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1.INTRODUCTION

Considerable changes are impacting our society due to the rapid socioeconomic development that has
taken place in the last few decades. The number of people with access to electricity has increased by
1.7 billion since the 1990s while the global demand for energy is expected to increase 30% by 2040,
which will dramatically affect CO, emissions. As long-term effects, climate change will maintain socie-
tal inequalities in specific areas, bringing floods, failed crops, displacement, and famine to entire pop-
ulations. Dealing with those issues diverts investments and actions from other priorities, e.g. the cur-
rent COVID-19 pandemic. Effective investment in CCS is strategically important, actively acting now
on CO, emissions and mitigating their effects instead of doing more expensive remediation afterward.

|”

The EU communication and roadmap “Green Deal” aims to make Europe a greenhouse gas-free region
by 2050 [1]. It also aims to promote neutral capital and health protection in the EU by mitigating en-
vironmental risks. The Green Deal is in line with the United Nations’ targets of 2030 for sustainable
development. Binding targets to be met by Green Deal include [1]: a) increasing the EU’s climate am-
bition by 2030 and 2050, b) supplying clean affordable and secure energy, c) mobilising the industrial
sector towards clean and secure technology, d) building and renovating in an energy and resource

efficient way, and e) a zero pollution-ambition, among others.
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Figure 1. Industrial worldwide emissions originating from different sectors (2017 [2])

Reducing the amount of carbon dioxide (CO,) released to the atmosphere is a vital step in meeting
these goals. Naturally it is important to find ways to cut down on emissions produced, which vary de-
pending on the industry generating these emissions (Fig. 1). Other approaches involve capturing CO,
before release and then either fixing it or using it for another purpose. Various measures will be need-
ed to achieve substantial gains in reducing the amount of CO, released into the atmosphere and sus-

tainable energy use.

This report offers a brief introduction to carbon capture technologies in use or being investigated, par-
ticularly in the energy industry, which emits a considerable amount of CO, (~7.5% in 2017) [2] in the
course of producing the materials, fuel and power that make our lifestyles possible. The earth sciences
are very important in many of these technologies, meaning that geologists, geoscientists and geoengi-

neers have an essential role in sustainable progress.
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2.CARBON CAPTURE AND STORAGE TECHNOLOGIES

To achieve the target of using clean energy, several CO,-capturing methods and technologies are cur-
rently implemented [3]. Carbon capture and storage (CCS) technologies aim to capture CO, emissions
from point sources such as thermal power plants using fossils fuels and industrial processes, thus con-
tributing to the mitigation measures related to the reduction of greenhouse gas (GHG) emissions. CO,
is captured and transferred to a selected site for long-term geological storage or is used to produce

products with the objective of an economic benefit.

2.1 CARBON CAPTURE

CO, capture technologies are available nowadays but still remain costly; in fact, they make up 70-80%
of the total cost of a full capture, transport and storage system [4]. Consequently, significant efforts
are being focused on the reduction of operating costs and energy consumption. There are three main

capture technologies.

2.1.1 Pre-combustion capture

The pre-combustion capture process is mainly applied in power production systems and chemical in-
dustries. In the power sector, it typically works with solid fuels such as in Integrated Coal Gasification
Combined Cycle (IGCC) Power Plants. The coal is gasified to produce a synthetic gas (syngas) and re-
acts with water to produce CO,, and hydrogen. With regard to the chemical production, pre-combus-
tion is mainly applied in ammonia manufacturing. Prior to ammonia synthesis, the CO, that is co-pro-

duced with hydrogen is removed and sometimes used to react with ammonia to produce urea. For CO,
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pre-combustion capture applications, trends in materials technology development principally include
amine-based solvents, physical solvents, membranes and solid sorbents. High construction costs and

decreased short-term flexibility are identified as the most important disadvantages of the technology.

2.1.2 Post-combustion capture

Post-combustion technologies are the preferred option for retrofitting existing power plants. In
this process, CO, is separated from flue gas after fuels have completely burned. The main challenge
for post-combustion CO, capture is the large parasitic load associated with the low CO, levels in
post-combustion flue gas (i.e., 7%-14% for coal-fired and as low as 4% for gas-fired). The term par-
asitic load refers to the energy consumption during post-combustion capture (PCC). This energy is
associated mainly with the regeneration processes of the solvent [5]. Reduction of parasitic load is one
of the most important priorities that must be considered in PCC. Thus, research efforts are focused
mainly on the design of new chemical processes and novel power plants that will require lower energy
consumption for the capture compared to the compression energy [5]. Accordingly, the energy con-
sumption and the associated costs for the capture unit to reach the concentration level of CO, needed
for transport and storage are estimated to be high. However, post-combustion processes exhibit low-

er fuel costs and capital (€/ MWh) than those of oxy-fuel [6].

2.1.3 Oxy-fuel combustion capture

Oxy-fuel combustion can be applied in power generation related to fossil-fuelled plants, cement pro-
duction and the iron and steel industry [7]. In contrast to standard combustion using air, fuel combus-
tion occurs in an oxygen-enriched (i.e. nitrogen-depleted) environment, burning fuel with nearly pure
oxygen (>95%) mixed with recycled flue gas, consisting mainly of CO, and H,O. The substitution of N,
by CO, and H,O leads to the reduction of the flame speed, resulting in poor combustion performance.
High-temperature materials are thus required. The residual gases contain a CO, concentration of
80%-98%, depending on the fuel used [8]. The main attraction of oxy-fuel combustion is that there is
no need for chemicals for CO, separation and thus no environmental costs related to their use. Fur-
ther developments are required in oxygen separation from air; to decrease the energy costs and the

amounts of pure oxygen that are needed. In addition, the environmental impacts related to production
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are high due to the high energy consumption required, whereas the costs are further increased com-

pared with a plant without CCS[9,10].

2.2 CO, UTILISATION

The term CO, utilisation describes the conversion of CO, into new marketable products. CCU tech-
nologies are primarily assessed on their potential to contribute to the goals of Paris Agreement [11].
Carbon capture and utilisation (CCU) can supply products (such as polymers, fuels and methanol)
that sequester CO,, perhaps for a few seasons or maybe for only some weeks or days [12]. This pro-
cess combines industrial development (production of industrial products) with mitigation of climate
change (reduction of CO, emissions in the atmosphere). CO, is used as a carbon source in the industri-

al sector, providing the potential for both mitigation of climate change and for industrial development.

CO, capture and utilisation (CCU) is an old concept, which was initially implemented to produce urea.
At the current stage, there are many available CCU methods, including catalytic reduction and direct
addition [12]. These products can be commercially utilised, either directly or after conversion [13].
Examples of direct utilisation include use in the food and drink industry, as well as conversion of CO,
into chemicals or fuels. Although CO, can serve as a petrochemical alternative in the production of
chemicals and fuels, it presents significant drawbacks associated with the high energy consumption
required for its conversion [3]. The two most important concerns regarding CO, utilisation are: (1)

limited duration of storage and (2) the current scale and immaturity of the technology.

2.3 CO, GEOLOGICAL STORAGE

Geological storage (Fig. 2) is the most viable method for storing large quantities (up to several tens of
millions of tonnes) of trapped CO, [14]. It has been estimated that the CO, storage potential can reach
400-10,000 Gt for deep saline aquifers [15]. Geological parameters that must be taken into consider-
ation before the implementation of CO, storage methods include the porosity-permeability and the
thickness and depth of the reservoir formation, as well as the presence of a cap rock with good sealing

properties [14]. Additional factors that substantially affect the implementation of geological storage
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methods include safety issues (CO2 leakage) and socio-economic conditions such as social acceptance

and cost parameters [14].

Figure 2. Overview of geological storage and enhanced oil and gas recovery cases (Adapted from [16])

2.3.1 Deep saline formations

Saline formations are deep water-saturated sedimentary rocks with high concentrations of dissolved
salts [3]. Although they are abundant in water, these formations are considered unsuitable for human
health and agricultural activities [3,17,18]. CO, can be injected and dissolved into the formation water
providing the potential for long-term carbon storage through mineralisation. Potential risks and prob-
lems are well known and manageable [18]. The most common issue that must be considered prior to
CO, storage concerns the possibility of CO, and/or brine migration into groundwater aquifers or into
the atmosphere. These problems can be caused by the acidic water pH (due to dissolution of the inject-
ed CO,), with significant impacts on water quality, rock stability and well-cement properties [18]. In
addition, hydrated CO, (due to high H,O fractionation) is more corrosive to metal piping thandry CO,

[17]. Thermo-mechanical effects can be caused by temperature differences between the injected CO,
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and water, as well as by thermal stress processes [18]. However, risks can be substantially mitigated by
the following measures: a) conducting detailed geological studies for identification of potential fault
zones in the well domain, b) keeping the injection pressure below critical values and c¢) conducting nu-

merical simulations with all available data on geological features and leakage risks [18].

2.3.2 Abandoned coal mines and salt caverns

CO, storage in abandoned coal mines is a sustainable option due to the higher permeability and injec-
tivity of already mined coal seams in comparison to unmineable ones. CO, storage in abandoned coal
mines is accomplished through the following physical mechanisms [19]: a) adsorption on the remain-
ing coal, b) solution in the mine water and c) compression in the empty space of the mine. Key factors
that must be considered prior to the implementation of CO, storage include [20,21] a) the absence of
lateral communication with other mines (to avoid gas migration) and/or between the mine reservoir
and the surface (to avoid gas leakage), b) low water influx to prevent potential gas leakage and c) a
minimum depth of 500 m for the mine top. However, sequestration of CO, in abandoned coal mines
presents significant difficulties associated with structural defects such as faults or effects associated
with the mining activity, as well as water influx problems. To prevent water influx the reservoir pres-
sure must be 30% greater than the hydrostatic pressure [21]. Thus, risk factor assessments must be

conducted prior to the implementation of CO, injection into abandoned coal mines [22].

The term salt cavern refers to artificial underground cavities resulting from drilling processes. Drilling
wells pump water to the salt formation, creating a controlled dissolution process of the salt-rock. The
dissolved salt returns to the surface in the form of brine. In some cases, the geometrical volume of a
salt cavern reaches up to 1,000,000 m® or more [23]. Salt caverns exhibit significant advantages for im-
plementation of CO, storage such as their high sequestration efficiency and high filling rate. Concerns
regarding the storage of CO, in salt caverns are associated with their depth and their low capacity
[24], as well as CO, containment. Hence, parameters that must be considered for long-term CO, stor-
age in salt caverns are [25] a) salt creep, b) compressibility of CO,, ) CO, leakage from caverns and d)

CO, leakage along the wells.
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2.3.3 Depleted hydrocarbon fields

In depleted hydrocarbon fields, it is possible to increase reservoir pressure again by replacing forma-
tion water by CO,. Depleted hydrocarbon fields provide the potential for long-term and cost-effective
(low operational cost) CO, storage. These structures have well known physical parameters such as
porosity, permeability and storage capacity. In addition, significant existing equipment is already in
place and can be re-used for CO, storage. The potential additional recovery of oil and gas (EOR-EGR)
can further balance the operational costs. The documented history of hydrocarbon fields proves that
they have stored hydrocarbon for a long geological period, which remarkably reduces uncertainties
regarding CO, containment and storage capacity [26]. However, many research studies point out that
there is aleakage risk due to seal penetration by legacy wells, casing vent flow, tubing failures, cement

degradation and wellbore properties [27].

2.3.3.1 Enhanced oil recovery (EOR)

CO,-enhanced oil recovery (CO,-EOR; Fig. 3) has emerged as a major option for productively utilising
CO, emissions captured from industrial plants. Oil fields can provide secure, well characterised sites
for storing CO,, while at the same time providing revenues to offset the costs of capturing CO,. Eco-
nomic benefits associated with CO, ~-EOR methods include the extension of the function of significant
oil fields for long periods, even over a decade [28]. However, this technology is less relevant in Europe

than in the US or Middle East.

Figure 3. Schematic illustration of enhanced oil recovery and CO, storage [29]
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2.3.3.2 Enhanced gas recovery (EGR)

The term enhanced gas recovery (EGR) describes the recovery process of natural gas from hydrocar-
bon reservoirs. This gas can be contained within sands, shales and coal seams [30]. EGR provides the
potential for storage of injected CO,, which further accelerates gas recovery by keeping a constant
reservoir pressure and increasing the sweep efficiency [31]. Recent studies indicate that EGR will po-
tentially favour countries with limited oil fields but large gas reservoirs [32]. The major risk concerning
the implementation of EGR techniques is associated with the potential mixing of CO,with natural gas.
This can significantly affect the gas quality and cause natural gas contamination. CO, presents high
dissolution in formation water, density and injectivity to methane. These features potentially affect
the efficiency of CO,-EGR [32]. In general, the efficiency of CO,-EGR depends on the operating condi-
tions, reservoir properties, the type and length of the injection wells (horizontal vs. vertical), as well as

the physicochemical interactions that take place between different phases [33].

2.3.4 Coal Seams

In most cases, coal seams suitable for CO, storage occur at depths greater than 800 m, corresponding
to temperature and pressure (critical) conditions that exceed 31°C and 7.4 MPa, respectively [34].
Issues that must be considered prior to injection of CO, into coal seams concern the upward and/
or lateral migration of CO, into adjacent aquifers. In general risks tend to reduce with the increasing
depth of the coal seam [35]. Additional concerns are associated with the swelling effects of the coal
seam during CO, injection. Swelling is substantially reduced by temperature increase (reduced sorp-
tion capacity of coal), whereas it is increased by high injection pressures that significantly affect the
coal stress and pore space [35]. Physical parameters of coal seams, including coal structure (intact and
tectonic coals), significantly affect their porosity, which determines the amounts of gas desorption in

long-term storage [34,36].
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2.3.5 Mineralisation

Mineralisation is an accelerated form of weathering of naturally occurring silicate rocks and has been
proposed as an alternative approach for CO, sequestration. The procedure involves the dissolution of
the captured CO, into water during the injection into the rock via an injection well. In this process the
injected CO, bubbles are dissolved in water, avoiding the CO,-buoyancy and mitigating risks associat-
ed with CO, migration into adjacent permeable formations [37]. In mineral carbonation, acidic water
derived from the dissolved CO, reacts with the metal oxides (such as MgO or CaO) of the reservoir
rock to form carbonates in a chemical process. Magnesium and calcium are normally found in nature
in the form of silicate minerals such as serpentine, olivine and wollastonite. Rock types suitable for
implementation of CO, mineralisation include basalts, ultramafic rocks and sandstones. Basaltic rocks
present the appropriate physicochemical properties for CO,-mineralisation due to their abundance
of Ca-FeMg-bearing minerals [38]. In basalt, low alteration grade, silica undersaturated composition,
abundance of Ca-bearing minerals and high porosity are among the most important parameters for
implementing long-term and safe CO, storage scenarios [38]. Regarding sandstones, their widespread
distribution, physicochemical properties (permeability and pH buffer capacity [39], coupled with their
mineralogical composition (plagioclase, alkali-feldspars, calcite, quartz, clay minerals) favour their im-
plementationin CO_-mineralisation. In the case of serpentinites, the reaction of CO, with the abundant
Mg-bearing silicate minerals of the ultramafic rock provides the potential to produce large amounts of

Mg-carbonate minerals such as magnesite [40,41].

Carbon mineralisation also provides the potential for long-term storage of large CO, volumes of CO,
[37,42]. Risks associated with carbon storage through mineralisation mostly concern potential con-
tamination of underground water due to the dissolution of toxic metals (such as Al and Cr) from the
reservoir rocks [37]. Thus modelling simulations and monitoring methods are measures that have to

be implemented in order to mitigate risks.
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3.CCS PROJECTS

There is a growing presence of CCS on the global scale. Based on the Global Status of CCS report, 51
large scale projects were active in 2019 [43]. Of these projects, 19 were in operation, 4 under con-
struction, 10 in advanced development, and 18 in early development [43]. The facilities in operation
and construction have the capacity to capture and permanently store around 40 million tonnes of CO,,

every year [43].

North America has taken the lead in CCS technologies, possessing 13 of the world’s large-scale op-
erating CCS facilities. The Great Plains Synfuels plant in North Dakota captures CO, from the coal
(lignite) gasification process, producing syngas (hydrogen and carbon monoxide) for energy use and
chemical production. It has delivered around 38 million tonnes of CO, for EOR in the Weyburn and
Midale fields in Canada since 2000. The Shute Creek gas processing plant in Wyoming, witha CO,, cap-
ture capacity of 7 Mtpa (million tonnes per annum), has cumulatively captured more than 100 million
tonnes of CO, from natural gas processing operations for use in enhanced oil recovery. The Alberta
Carbon Trunk Line (ACTL), a 240-kilometre CO, pipeline that began operation in June 2020 and of-
fers CO, transport services to industry in Alberta, Canada. The North West Redwater Partnership’s
Sturgeon refinery and an oil refinery and fertiliser plant jointly supply around 1.6 Mtpa of CO, via the

pipeline to EOR operations in central Alberta.
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The off-shore CO,-EOR facility of Petrobas is located in Brazil. In 2019 Petrobas managed to capture
10 million tonnes of CO,, aiming to reach the target of storing more than 40 million tonnes of CO, until

2025 [43].

There are two large-scale CCS facilities that are currently operating in Norway, capturing and storing
1.7 million tons of CO, per annum. The Sleipner project was the first commercial-scale project for
off-shore geological CO, storage, operating since 1996 and storing around 1 Mpta of CO, per year
[43]. More recently in Norway the Snohvit gas project, provided offshore injection into the Tubaen
formation and now into the Sto formation [43]. CarbFix is a large-scale CCS project that was initialised
in Iceland during 2007. Its concept includes the implementation of CO,-H,S injection (produced by
an adjacent geothermal power plant) into basaltic rocks. Estimates indicate that during 2017 10,000
tonnes of CO, were injected into basalts. Other injection operations include the In Salah injection in

Algeria, which was operational from 2004 to 2011 and injected approximately 0.5 Mt CO, a year.

Chinaleads CCS activity in Asia with one large-scale facility in operation, two in construction and five
in early development [43]. Japan has currently five pilot and demonstration CCS facilities in operation.
In the United Arab Emirates, the Abu Dhabi National Oil Company (ADNOC) is developing its second
CCUS facility aiming to capture 1.9 to 2.3 Mtpa of CO, using EOR [43].

CO, injection commenced at the Gorgon natural gas processing plant on Barrow Island off the coast
of Western Australia in August 2019. This will be the world’s largest dedicated geological CO, storage
in terms of full capacity, storing up to 4.0 Mtpa CO, [44].
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4. GEOLOGY AND CCS

The role of geology in the implementation of CCS activities is crucial. Different disciplines of geology
contribute to CCS and to CO, storage in general. Geological mapping, field geology, structural geol-
ogy, geophysics, geochemistry, mineralogy, oil and gas drilling and geological modelling are some of
the disciplines required for CCS. The exploitation of the geological site for potential storage of CO,
starts with an examination of the geological background of the suggested area by geologists. In case of
existing information, such as for oil and gas fields, further examination of the storage site and further

data are required.

Prior to CO, injection, a series of baselines should be observed to identify the dynamic nature of the
local environment and subsurface parameters. The data acquisition programme should be tailored to
make best use of the wellbore construction phase and consider the proposed injection profile of the
sequestration project. Consideration should be given to installation of fibre optic and electroresistivity
tomography cables behind the casing during wellbore construction for stress/strain and acoustic mea-
surements [45] and imaging sub-surface structures and localised matrix fluid changes. A programme
of environmental monitoring including soil gas, water sampling, wellbore sampling and passive seis-
mic should be designed specifically for the injection area and wellbores with periodic reviews [46].
The data obtained will be used to pattern match against the predictive models and provide correction

where needed.
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In particular, geological scientific fields that significantly contribute to the development and imple-
mentation of CCS are the following: a) geological mapping, which is requested for new areas or areas
with a low degree of geological information, b) petrological, mineralogical and geochemical studies
that investigate the physicochemical features (mineralogical-chemical composition, porosity and per-
meability) of the potential storage formations, c) geophysics and seismic data, when available, d) deep
drilling data to gain accurate information on the CO, potential storage site, and e) geological model-

ling, which is an essential part of the assessment of the area.

The role of geologists is not restricted to the assessment of a potential region to serve as a CCS site.
This contribution should be integrated with the rest of the techniques involved in this industry, such
as the engineering and economic sides of building CCS projects, to ensure optimal development. A key
aspect here is communicating to other disciplines, which needs to be implemented from the planning
phase. Geologists also contribute with their knowledge on the monitoring of CO,, in order to ensure
the safety of the storage complex. Safety and risk assessments are always necessary to evaluate po-
tential sources of CO, leakage or seepage away from the storage complex, in order to plan remedia-
tion options. CO, is likely to remain stored for millions of years. Therefore, the safety of subsurface
storage can be supported by the several known natural accumulations of CO,, which can be used to

gather further knowledge on containment conditions.
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