and/or wind energy, is a rather unrealistic solution for Germany or for the
world—simply put, the rate of demand for raw materials, coupled with the energy
demand that goes with their extraction and processing, current technology and the
immediate environmental impact typically associated with mining and processing,
is totally impractical and unaffordable, especially given the time frame proposed by
international organizations such as the EU and the IPCC (Table 2).
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Table 2. Global reserves of most important raw materials by country.

Reserves
Country

Cobalt (kt) Lithium (kt) Nickel (kt) Graphite (kt)

Argentina 2000

Australia 1100 1500 19,000

Brazil 78 48 10,000 72,000

Canada 240 2900

Chile 7500

China 80 3200 3000 55,000

Colombia 1100

Cuba 500 5500

Democratic Republic of
the Congo 3400

Guatemala 1800

India 8000

Indonesia 4500

Madagascar 130 1600 940

Mexico 3100

New Caledonia 200 8400

Philippines 250 3100

Russia 250 7900

South Africa 30 3700

Turkey 90,000

United States of America 23 38 160

Zambia 270

Zimbabwe 23

Other countries 610 6500 960

World total 7000 14,000 80,000 230,000

Source: Table adapted from EC (European Commission) (2018).
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Figure 9. Lithium and cobalt global production from 2016 until 2022. Source:
Graphics by authors, adapted from Metso: Outotec (2021).

Ultimately, the world needs to sustain its energy supply and growth while
significantly reducing emissions, and the following question remains: how can this
be achieved when world energy consumption continues to increase as a result of
population increase, industrialization and improved quality of life?

A 30% increase in world energy consumption is expected between 2014 and
2035, mainly related to the rapid growth of emerging economies, amongst which
China and India account for half of this increase (Figure 10). Yet, an apparent
mistake is consistently made, intentionally or not: that of discussing the global
energy matrix based on the EU and/or the USA case studies, relegating the rest of
the world, its populations and, above all, its energy needs and development rights to
an obscure platform.

International policies, as well as the targets established in international treaties,
namely, the Paris Agreement, play a very powerful role in the evolution of the world
energy sector and may even cause real deviations in the evolution of the global
energy matrix. In the current energy scenario (Figure 11), it is clear that fossil fuels
will continue to play an important role in the global energy matrix. GECF (Gas
Exporting Countries Forum) (2017) still projects that approximately 75% of global
primary energy consumption will be met by fossil fuels (oil, natural gas and coal) in
the year 2040, despite a decrease of 6% being projected between 2014 and 2040. There
are expectations that a substantial increase in nuclear and renewable energies will
occur, corresponding to approximately 25% of the world energy matrix. Renewable
energies are the primary energy sources with the highest growth, from 13% in 1990
to 18% in 2040. Despite this promising renewable energy scenario, direct use of fossil
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fuels is, and is expected to remain, the dominant energy source in the modern world.
Mills (2019) suggested that in order to completely replace fossil fuels over the next 20
to 30 years, knowing that half a century was needed for global oil and gas production
to expand by 10-fold, global renewable energy production would have to increase by
at least 90-fold, and this is an unrealistic proposition even when substantial financial
efforts are involved. It is therefore quite obvious that the global energy demand will
not allow the Paris Agreement targets to be met, especially with the current energy
and climate strategies, which lack binding agreements and carbon markets, as with
those proposed in the Kyoto Protocol.
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Figure 10. World energy consumption by region. Source: Graphic by authors,
adapted from BP (British Petroleum) (2017).
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Returning to the IEA’s assumed goal to achieve net zero CO2 emissions by 2050,
we are of the view that, even with the enormous financial and technological efforts
that are continuously made, it is unlikely that total decarbonization of the energy
sector in the envisaged timespan will be achieved. In fact, full decarbonization
of the energy sector would imply an urgent and rapid deployment of available
technologies, but above all, worldwide use of technologies that are not on the
market yet. These new technologies are mainly related to battery storage systems,
hydrogen electrolyzers and direct air capture and storage systems (IEA (International
Energy Agency) 2021). As previously mentioned, there is still much to be conducted
in the implementation process of new technologies, from the availability of raw
materials to energy efficiency and cost competitiveness. For the implementation of
new technologies, three main scenarios on global CO2 emissions have been proposed
and projected, namely, business-as-usual, rapid transition and net zero (BP (British
Petroleum) 2020). Additionally, BP (British Petroleum) (2020) and IEA (International
Energy Agency) (2021) stated that the global CO2 emissions peak has already been
reached (Figure 12), mainly due to the impact of COVID-19, and they will not return
to their pre-pandemic levels. Nevertheless, it is important to keep in mind that the
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previous projections are significantly different from these new proposals; actually,
BP (British Petroleum) (2017) projected an increase in global CO2 emissions of 13%
between 2014 and 2035 (Figure 13), which is far from the targets of achieving a 30%
reduction by 2035, as proposed by the Paris Agreement.
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Figure 12. Global CO2 emission scenarios. Source: Graphic by authors, adapted
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The three CO2 emission scenarios presented by BP (British Petroleum) (2020) are
supported by differences in economies, energy policies and social preferences. One
main subject that has been discussed since the Kyoto Protocol is the establishment of
carbon prices and, consequently, the carbon market. The business-as-usual scenario
assumes carbon price increases of USD 65/t in developed countries and USD 35/t in
emerging countries by 2050. Instead, both the rapid transition and net zero scenarios
assume a substantial increase of USD 250/t in developed countries and USD 175/t
in emerging economies by 2050.

The business-as-usual scenario corresponds to the global CO2 emission
projection if government policies, technologies and social preferences continue
working in the usual way, as seen recently. In this scenario, projections address CO2

emissions above 30 Gt in 2050, showing a slight decline of 10% between 2020 and 2050,
which is far from the carbon-neutral target established by the European Commission.

The rapid transition scenario is based on a series of policy measures, led by a
significant increase in carbon prices and supported by more targeted sector-specific
measures, such as a significant shift away from traditional fossil fuels to non-fossil
fuels, led by renewable energy, in order to achieve a more diversified global energy
matrix (Figure 14). This rapid scenario projection suggests a 70% decline by 2050,
which is consistent with the Paris Agreement targets of limiting the rise in the global
average temperature to well below 2 ◦C above pre-industrial levels (Figure 12).
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Figure 14. Shares of primary energy in the rapid transition scenario. Source:
Graphic by authors, adapted from BP (British Petroleum) (2020).

76



The net zero scenario assumes that the policies in the rapid transition scenario
are reinforced by significant shifts in social behaviors and preferences. Nevertheless,
this scenario believes that an accelerated energy transition cannot be achieved based
only on government policies, and that binding strategies need to be established. The
net zero scenario suggests a deep decline by over 95% in global CO2 emissions by
2050, which will allow meeting the global average temperature rise of well below
1.5 ◦C above pre-industrial levels.

At this moment, it is quite obvious that achieving a carbon-neutral energy
system by 2050 will be a challenging task, requiring enormous efforts by all
stakeholders, spanning social, economic, political and technological points of view.
From the technological perspective, besides developments in new energy systems, it
is undeniable that carbon capture and geological storage, so-called CCS technologies
and specifically carbon capture utilization and storage (CCUS) technologies, must be
included, as suggested by the Paris Agreement, as one of the potential solutions to
meet the targets of carbon neutrality by 2050.

5. Geology Contribution to an Efficient Energy Transition

The contribution of geology on the path to achieving an efficient energy
transition has different approaches. The first and inherent approach deals with
the important role that geology plays in understanding climate change in the general
context of planet Earth’s evolution, which will offer potential tools to calibrate our
future climate models. Three other major geological “contributors” are directly linked
to reducing GHG emissions in this overall energy transition framework, namely,
(1) mineral raw materials to build renewable energy equipment, (2) underground
geological structures for hydrogen storage and (3) underground geological storage
structures for CO2 abatement.

The main target of the energy transition is to shift energy production from fossil
fuels to non-fossil sources, meaning that the ultimate goal is to base the global energy
matrix on CO2-free energy sources. These CO2-free energy sources and technologies,
such as wind, solar, biomass or geothermal, require the exploration and exploitation
of mineral raw materials for their deployment, with the obvious and often seriously
detrimental consequences of the environmental impacts. Additionally, raw materials
are not only needed for the construction of renewable energy equipment, such as
solar photovoltaic panels and aeolian turbines, but also for building battery energy
storage systems, considering the variability and intermittency of renewable sources.

Another important contribution from geology is related to the need for energy
savings and efficiency, commonly associated with hydrogen energy production,
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which can be achieved by managing the heat and cold demand using underground
storage structures (Dalebrook et al. 2013). Hydrogen energy is considered
the key priority of carbon-neutral energy systems, due to its regenerative and
environmentally friendly features. Nevertheless, hydrogen energy has two major
inherent problems: its production and storage. Hydrogen energy production is
complex, and it is not a cost-competitive energy, which must be produced from
water or even hydrocarbons (Dalebrook et al. 2013). Hydrogen has a low critical
temperature of −251.15 ◦C, meaning that hydrogen is a gas at ambient temperature
and atmospheric pressure; therefore, its storage implies a reduction in an enormous
volume of hydrogen gas (Züttel 2003). Despite the significant issues in hydrogen
production, hydrogen storage in large quantities is arguably the most challenging
part of the entire hydrogen energy chain. Hydrogen storage in itself is not the main
problem, a subject already addressed by several authors in recent decades (Yartys
and Lototsky 2004; Zhou 2005; Niaz et al. 2015), and six different methods have
already been sufficiently implemented, namely, (1) high-pressure gas cylinders (up
to 800 bar), (2) liquid hydrogen in cryogenic tanks (at −252.15 ◦C), (3) adsorbed
hydrogen on materials with a large specific surface area (at −173.15 ◦C), (4) absorbed
hydrogen on interstitial sites in a host metal (at ambient pressure and temperature),
(5) chemically bonded hydrogen in covalent and ionic compounds (at ambient
pressure) or (6) oxidation of reactive metals (e.g., Li, Na, Mg, Al, Zn) with water,
and hydrogen is already stored in underground salt cavities in the UK and the
USA. Nevertheless, the hydrogen storage issue can be avoided when hydrogen
production is supported by fossil-based hydrogen processes, namely, blue and gray
hydrogen processes, usually reflecting an efficient alignment between production
and consumption, where production occurs at the site of an industrial consumer, and
usually where significant hydrogen storage is not required. The main issue is the
large-scale storage of hydrogen commonly required for green hydrogen production,
which is powered by intermittent renewable energies. For storing temporally large
volumes of renewable energy surplus, geological options probably have the lowest
cost and represent the best solution (Schoenung 2011; Heilek et al. 2016; Tarkowski
2017; Andersson and Grönkvist 2019; Karakilcik and Karakilcik 2020). Four specific
geological options have been evaluated: salt caverns, depleted oil fields, depleted
gas fields and deep saline aquifers. In fact, these geological options are commonly
used in technological processes of CO2 abatement, which will be discussed later in
this section. Figure 15 shows a scheme for hydrogen production and storage when
using 100% renewable energy sources.
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Figure 15. Renewable energy system scheme with an underground geological
hydrogen storage facility. Source: Graphic by authors, adapted from Tarkowski
(2019).

Salt caverns, which are built in underground salt domes, are the most mature
option for geological storage facilities for hydrogen (Ozarslan 2012; Lemieux et al.
2020; Liu et al. 2020). Several advantages are attributed to salt caverns, such as their
storage efficiency given that only a small fraction of the hydrogen injected is unable
to be extracted from the geological structure, their lack of contaminants and, lastly,
one of the most crucial advantages, their high-pressure operating systems, enabling a
rapid discharge when hydrogen is needed (IEA (International Energy Agency) 2019).
In this context, large-scale underground geological structures will play a crucial role
in the hydrogen energy economy as integrated power plants with grids that rely
mainly on renewable energy sources.

The last geological contribution, and perhaps the most controversial in recent
years to reduce GHG emissions, mainly CO2, is represented by CCS technologies
(Figure 16). CCS technologies (Bui et al. 2018) were well studied at the beginning
of the 21st century, resulting in several well-established geologic screening criteria
for “pure” sequestration/storage of CO2. As previously mentioned, a European
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regulatory framework for geological sequestration/storage of CO2 (Directive
2009/31/EC, Shogenova et al. 2014) was defined in 2009. Directive 2009/31/EC was
prepared for pure sequestration solutions in deep saline aquifers, and it was rapidly
understood that they could be one of the largest potential technical storage solutions
to reduce CO2 emissions (Celia et al. 2015; Khan et al. 2021), but economically
unviable, mainly due to the lack of investor-motivating measures.

CO2 Abatement: State-of-the-art
(Capture + Transport)

Geological storage/sequestration

Mineral
carbonation

Open
systems

Oceanic
CO2 lakes

Diverse
Porous

Lithologies
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Salt
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Deep
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Depleted oil
and gas
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(EOR, EGR)

Coal seams
(ECBM or Pure
sequestration)

Closed
systems

Figure 16. Geological storage solutions for CO2 abatement. Source: Graphic by
authors, adapted from Lemos de Sousa et al. (2008).

The subject became so important that the European Commission requested
the European Academies Science Advisory Council (EASAC) to address the subject
of carbon capture and storage in Europe (EASAC (European Academies Science
Advisory Council) 2013). A similar important concern was developed by Chinese
experts (Jiang et al. 2020). It became clear that to address CCS technologies, the key
point would be to transform these technologies into an effective economic approach
(D’Amore and Bezzo 2017; Kapetaki and Scowcroft 2017; Shogenova et al. 2021).
The term “CO2 utilization” was seen as the obvious solution, which allowed for
the definition of three main categories: CCUS—hydrocarbon resource recovery,
CCUS—consumptive applications and CCU—reuse (non-consumptive) applications
(CSLF (Carbon Sequestration Leadership Forum) 2012).

In CCUS—hydrocarbon resource recovery (EOR), CO2 is used to enhance
hydrocarbon (oil and gas) production, which may partly compensate for the initial
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cost of CCS and contribute to the implementation of long-term CO2 storage in
other geological facilities, such as deep saline aquifers. The CCUS—consumptive
applications involve the formation of minerals, also designated as mineral
carbonation, which results in CO2 storage by “locking up” the carbon component
in the structure of the new mineral formed. In CCU—reuse (non-consumptive)
applications, the temporarily stored CO2 is also not directly consumed, and instead,
the CO2 is reused or used only once while generating some additional benefit.

Additionally, in 2015, the Paris Conference (COP21) highlighted that CCS is one
of the key promising technologies that can effectively contribute to reducing CO2

emissions in the power generation sector, even if CO2 utilization options are used.
Nonetheless, in this section, the main goal is to highlight the role of geological

sites in reducing CO2 emissions, and in such cases, those that allow for CO2

utilization. Therefore, considering the geological solutions for CO2 abatement that
are presented in Figure 16, four main groups can be identified, namely, (1) depleted
oil fields (CO2 enhanced oil recovery—CO2-EOR), (2) CO2 enhanced gas recovery
(CO2-EGR), (3) shale gas reservoirs (CO2 enhanced shale gas—CO2-ESG) and (4) coal
seams (CO2 enhanced coalbed methane—CO2-ECBM). There are several key criteria
for CO2 storage projects that must be reached, which are different for each of the
geological solutions but supported by the same general assessment procedures,
namely, risk assessment; monitoring, reporting and verification requirements;
reservoir simulations; accounting for the amount of CO2 that can be stored;
post-injection monitoring and site closure; economics evaluation; social context
analysis; and legal and regulatory issues (Ajayi et al. 2019; MRI (Mitsubishi Research
Institute) 2020). Certainly, the amount of CO2 that can be stored in a geological site is
one of the most important criteria in the whole key criteria list; thus, in this context,
coal seams could play a major role in the CCUS technology framework.

Coal is a porous medium reservoir characterized by a unique organic
microstructure, which allows for a CO2 storage volume that is much higher than
its pore volume capacity (Rodrigues and Sousa 2002), due to its adsorbed inherent
features. The dominant adsorption characteristics of coal mean that CO2 is mainly
stored in the internal surface area of pores, in a condensed form, which is very close
to the liquid state. Therefore, reservoirs characterized by organic microporous media
signify higher internal surface areas and, consequently, higher storage capacities
(Rodrigues et al. 2015). The main attribute that justifies coal as the better storage
site option and, at the same time, the most permanent and secure solution for CO2

storage in the medium–long term is its high organic matter content (greater than 50%
in weight) (ISO 11760 2005). Besides the CO2 storage capacity, the CO2 injectivity
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rate is also a relevant criterium to select a geological site. The low CO2 injectivity of
a coal seam, due to its low permeability (usually lower than 5 millidarcy—mD), is
undeniably an unfavorable key parameter suggesting not to use ECBM as the most
economically viable CCUS technology.

CO2-EOR projects have the largest potential of the various CO2 utilization
options, and they are the most used to date. In fact, they have been used
on a commercial scale since the 1970s, totalling more than 100 commercial and
pilot/demonstration projects (Ajayi et al. 2019). Yet, due to amazing improvements
in the shale gas sector in recent years (Soeder and Borglum 2019), it is possible
to consider CO2-ECBM as an economically viable solution for CCUS technologies.
These improvements are intimately related to horizontal drilling technologies, which
involve a special form of directional drilling, typically through a formation at a
well inclination of 90◦ from the vertical, using air hammers with rotation, and with
directional control by means of bent housing motors. The well is drilled vertically
until the reservoir’s calculated depth is reached, and then the well is drilled to turn at
an angle that is steadily increased until the well becomes parallel with the reservoir
(Jiang et al. 2017; Guo et al. 2018). The long laterals of horizontal wells increase the
reservoir–well contact, allowing for significant improvement in the reservoir’s CO2

injectivity and therefore in hydrocarbon production, which avoids the commonly
but extremely expensive multi-well drilling approach used in the past.

Over the years, CCS technologies have been applied worldwide to both CO2

pure sequestration and to CO2 utilization. Nevertheless, due to the costs involved
in the entire process, the most implemented type has been the CCUS technologies.
According to the Economic Forecasting and Policy Analysis (EPPA) model developed
by the Massachusetts Institute of Technology, which takes into account several
pre-requisites to perform the assessment of storage capacity (MRI (Mitsubishi
Research Institute) 2019), the word’s total accessible geological CO2 storage capacity
is estimated to be between 8000 and 55,500 Gt, depending on the estimation scenario.
The EPPA model includes the implementation of several CCS technologies, from CO2

pure sequestration to CO2 utilization projects. Considering the pre-requisites needed
to address an efficient assessment of a site storage capacity, eighteen regions were
selected for the model (Table 3). This model presents two distinct approaches: (1) a
lower estimation, where a storage capacity factor of 0.037 Gt of CO2 stored per 1000
km3 of the sedimentary basin is used, and (2) an upper estimation, where a storage
capacity factor of 0.26 Gt of CO2 per 1000 km3 of the sedimentary basin is used.
Therefore, this EPPA model, taking into consideration the annual global CO2 emission
projections proposed by BP (British Petroleum) (2020), which stated that the global
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CO2 peak was reached in 2020, with annual total CO2 emissions of approximately
35 Gt (Figure 12), implies that in the lower estimation scenario, the global storage
capacity will be able to store the emitted CO2 for approximately 228 years, and in the
upper estimation scenario, CO2 abatement through CCS technologies would take
place over approximately 1585 years.

CCS technologies seem to be a plausible option in the short and medium term
to reduce CO2 emissions in the industrial sector. Actually, these technologies are
currently known as the technological solution that will allow fighting for the global
climate change targets, meaning to achieve carbon neutrality by 2050, despite several
challenges related to costs, infrastructure and incentives that must be overcome.
Significant progress has been made in recent decades; in fact, one of the first CCS
projects in the USA, initiated in 1972, remains operating, in which CO2 is captured
in a fertilizer facility (Enid Fertilizer) and utilized in an EOR project (CSLF (Carbon
Sequestration Leadership Forum) 2019). However, it has been during this last decade
that the implementation of CCS projects has increased worldwide. The facility
classification system proposed by CSLF identified two major categories based on
their annual CO2 capture capacity, namely, large-scale CCS facilities (capture capacity
over 0.4 Mt/year), and pilot and demonstration CCS facilities (capture capacity less
than 0.4 Mt/year) (CSLF (Carbon Sequestration Leadership Forum) 2019). Yet, a
new CCS facility classification system was proposed by Global Status of Global
CCS Institute (2020), which, besides the general pre-requisites list (CSLF (Carbon
Sequestration Leadership Forum) 2019), is mainly supported by the commercial
return while operating parameter. Therefore, this new classification established the
following categories: (1) commercial CCS facilities, and (2) pilot and demonstrative
CCS facilities. Today, there are 65 commercial CCS facilities and 34 pilot and
demonstration CCS facilities around the world, but mainly located in North America,
Europe and Asia. From the 65 commercial CCS facilities, 26 are operating, and
they can capture and permanently store around 40 Mt of CO2 per year. In the
present scenario, it is only possible, when using CCS technologies, to provide a CO2

abatement of approximately 0.11% of the 35 Gt of current annual CO2 emissions in
the entire world.

At this stage, it is quite clear that significant improvements are required
throughout the entire energy chain in order to achieve carbon neutrality by 2050.

Gates (2021) was quite emphatic about the different approaches required for
meeting reduction targets by 2030 and net zero targets by 2050. If the world is to
go for the latter, he proposed both what can be done and what needs to be done.
One thing is absolutely essential, and that is innovation at various levels, in order to
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create and roll out breakthrough technologies that can assist in reaching the ultimate
goal by 2050. It is hoped that CCS technologies will play an essential role through
this challenge.

Table 3. EPPA global storage capacity by region.

Estimated Storage Capacity (Gt)

Region Lower Estimation
(0.037 Gt/1000 km3)

Upper Estimation
(0.26 Gt/1000 km3)

Africa 1563 10,986

Australia and New Zeland 595 4184

Dynamic Asia 119 834

Brazil 297 2087

Canada 318 2236

China 403 2830

Europe 302 2120

Indonesia 163 1144

India 99 697

Japan 8 59

Korea 3 24

Other Latin America 606 4257

Middle East 492 3454

Mexico 138 967

Other East Asia 272 1911

Other Eurasia 485 3410

Russia 1234 8673

United States of America 812 5708

Global 7910 55,581

Source: Table by authors, adapted from MRI (Mitsubishi Research Institute) (2019).

6. Conclusions

Whilst the world seeks to better understand climate science and significantly
improve on climate models, predictions and interpretations of data relevant to
so-called climate change, besides addressing the sustainability of resources, and the
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reduction in emissions, in an effort to protect the environment, factors such as energy
economics, security and cost of supply must be properly addressed at all times.

In an ever-changing world, highly dependent on hydrocarbon-based energy
sources, seeking to transition to new so-called cleaner sources, energy security
concerns are heightened and the risks for disruption increase significantly. Such a
transition needs to be as unincumbered as possible and should take into account
the energy return on energy investment (EROEI) in order for sensible measures
and policies to be put in place and succeed in delivering the end result. Current
investments significantly favor renewables, but it seems as if work is being conducted
at the expense of a major increase in additional natural resources and space, adding
to even more environmental pressures. New renewable technologies will continue
to raise the problem of waste disposal and recycling, adding further to the global
concern of pollution and waste management, with a direct impact on nature, land
and human and animal life. Under-investment in the old economy in favor of the
new economy will result in disruption to the energy supply chain, recently referred to
as the “revenge of the old economy” (Gillespie 2021), with all the economic impacts
and consequences that accompany it.

In conclusion, it is quite obvious that the energy transition system, mainly
supported by the idea of replacing fossil fuels, which are still responsible for about
80% of global primary energy in 2021, by renewable sources, is an essential step
required by the global energy sector, in order to try to meet the targets of carbon
neutrality by 2050, which is considered to be a difficult, if not impossible, task to
reach. This subject has been discussed since the 1970s and was strongly raised with
the implementation of the first Kyoto Protocol commitment, but the current global
climate scenario is far from the main target, that is, net zero emissions.

The general analysis presented in this manuscript seeks to consider the different
aspects relating to climate and to global energy demands. The energy transition must
be conducted in a gradually and consistent manner to avoid massive disruptions to
the energy and human development chains whilst seeking to ameliorate the impacts
of climate change. Evidently, innovation and new developments need to come into
play to accelerate the pace of change well beyond the impact seen from the current
suit of alternative energy sources, namely, renewables. In this approach, fossil fuels
will most likely continue to share the global energy matrix, although they will start
decreasing, but most likely not in the medium term. To achieve carbon neutrality
by 2050, a significant and intense multi-disciplinary effort in all sectors is required,
with radical changes or improvements to cause a significant reduction in fossil fuel
consumption that can only result from processes that are not available as of yet. This
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may include the likes of hydrogen, and perhaps an increased nuclear contribution
to the energy matrix, but much work is required in a very short period of time (30
years).

The contribution of geology to the energy transition phase, which forms part
of the drive to achieve the target of zero carbon by 2050, is multi-faceted. Batteries
required to store energy produced from intermittent renewable sources require
mineral raw materials. Large-scale facilities required to store large volumes of
hydrogen can be provided by geological structures, such as salt caverns, depleted oil
and gas fields and deep saline aquifers. Finally, given that a rapid energy transition
to a fossil fuel-free energy system is presently impossible, CO2 will continue to be
emitted, and the most efficient solution to reduce CO2 emissions into the atmosphere
is to apply CO2 abatement technologies, such as CCS technologies, by selecting the
best underground geological structures through a set of key criteria.
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Knutti, Reto, Joeri Rogelj, Jan Sedláček, and Erich M. Fischer. 2015. A scientific critique of the
two-degree climate change target. Nature Geoscience 9: 13–18. [CrossRef]

Kovac, Ankica, Matej Paranos, and Doria Marcius. 2021. Hydrogen in energy transition: A
review. International Journal of Hydrogen Energy 46: 10016–35. [CrossRef]

90

http://doi.org/10.1016/j.apenergy.2019.114026
http://doi.org/10.1016/j.ngib.2017.07.018
http://doi.org/10.1016/j.rser.2019.109601
http://doi.org/10.1016/j.earscirev.2018.03.008
http://doi.org/10.1029/2002JD002677
http://doi.org/10.1126/science.1141038
http://www.ncbi.nlm.nih.gov/pubmed/17615306
http://doi.org/10.1007/s00704-013-0960-7
http://doi.org/10.1016/j.egypro.2017.03.1816
http://doi.org/10.1038/ngeo2595
http://doi.org/10.1016/j.ijhydene.2020.11.256


Lemieux, Alexander, Alexi Shkarupin, and Karen Sharp. 2020. Geologic feasibility of
underground hydrogen storage in Canada. International Journal of Hydrogen Energy
45: 32243–59. [CrossRef]

Lemos de Sousa, Manuel, Cristina Fernanda Rodrigues, Maria Alzira Dinis, and Gisela
Marta Oliveira. 2008. Overview on CO2 Geological Sequestration. Porto: Universidade
Fernando Pessoa.

Liu, Wei, Zhixin Zhang, Jie Chen, Deyi Jiang, Fei Wu, Jinyang Fan, and Yinping Li. 2020.
Feasibility evaluation of large-scale underground hydrogen storage in bedded salt rocks
of China: A case study in Jiangsu province. Energy 198: 117348. [CrossRef]

Metso: Outotec. 2021. Battery Metals. Available online: https://www.mogroup.com/
commodities/battery-metals/ (accessed on 28 June 2021).

Mills, Marker P. 2019. The “New Energy Economy”: An Exercise in Magical Thinking. New York:
Manhattan Institute, p. 23.

Mills, Marker P. 2020. Mines, Minerals, And “Green” Energy: A Reality Check. New York:
Manhattan Institute, p. 19.

Mitchell, Dann M., Yuen Tung Eunice Lo, William J. M. Seviour, Leopold Haimberger, and
Lorenzo M. Polvani. 2020. The vertical profile of recent tropical temperature trends:
Persistent model biases in the context of internal variability. Environmental Research
Letters 15: 1–11. [CrossRef]

Molloy, Patrick, and LeeAnn Baronett. 2019. The Truth about Hydrogen, the Latest, Trendiest
Low-Carbon Solution. Available online: https://www.greenbiz.com/article/truth-
about-hydrogen-latest-trendiest-low-carbon-solution (accessed on 28 June 2021).

Moore, Patrick. 2019. The Positive Impact of Human CO2 Emissions on the Survival of Life on Earth.
Winnipeg: Frontier Centre for Public Policy, p. 30.

MRI (Mitsubishi Research Institute). 2019. Think & Act. Corporate Communications Division.
Tokyo: Mitsubishi Research Institute, Available online: https://www.mri.co.jp/en/
about-us/info/group_report/index.html (accessed on 5 July 2021).

MRI (Mitsubishi Research Institute). 2020. FY2019 Study on the Infrastructure Development Project
for Acquisition of JCM Credits (International Cooperation in CCUS) Report. Environment and
Energy Division. Tokyo: Mitsubishi Research Institute, p. 310.

Niaz, Saba, Taniya Manzoor, and Altaf Hussain Pandith. 2015. Hydrogen storage: Materials,
methods and perspectives. Renewable and Sustainable Energy Reviews 50: 457–69.
[CrossRef]

Nordhaus, William. 2018. Projections and Uncertainties about Climate Change in an Era
of Minimal Climate Policies. American Economic Journal: Economic Policy 10: 333–60.
[CrossRef]

Ozarslan, Ahmet. 2012. Large-scale hydrogen energy storage in salt caverns. International
Journal of Hydrogen Energy 37: 14265–77. [CrossRef]

91

http://doi.org/10.1016/j.ijhydene.2020.08.244
http://doi.org/10.1016/j.energy.2020.117348
https://www.mogroup.com/commodities/battery-metals/
https://www.mogroup.com/commodities/battery-metals/
http://doi.org/10.1088/1748-9326/ab9af7
https://www.greenbiz.com/article/truth-about-hydrogen-latest-trendiest-low-carbon-solution
https://www.greenbiz.com/article/truth-about-hydrogen-latest-trendiest-low-carbon-solution
https://www.mri.co.jp/en/about-us/info/group_report/index.html
https://www.mri.co.jp/en/about-us/info/group_report/index.html
http://doi.org/10.1016/j.rser.2015.05.011
http://doi.org/10.1257/pol.20170046
http://doi.org/10.1016/j.ijhydene.2012.07.111


Park, Jeffrey, and Timothy D. Herbert. 1987. Hunting for Paleoclimatic Periodicities in a
Geologic Time Series with an Uncertain Time Scale. Journal of Geophysical Research: Solid
Earth 92: 14027–40. [CrossRef]

Persson, Erik K. 2019. What Is the Link Between Temperature, Carbon Dioxide and Methane?
A Multivariate Granger Causality Analysis Based on Ice Core Data from Dome C in
Antarctica. Master’s thesis, Uppsala University, Uppsala, Sweden.

Pielke, Roger. 2020. Understanding the Great Climate Science Scenario Debate. New York: Forbes,
Available online: www.forbes.com/sites/rogerpielke/2020/02/03/understanding-the-
great-climate-science-scenario-debate/?sh=5f3251bb26a7 (accessed on 11 October 2021).

Pol, Katy, Valérie Masson-Delmotte, Sigfús Johnsen, Matthias Bigler, Olivier Cattani,
Gael Durand, Sonia Falourd, Jean Jouzel, Bénédicte Minster, Frédéric Parrenin, and
et al. 2010. New MIS 19 EPICA Dome C high resolution deuterium data: Hints for a
problematic preservation of climate variability at sub-millennial scale in the “oldest ice. ”
Earth and Planetary Science Letters 298: 95–103. [CrossRef]

Rahman, Muhammad Ishaq-ur. 2013. Climate Change: A Theoretical Review. Interdisciplinary
Description of Complex Systems 11: 1–13. [CrossRef]

Ritchie, Hannah, and Max Roser. 2017. CO2 and Greenhouse Emissions. Our World
in Data CO2 and Greenhouse Gas Emissions Database. Available online: https:
//ourworldindata.org/atmospheric-concentrations (accessed on 28 June 2021).

Rodrigues, Cristina F., and Manuel J. Lemos de Sousa. 2002. The measurement of coal porosity
with different gases. International Journal of Coal Geology 48: 245–51. [CrossRef]

Rodrigues, Cristina F., Maria A. P. Dinis, and Manuel J. Lemos de Sousa. 2015. Review of
European energy policies regarding the recent “carbon capture, utilization and storage”
technologies scenario and the role of coal seams. Environmental Earth Sciences 74: 2553–61.
[CrossRef]

Rosen, Amanda M. 2015. The Wrong Solution at the Right Time: The Failure of the Kyoto
Protocol on Climate Change. Politics & Policy 43: 30–58.

Schernikau, Lars, and William Hayden Smith. 2021. How Many km2 of Solar Panels in Spain
and How Much Battery Backup Would It Take to Power Germany. Available online:
https://ssrn.com/abstract=3730155 (accessed on 2 May 2021).

Schoenung, Susan M. 2011. Economic Analysis of Large-Scale Hydrogen Storage for Renewable
Utility Applications. Alburquerque: Sandia National Laboratories, p. 41.

Schwarzacher, Walther. 1993. Milankovitch cycles in the pre-Pleistocene stratigraphic record:
A review. Geological Society Special Publications 70: 187–94. [CrossRef]

Shaviv, Nir J. 2008. Using the oceans as a calorimeter to quantify the solar radiative forcing.
Journal of Geophysical Research 113: 1–13. [CrossRef]

92

http://doi.org/10.1029/JB092iB13p14027
www.forbes.com/sites/rogerpielke/2020/02/03/understanding-the-great-climate-science-scenario-debate/?sh=5f3251bb26a7
www.forbes.com/sites/rogerpielke/2020/02/03/understanding-the-great-climate-science-scenario-debate/?sh=5f3251bb26a7
http://doi.org/10.1016/j.epsl.2010.07.030
http://doi.org/10.7906/indecs.11.1.1
https://ourworldindata.org/atmospheric-concentrations
https://ourworldindata.org/atmospheric-concentrations
http://doi.org/10.1016/S0166-5162(01)00061-1
http://doi.org/10.1007/s12665-015-4275-0
https://ssrn.com/abstract=3730155
http://doi.org/10.1144/GSL.SP.1993.070.01.13
http://doi.org/10.1029/2007JA012989


Shogenova, Alla, Kris Piessens, Sam Holloway, Michelle Bentham, Roberto Martínez, Kristin
M. Flornes, Niels E. Poulsen, Adam Wójcicki, Saulius Sliaupa, Ludovít Kucharič, and
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