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Although geological carbon sequestration is considered one of the pillars required to achieve the goals of

the Paris Agreement, only a few demonstration sites are currently being developed around the globe. Lab-

scale tests, pilot-scale tests, and a few pioneering demonstration projects suggest that substantial amounts

of CO2 could be stored in depleted hydrocarbon reserves, saline aquifers, basalts and un-minable coal

reserves, albeit a number of risks need to be managed. In this paper, we identify key features of potential

geological sequestration sites and study their feasibility via a social-economic assessment, including

technical parameters such as volumetric capacity, and reservoir characteristics such as porosity, depth,

formation thickness, and initial water saturation. Several geographical sites were further studied in terms

of the lifetime duration of a possible geological repository for a preliminary economic assessment.

Among the five sites considered, i.e., Cantarell in Mexico, Oloibiri in Nigeria, Frigg in Norway, Rio Vista in

the United States of America and Romashkino in Russia, our analysis identifies the Frigg Field as the most

favourable site for geological carbon sequestration because of its significant volumetric capacity, no

obvious cautionary technical issues, optimistic economic outlook, and extensive social support. Although

preliminary, our results suggest that a viable industrial operation could be maintained for several decades

in this location, paving the way for the global implementation of geological carbon sequestration

required to achieve the goals of the Paris Agreement.
Environmental signicance

Large scale adoption of carbon sequestration is required to mitigate excessive carbon emissions to the atmosphere, which are primarily generated by the
industrial and power sectors. Here, we consider potential sites around the globe which possess the capacity to store substantial quantities of carbon dioxide. Out
of the sites considered, analysis of technical, economic and societal requirements has identied the most feasible sites globally. The approach implemented
could help identify future sequestration sites to ensure the necessary measures are taken to avoid excessive accumulation of CO2 in the atmosphere.
1. Introduction

A growing global population with increasing standards of living
has led to an expanding industrial sector and an alarming
increase in fossil fuel dependence. However, the use of fossil
fuels has led to the emission of large quantities of carbon
dioxide (CO2), a greenhouse gas (GHG) whose increased
concentration in the atmosphere is associated with climate
change, correlated with increased warming of the Earth's
surface. The Paris Agreement aims to limit this increase in
global temperature to “well below 2 �C”,1 which requires, within
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tion (ESI) available. See DOI:

155
many different scenarios, signicant reductions in CO2 emis-
sions, and perhaps also in capturing part of the CO2 already
present in the atmosphere. In fact, since the industrial revolu-
tion, atmospheric CO2 concentration has increased by 47%.2

Carbon Capture and Sequestration (CCS) is a process in
which CO2 is captured, preferably from high concentration CO2

emitters such as power or industrial sources, but also from the
atmosphere when feasible, and is then transported to an
appropriate site for long-term storage.3 There are different types
of sequestration methods such as terrestrial sequestration,
ocean sequestration and geological sequestration.4 The focus of
this paper is geological carbon storage, whereby CO2 is
compressed and injected into underground formations. Suit-
able geological formations include depleted oil and gas reser-
voirs, coal beds, aquifers and basalt formations.5 Although it is
widely accepted that geological carbon sequestration is required
to achieve the goals of the Paris Agreement, few industrial-scale
operations are currently underway, presumably because of
several risks and concerns, ranging from induced seismicity, to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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future liability in case of escape, in the long term, of the
sequestered CO2. It is noted that prior pilot-scale CCS projects
are vital in providing key learnings, including from technical,
economic, and social aspects. We survey below the key learnings
achieved from selected pilot-scale CCS operations conducted
around the globe, which provide the foundations for techno-
socio-economic evaluations for future geological carbon
sequestration projects. Out of 14 possible geological sites
considered, we short-listed three nearly depleted hydrocarbon
sites. We discuss below their commercial deployment and
identify economic, technical and social factors that could
discriminate a feasible site for industrial-scale CO2

sequestration.

1.1. Point sources of CO2

According to current literature, the largest CO2 emissions arise
from transport, industrial and electricity generation sectors.
The primary emission sectors are similar, globally. Prime point
sources, therefore, include power facilities and CO2-emitting
industries such as cement, iron and steel manufacture.6 Meth-
odologies for storing CO2 from these locations will be consid-
ered in what follows.

1.2. Methods for geological carbon sequestration

Geological carbon storage involves the separation of CO2 from
industrial emissions, compression, transportation to injection
sites, and injection into deep subsurface formations to achieve
long-term storage. Promising formation candidates include
coal seams, deep saline aquifers, basaltic rocks and depleted or
mature oil and gas elds.7,8 Of concern is the possibility that the
stored CO2 would eventually seep back to the atmosphere over
the years. Potential sites with presumably suitable caprocks are
identied in an effort to minimise this possibility.

1.2.1. Depleted hydrocarbon reservoirs. Carbon storage in
depleted hydrocarbon reservoirs requires CO2 to ll, at least
partially, the pore space in sedimentary rock formations and to
remain within these cavities indenitely; impermeable rocks,
known as caprocks, are expected to impede the CO2 leakage to the
surface or to other locations. This approach is oen considered as
the most viable geological sequestration option,9 mainly for three
reasons: (1) depleted hydrocarbon sites have been studied for long
periods, leading to large datasets and information that can assist
reducing operational risks;8 (2) costs can be reduced since injec-
tion wells and other facilities are already in place;9 (3) enhanced
oil recovery (EOR), a technique oen adopted to recover residual
oil-in-place, can be promoted by CO2 injection.8 It should be
recognised that drilling and injecting in depleted hydrocarbon
reservoirs involve a pressure build up, which could result in
formation damage and potential uid leakages through the cracks
formed. This risk can likely be managed, as demonstrated by the
SACROC project, which has been running in a depleted hydro-
carbon reservoir for over 50 years.10

1.2.2. Saline aquifers. Saline aquifers are sedimentary
rocks containing saline uids. Formations with sufficient
porosity and permeability can be chosen for sequestration
projects when they are located at depths of at least 800 m below
© 2022 The Author(s). Published by the Royal Society of Chemistry
sea level. When CO2 is injected into saline aquifers, oen at
supercritical conditions, it can be more buoyant than the
reservoir uids; therefore, CO2 would tend to rise to the top,
while some of the injected CO2 could dissolve within the brine.
In some cases, the dissolution of CO2 in saline water alters
porosity, permeability and transport pathways for CO2 within
the reservoir,11 therefore, a layer of impermeable caprock is
oen required to trap CO2.

An advantage of saline aquifers compared to other forma-
tions is their high porosity, which yields high capacity for
storage, which has been estimated in around 1000–10 000 giga
tonnes of CO2.11 It has been estimated that saline aquifer
formations can retain CO2 for 1000–10 000 years.11 A successful
example of such carbon storage implementations is the Sleip-
ner project, in which more than 17 Mtonne of CO2 has been
stored.12 However, since no pre-existing infrastructure is
generally available at these sites, it is expected that large capital
investments are required to build the infrastructure and to
minimise leakage risks.12

1.2.3. Un-mineable coal beds. Un-mineable coal beds
represent potential targets for geological carbon sequestration
because coal has a high adsorption capacity for CO2. Injected
CO2 is adsorbed into the rock matrix of the coal seam and
trapped physically by cleats within the coal due to the intrinsic
low permeability of the formation. It has been estimated that
CO2 could remain sequestered within the coal bed for up to 105–
106 years, as long as the formation remains unmined. Injected
CO2 may also displace methane, which could lead to enhance
natural gas recovery.13 In general, the competitive adsorption of
CO2 and methane in coal needs to be better understood to
further this attractive technology.13 An example project of un-
mineable coal beds is FLEXIS, in Poland, which focuses on
carbon sequestration without combined enhanced methane
recovery operations.

1.2.4. Carbon mineralisation in basaltic formations.
Basalts are dark rocks formed by the rapid cooling of lava from
volcanic eruptions. They contain high quantities of magnesium,
iron and calcium, are weakly basic, and can react with CO2 in
a mineralization reaction, forming a nonbuoyant solid
carbonate.14 Extensive amounts of water are usually needed for
the mineralization, which at the moment renders such
sequestrations nearly twice as expensive compared to other
geological sequestration methods.15 However, global estimates
suggest that mineralisation in basaltic formations, worldwide,
could permanently sequester up to 100 000 Gtonnes of CO2.
Further, because of mineralisation, caprocks are not required to
prevent CO2 leakage. Although recent studies suggest that CO2

can form minerals within one year of injection,16 the method is
still being optimised, for example to reduce water usage and
control the kinetics of the reaction. Recent success has been
reported by the related CarbFix and CarbFix2 projects in
Iceland.15
1.3. Examples of carbon sequestration projects

To understand the feasibility of future implementation of
carbon sequestration, it is necessary to learn best practices from
Environ. Sci.: Adv., 2022, 1, 138–155 | 139
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current demonstration projects being pioneered around the
world. Here we summarise different CCS project, referring to
the technologies briey summarised in Section 1.2.

1.3.1. Depleted hydrocarbon reservoirs – SACROC, Texas.
CO2 injection in the Scurry Area Canyon Reef Operators
Committee (SACROC) oil eld in Texas, USA, began in 1972.
This project is recorded as one of those which injected the
largest amounts of CO2 so far, globally.17 In this project, CO2

injection facilitates enhanced oil recovery (EOR). In this CO2-
EOR project, about 100 million tonnes of CO2 have been stored.
The long-term duration of the site acts as a good reference in
examining and assessing future projects in depleted hydro-
carbon formations.

The SACROC site has 1700 wells and 240 active injectors.18

Monitoring of surrounding groundwater supplies suggests that
the shale caprock formation has successfully acted as a seal.
Examination has been carried out on a sample of Portland
cement wells (well 49-6) at the SACROC site. The results show
that the structural integrity of the wells tested has been retained
aer 30 years of CO2 exposure, which has successfully prevented
signicant transport of uids through cement.19 Shallow
groundwater has been slightly contaminated with a small
quantity of oil-eld brine, which could potentially be due to
leakage of CO2-saturated brine through shale matrices or pits at
the surface.20 The observations from this project indicate that
the sequestration of CO2 over a relatively long time can be
achieved via storage in mature oil reservoirs, as long as an
adequate seal is in place.

1.3.2. Saline aquifers – Sleipner, Norway. Sleipner, oper-
ated by Equinor, is an offshore carbon storage project that
began operations in 1996 in Norway.21 The Sleipner project has
provided a useful understanding of the technical and economic
requirements of monitoring CO2 storage in saline aquifers.22

Nearly onemillion tonnes of CO2 per year has been stored in the
aquifer, �1 km below sea level.21 The overlying shale layers act
as a caprock seal with a pressure threshold high enough to
contain the CO2 stored underneath.23 In this project, operators
found uncertainty concerning the integrity of the seals, which
demanded high monitoring costs.21 Via 3-D seismic surveys, the
operators monitored rigorously the operation and found that
5% of the pore volume has been occupied since 2008;23 the
reports suggest the enduring integrity of the caprock in place. In
part because Sleipner was a pioneering project initiated when
few operational guidelines were in place, in part because of the
extensive seismic monitoring approaches implemented in this
project, and in part for other reasons, the cumulative opera-
tional costs of the Sleipner project have exceeded $100 million.

1.3.3. Un-mineable coal beds – Flexis, Poland. The project
FLEXIS commenced in September 2020, with a strategy to inject
CO2 into coal seams in a test site in Mikolow, Poland.24 Current
plans are outlined for pilot testing followed by eld testing over
an approximately 5 year period. At the pilot site, CO2 injection
and comprehensive monitoring of safety risks will occur in
conjunction with lab testing and modelling work meant to
monitor changes in formation permeability under sequestra-
tion conditions;17 assuming the pilot will succeed, a larger-scale
commercial site will be chosen for quantifying the eld-scale
140 | Environ. Sci.: Adv., 2022, 1, 138–155
efficiency of CO2 injectivity as well as for conducting a techno-
economic analysis. Best practice procedures could be learned
from Australia, where carbon sequestration in deep un-
mineable coal seams has been attempted.25,26 At this stage, it
is understood that CO2 sequestration in un-mineable coal beds
requires extensive studies, at lab- to eld-scales, before it is
accepted as a feasible method for commercial carbon storage.

1.3.4. Basalts – CarbFix, Iceland. The ongoing CarbFix
project in Iceland is storing CO2 in the basalt formation used for
geothermal energy production in the region. Once hot water
generates power in the turbines, the ‘spent’ CO2–water mixture
is injected into the target basalt formation. The mixed uid
reacts with basalts and forms a solid carbonate, which immo-
bilises the CO2 within the formation. The process is considered
successful, with an annual storage capacity of 12 000 tonnes; it
has been estimated that 80% of the injected CO2 has been
successfully mineralized within one year of operations.15 During
part of the CarbFix project, 10–20 ktonnes per year of CO2 has
been injected, exhibiting the rapid carbon mineralization
rates.27 Current estimated costs for the CarbFix method range
between $20–$30 per tonne of CO2; it is expected that CO2

mineralisation in basalt will most likely be successful in regions
with volcanic activity.27 Although more experience through pilot
studies is required to mitigate the risks associated with this
carbon sequestration strategy,28 recent developments suggest
a possibility of using seawater for achieving CO2

mineralisation.29

In summary (see Table 1), the above analysis suggests that, at
present, the most attractive geological storage method for CO2

sequestration is using depleted hydrocarbon elds. Advantages
include low capital costs, signicant availability of essential
reservoir data, extensive knowledge of the geochemical
processes involved in the operation, and overall manageable
safety risks. This said, the other technologies also present
advantages, and it is expected they could soon be viable at scale.
1.4. Criteria for selecting a potential CO2 geological
sequestration site

As outlined above, the requirements for the success of
a sequestration site are extensive. A comprehensive feasibility
study is essential when choosing a carbon sequestration site,
given the potential leakage risks and the high operational and
monitoring costs. Previous results have indicated signicant
factors that need to be considered to estimate risks are: tech-
nical parameters, economic viability, and social concerns.30,34

We discuss these aspects in details below.
1.4.1. Technical parameters
Formation geology. Appropriate geology of the rock formation

is essential for the successful storage of CO2. The best-suited
rocks for storage are sedimentary rocks. Such rocks are fav-
oured because they possess a porosity sufficiently high for
storing a signicant amount of CO2 and have a high surface
horizontal permeability that aids well injectivity.31

Fluid state of CO2 in the formation. A factor affecting the
storage capacity is the uid state of CO2, which depends on the
depth, temperature and pressure conditions of the reservoir.31 It
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of learnings from pilot carbon sequestration studies

Technology Case study Benets Drawbacks

Depleted hydrocarbon reservoir SACROC, Texas � Vast amount of data available for
the formation

� Existing wells could lead to
preferential pathways for CO2 leaks

� Decreased costs with facilities
already in place

� Potential large distances from
point sources of CO2 to remote
storage sites

� Further economic viability due to
potential for enhanced oil recovery

Saline aquifers Sleipner, Norway � Large capacities for storage � No pre-existing infrastructure
available incurring greater costs

� Signicant depths � The integrity of saline formations
acting as an effective seal is
uncertain

� Physical properties could help
prevent CO2 leaks

Basalts Carbx, Iceland � Successful mineralization of CO2

within one year
� Method is still in research stages

� Potential prevention of future CO2

leaks
� Potential large amount of fresh
water usage (Basalts)

Un-minable coal beds FLEXIS, Poland � Potential for methane production
connected with CO2 sequestration

Table 2 Parameters required for consideration in choosing a carbon
sequestration site34

Parameters Positive indicators Cautionary indicators

Depth 1000–2500 m <800 m or >2500 m
Permeability >300 mD 10–100 mD
Interval thickness [50 m <20 m
Porosity >20% <10%
Density 300–1000 kg m�3 <300 kg m�3

Residual water saturation Less High
Distance between CO2 source
and target formation

<300 km >300 km
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is optimal for CO2 to be in a supercritical state so that the CO2

occupies the smallest pore volume possible, therefore achieving
the maximum storage capacity, while its viscosity allows for
good processability. The supercritical state implies that the
density of CO2 is similar to that of the liquid state, and that its
viscosity is similar to that of the gas phase, a condition which
can be achieved at temperatures above 32 �C and pressures
above 73.7 bar; the minimum depth required for these condi-
tions is �800 m.10 In general, these conditions are likely found
in deep geological reservoirs.32

Trapping mechanism. Assessment of seals and well integrity is
essential to CO2 trapping.33 The trapping mechanism depends
on the reservoir characteristics, such as conning CO2 under
a low-permeability cap rock, mineral trapping which dissolves
the CO2 to form carbonate precipitates, and/or leveraging
surface tension to conne CO2 in pores as an immobile phase.20

To choose a suitable CO2 storage site, a screening process
taking into consideration all the aforementioned parameters is
required. Such preliminary screening can be conducted using
as reference the parameters summarised in Table 2.

1.4.2. Economic viability. Economic viability is an essential
aspect when evaluating a potential geological site. Since CO2

pipeline transportation costs are highly variable and dependant
on the nature of the terrain the infrastructure passes through,
the lowest-cost point source close to the storage site is essential
to secure longevity of the operation.35 Costs encountered prior
to the storage stage include feasibility studies, capture and
transportation. Cost during storage includes capital costs which
comprise of infrastructure for injection, drilling of wells, initial
surveys and other eld requirements. Operational costs include
running monitoring networks, maintenance and labour costs.11

For economic feasibility to be achieved, our assumption is
that the cost of sequestration must be lower than the imposed
carbon tax. Indeed, governments introduce carbon taxes
© 2022 The Author(s). Published by the Royal Society of Chemistry
primarily to reduce carbon emissions. If the storage project
costs less than the enforced taxes, point source companies will
be encouraged to implement the sequestration methods. For
example, the Sleipner eld, mentioned above, commenced
carbon sequestration methods in 1996 probably for a number
of reasons, including the Norwegian government's carbon
taxes. The storage site receives credits, yielding an attractive
return on investment.36 It should be pointed out that carbon
tax regimes are different in different parts of the world, which
could affect geopolitical decisions in this eld. For example,
the 45-Q tax credit has applied to the sites in the US.136

However, we did not nd information about whether the Rio
Vista site, the only US site in this study, has benetted from 45-
Q tax credits. The other sites considered in this study are
outside of the US.

1.4.3. Social acceptability assessment. The success of
a carbon sequestration project is heavily reliant on the support
of a range of stakeholder groups, including government, local
population, non-governmental organizations (NGOs), policy-
makers, investors, contractors and social media. For example,
(1) securing governmental support is essential, and political
Environ. Sci.: Adv., 2022, 1, 138–155 | 141
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leaders frequently, but not always, endorse CO2 storage
projects. (2) Local's views have had signicant impacts on past
CCS projects; public concern over CO2 leakage disrupted the
Schwartz Pump project close to populous towns in Germany,
possibly in part because of the involvement of NGO groups.37,107

(3) Environmental groups could promote unfavourable views,
stating the CCS process is insufficient to tackle climate change
within the required time, which could impede or delay the
implementation of carbon storage projects.38 (4) Local policy-
makers can also play a key role in determining the outcome of
a project. For example, the Dutch Barendrecht project, intended
to store CO2 from a Shell renery, failed due to resistance from
local authorities causing delays in securing the permissions
required for execution of the plan.39 In sum, it is becoming
increasingly apparent that stakeholders' perceptions translate
to support or resistance to the project, and this oen deter-
mines the project's fate. We provide an exemplar Stakeholder
groups analysis in Table 3.

We generate a stakeholder matrix in Fig. 1 to identify the best
communication strategy for each of the stakeholders groups
discussed in Table 3. Our analysis suggests that: (1) signicant
time and efforts must be devoted to liaising with governments,
local authorities, and investors to support geological carbon
storage projects. (2) Regulations and nancial assets will ulti-
mately deem the feasibility of the project. (3) It is likely essential
to keep close communication with suppliers and contractors, to
ensure excellent technical support, as they will inuence the
Table 3 Stakeholder analysis for a potential geological carbon sequestr

Stakeholder Category Reasons to be interested in the

Local population � Job opportunities
� Safety of the project
� Unaffected living conditions

Policy Makers (nationwide) � Remediating negative impact

� Improving the countries globa
GHG emissions
� Sharing responsibilities to rem
environmental impacts
� Socio-economic development

Policy Makers (municipality wide) � Relating safety to surrounding
and environment
� Increasing attractiveness of in
region
� Socio-economic development

Financial Investors � Economic success of the proje
net positive result
� Expanding portfolios and incr
environmentally conscious repu

Non-Governmental Organizations � Safety of the project to the en
surrounding communities

Suppliers and Contractors � Creating long-term contracts
upkeep of the project
� Financial benets

Media � Providing information of the
� Gaining public attention

142 | Environ. Sci.: Adv., 2022, 1, 138–155
long-term success of the project. (4) Given the examples we
examined above, it is essential that local communities and
NGOs are supportive and are kept satised with the planning
and development of the project. (5) Transparency and complete
involvement, from the planning stages of a project onwards, are
required to maintain a social license to operate. (6) Last but not
least, media perception is important, although this might have
lesser signicance as it is highly dependent on other stake-
holders, who should be actively involved.
2. Methodology

Based on the above overview, long-term CO2 storage in depleted
hydrocarbon elds has been considered as the most viable and
economic option for the time being. It has been estimated that
80% of the world's oil reserves are suitable for CO2 recovery.40

We initially considered 14 sites throughout the world, as listed
in Table 4. It should be noted that, because the peak production
in these sites occurred as far back as in the middle of the
twentieth century, we did not include the potential benet due
to hydrocarbon production via EOR in our analysis – we just
focused on costs and benets due to CO2 sequestration. Out of
these 14 geological sites, a few were short-listed (see Table 5) via
this workow: (1) the list of possible sites is narrowed down to
those sites which have peaked in production at least 15 years
ago and are considered at least 85% depleted of their Estimated
Ultimate Recovery (EUR). (2) Because a concentrated point
ation project

project Inuence on the project

� Willing local workforce
� Vocal inuence on policymakers

on environment � Potential for government nancial support/
investment

l position in � Issuing regulations impacting the feasibility of
the project

ediate negative � Prioritisation of different projects

communities � Opportunities to lobby

vestment in the � Inuencing perception of local public and
higher-lever policy makers

ct, a nancial � Providing nancial resources for the project

ease an
tation
vironment and � Potential to lobby against the project

� Potential to create a negative perception of the
project to other stakeholders

for sustainable � Technical feasibility of the project to meet
requirements

project � Inuencing general perception of the project
� Inuencing the reputation of the operating
company
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Fig. 1 Stakeholder matrix, indicating a possible engagement strategy
for some of the stakeholder groups with different levels of interest on
a carbon sequestration project.
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source is considered necessary for the long-term success and
viability of the project, sites found in countries holding only
CO2 point sources of <30 million tonnes of CO2 per year were
discarded. (3) Out of the remaining sites, only those found
within countries which were assumed to have sufficient
economic capacity to accomplish a geological carbon seques-
tration project were selected, and those found within countries
with ongoing political unrest were also omitted. This procedure
led us to short-list potential elds in Mexico, Nigeria, Norway,
Table 5 List of chosen potential carbon sequestration sites

Site Field index Company Year

Cantarell, Mexico I Peroleos Mexicanos 1976
Oloibiri, Nigeria II Shell 1956
Frigg, Norway III Total SE 1977
Rio Vista, USA IV Rosetta Resources 1936
Romashkino, Russia V Tatne 1948

Table 4 List of nearly depleted sites considered for the exercise dis-
cussed herein

Country Site Year of peak Depletion ration

Saudi Arabia Ghanwar Field 2005 8% (ref. 41)
Kuwait Burgan Field 2005 14% (ref. 42)
Mexico Cantarell Field 2004 92% (ref. 43)
Russia Samorlor Field 1980 73% (ref. 44)
Russia Romashkino 1949 85% (ref. 45)
Nigeria Oloibiri 1964 85% (ref. 46)
USA Rio Vista 1940 87% (ref. 47)
Norway Frigg 1990 89% (ref. 48)
Pakistan Qadirpur 2017 43% (ref. 49)
Libya East Central Mabruk 1999 8% (ref. 50)
Netherlands Groningen 1980 6% (ref. 51)
Libya Zella 1998 60% (ref. 52)
China Daqing 2008 4.50% (ref. 53)
USA Atlantis 2007 57% (ref. 54)

© 2022 The Author(s). Published by the Royal Society of Chemistry
the USA and Russia. When several possible geological sites are
available within a country, a single depleted eld was selected in
that country by considering the shortest distance (100–300 km)
from large carbon emitters, supporting reduced costs and risks
related to CO2 transportation. We note that the initial list of
potential sites (Table 4) contains two from USA; the Rio Vista
site outperforms the Atlantis one based on our selection criteria
because its peak production year was in 1940 as opposed to
2007, and because its depletion ration is estimated in 87%.
Therefore, the Rio Vista site was chosen for further investiga-
tion. This selection does not imply that the Rio Vista site is
proposed here as representative of sequestration in the entirety
of the US. The geographical location of the shortlisted sites is
shown in Fig. 2, in relation to the global CO2 storage potential.

From the ve sites identied in Table 5, we conducted
a techno-socio-economic feasibility study to narrow down our
choice to the single potentially most feasible site for carbon
sequestration. The following workow was implemented, as
schematically represented in Fig. 3.

(1) Conduct a volumetric estimation to quantify the capacity
of the site compared to the amount of CO2 produced towards
estimating the duration of a possible project.

(2) Quantify the economic feasibility based on existing
carbon tax implications.

(3) Perform qualitative country-specic social analysis, to
understand existing resistance and possible support for the
implementation of carbon sequestration demonstration
projects.

2.1. Technical analysis

2.1.1. Reservoir parameters and ranking criteria. A ranking
exercise was performed to assess the technical feasibility of each
site. The ranking was produced based on optimal ranges
extracted from literature for each of the parameters listed in
Table 2. Parameters that fall within the optimal value range are
given a rank of 5, while non-optimal values, estimated to be
within the cautionary conditions, are given a rank of 1. Other
values between the positive and cautionary ranges are ranked
in-between. For example, because offshore sites entail more
costly facilities and requirements for intensive monitoring,67

they are regarded as less than optimal and are therefore ranked
at 3; on the contrary less cost-intensive onshore sites are ranked
at 4.

2.1.2. Volumetric method. Assuming that the injected CO2

will fully replace the reservoir uid in place (i.e., hydrocarbons),
we adopted the volumetric method to estimate the theoretical
discovered
Year of peak hydrocarbon
production

Country CO2 emissions
(Mtonne per year)

(ref. 55) 2004 (ref. 55) 665.3 (ref. 56)
(ref. 57) 1964 (ref. 57) 82.1 (ref. 57)
(ref. 58) 2004 (ref. 58) 33.6 (ref. 59)
(ref. 60) 1951 (ref. 60) 670 (ref. 61)
(ref. 62) 1993 (ref. 62) 150 (ref. 62)
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Fig. 2 Geographical location of the five sites shortlisted in Table 5 in relation to the global CO2 storage potential.63–66
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capacity for carbon storage in each eld.68 For completeness, it
should be noted that due to the presence of reservoir uids and
geological heterogeneities, the value calculated by this method
likely corresponds to the maximum capacity achievable within
a given eld. Following the best practices identied by the US
Department of Energy,68 the method implemented calculates
the original gas in place (OGIP), via:

G ¼ A � Th � 4 � (1 � Sw) � B. (1)

In eqn (1), G is the storage capacity in m3, A is the eld area in
m2, Th is the eld thickness in m, 4 is the average reservoir
porosity in %, Sw is the reservoir water saturation. B is the gas
formation volume factor in Rm3 per Sm3 (reservoir cubic metres
per standard cubic meters); based on literature information, B
was assumed to be 1.46 Rm3 per Sm3 for carbon sequestration
in hydrocarbon formations.69

To estimate the mass of CO2 that could be stored, the
following equation is used:

Q ¼ A � Th � 4 � (1 � Sw) � B � rCO2
(2)

In eqn (2), Q is the mass capacity in tonnes, where rCO2
, the CO2

density in kg m�3, is calculated by the Span–Wagner equations
of state.137

2.1.3. Point source analysis and estimate of the seques-
tration project duration.We identify potential CO2 point sources
for the possible geological sites. It is noted that in our analysis (1)
direct CO2 capture from air is not considered as a carbon source
here due to its expected high costs; (2) in the event the CO2

source was to close down unexpectedly, the sequestration project
is considered affected, yielding nancial risks. From this
perspective, we choose relatively new industrial operations as
optimal point sources of CO2, because they are considered to
offer geographical advantages to the geological sequestration.
144 | Environ. Sci.: Adv., 2022, 1, 138–155
Finally, the injection rate in the potential sites was assumed to be
similar to the CO2 emission rate of the nearby facilities; shallow
locations were chosen for ease of operations.

An estimate of the duration of the geological sequestration
project (limited by the capacity of the geological formation as
estimated from eqn (1) and (2)) will be useful for assessing
nancial risks and implications, as discussed later in the
analysis of the net present value. To estimate the lifetime of the
sequestration project, i.e., time to reach CO2 capacity (tmax), we
divided the estimated mass capacity by the rate of injectivity per
well, multiplied by the number of wells available for the
process:

tmax ¼ Q

E �N
; (3)

where Q is the capacity of the eld in tonnes, E is the rate of
injectivity per well in tonnes/year, and N is the number of wells.
2.2. Economic analysis

We implement a preliminary AACE (Association for the
Advancement of Cost Engineering) Class 5 Cost Estimate.70 This
approach factors in capacity and parametric models,91 thereby
providing valuable information for project screening and
selection. The data has been collated and reported in ESI.† The
results will be compared to the carbon tax to assess the net
present value for the different projects, as well as for ranking the
correspondent internal rates of return.

2.2.1. Main assumptions. (1) Lifetime of the projects are
estimated initially as 20 years, taken as the average injection
period of past projects.91 Note that this assumption holds as
long as eqn (4) yields a value larger than 20 years, otherwise
a different value should be used. (2) The capital investments are
staggered over a period of ten years, following suggestion by the
UK Department for Business, Energy and Industrial Strategy on
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Workflow for the proposed technical, economic and societal analysis.
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business models for Carbon Storage.71 (3) The annual carbon
tax credit enforced by governmental policy in each country is
based on disposing of 50% of the total yearly point source
emissions.67 (4) Operational costs are approximated as xed per
site per year for the 20 year period. (5) The single source of
revenue for the project is due to carbon tax credits. (6) Costs
related to post-injection monitoring and well plugging are
included in the analysis.

To calculate the costs for the implementation of carbon
sequestration at the potential sites, the following interventions
are considered:72

(1) Geological site surveys
© 2022 The Author(s). Published by the Royal Society of Chemistry
(2) Well construction
(3) Old well remediation
(4) Post injection requirements
(5) Operating, monitoring and maintenance
Annual revenue is calculated as:

Rt ¼ In � OpEX, (4)

where In is the annual income, dependent entirely on the
carbon tax credit, and OpEX is the annual operational cost for
each site where monitoring costs are evaluated in Table S6 of
ESI.†
Environ. Sci.: Adv., 2022, 1, 138–155 | 145
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Table 7 Ranking of the reservoir parameters for each site considered

Site Cantarell Oloibiri Frigg Rio Vista Romashkino

Field index I II III IV V

Depth 4 1 4 4 5
Permeability 5 4 4 3 4
Thickness 5 1 3 4 2
Porosity 3 4 5 5 4
Density 4 4 5 4 1
Off/onshore 3 4 3 4 4
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The Net Present Value (NPV) is calculated by:135

NPV ¼
Xt¼19

t¼0

ðRt � ItÞ
ð1þ iÞt ; (5)

where t is the number of years into the future and i is discount
factor. t¼ 0 is the immediate time at the start of the project and
t ¼ 19 is the time at the end of the project lifetime, i.e. 20
years.

The Norwegian Environmental Agency (NEA) advises imple-
menting a discount rate (i) of 4% for NPV analysis over the rst
40 years duration of a project.73 For simplicity, this value is
implemented for all sites considered here. This choice is
consistent with literature studies on globally inclusive discount
rates, which implement values between 2% and 5%.74 Because
projected ination rates for the three countries within which
the sites of Table 5 are located are between 2 and 3%, an average
2.5% ination rate is considered for the analysis, which
provides an adjusted discount rate of 6.6%.75–77

The internal rate of return (IRR) is estimated by imple-
menting a goal-seek algorithm to satisfy the condition that NPV
¼ 0, by changing the discount rate. IRR is useful to potential
investors since it is independent of project scale, while NPV is
not. Investors with options to invest elsewhere will have
a minimum threshold for an acceptable IRR.
3. Results and discussion
3.1. Technical analysis

The key technical parameters which must be maintained within
suitable ranges are discussed in Section 1.4. Data for each of the
ve sites have been collated for analysis in Table 6. In Table 7,
we provide our ranking of the properties of interest. It should be
stressed that this ranking is somewhat subjective. Nevertheless,
it helps us compare the possible sites.

Based on data shown in Tables 6 and 7, it appears that the
Oloibiri and Romashkino sites are sub-optimal, because of their
inferior formation thickness and depth, and CO2 densities,
respectively, compared to the other sites considered. (1) Low
thickness can lead to risks of loss of containment, while deep
formations imply much high drilling costs, which could lead to
Table 6 Reservoir parameters for the five potential sites identified in Ta
with (*))

Site Cantarell, Mexico Oloibiri, Nigeri

Field index I II

Location Offshore Onshore
Depth (m) 1500 (ref. 30) 3660* (ref. 57)
Permeability (Darcy) 3–4 1.94
Interval thickness (m) 100 (ref. 30) 6–18* (ref. 79)
Porosity (%) 12–20* (ref. 78) 19–24 (ref. 79)
Temperature (�C) 67.7 (ref. 78) 122 (ref. 80)
Pressure (bar) 190.83 (ref. 78) 350 (ref. 80)
CO2 density (kg m�3) 648.52 613.30
Fluid state Supercritical Supercritical
Initial water saturation (%) 21 (ref. 30) 33 (ref. 79)

146 | Environ. Sci.: Adv., 2022, 1, 138–155
an economically infeasible project. (2) Because high CO2

densities are advantageous for optimum storage, low density
could limit the storage capacity of the site and also lead to high
CO2 mobility. To complement the characterisation of the
potential sites, their storage capacities were estimated, and the
results are summarised in Table 8. The results conrm that the
storage capacity in the Oloibri and in the Romashino sites is
estimated to be lower than that in the remaining three sites
(Cantarell, Frigg and Rio Vista), which received satisfactory
rankings for most parameters considered in Table 7.

It is highly desirable for a potential eld site to hold signi-
cant volumes of sequestered CO2; this will improve the technical
feasibility of the project. Furthermore, larger amounts stored are
likely to offset capital costs faster, reducing the average cost of
storing CO2, thereby ensuring an acceptable return on invest-
ment. The results in Table 8 show that the largest storage
capacities are offered by the Cantarell, Frigg and Rio Vista sites.
It should however be recognised that the real storage eld
capacity is somewhat lower than the upper limits estimated in
Table 8 due to uncertainty in storage volume estimates,67 and
due to the presence of other uids within the formation.

Out of the three promising sites identied so far, Frigg and
Rio Vista elds exhibit all characterisation parameters (Tables 6
and 7) within desirable ranges; on the contrary, the porosity of
the Cantarell eld is on the lower limit of the desirable range.
The latter shortcoming was considered minimal in our analysis
because of the large storage capacity offered by the Cantarell
site (Table 8).
ble 5 (parameters representative of cautionary conditions are marked

a Frigg, Norway Rio Vista, USA Romashkino, Russia

III IV V

Offshore Onshore Onshore
1850 (ref. 59) 1367 (ref. 60) 1800 (ref. 83)
1–5 (ref. 81) 1 (ref. 60) 1–3.5 (ref. 83)
10–80 (ref. 82) 15–100 (ref. 79) 30–40 (ref. 83)
27–32 (ref. 81) 19–35 (ref. 79) 14–24 (ref. 83)
60 (ref. 82) 81 (ref. 60) 65 (ref. 83)
223.4 (ref. 81) 210 (ref. 60) 120 (ref. 83)
756.70 612.32 382.88*
Supercritical Supercritical Supercritical
26 (ref. 82) 20 (ref. 60) 19 (ref. 83)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Estimated maximum CO2 storage capacity of the field sites shortlisted in Table 5

Site Cantarell78 Oloibiri84 Frigg85 Rio Vista60 Romashkino45

Field index I II III IV V

Country Mexico Nigeria Norway USA Russia
Reservoir area (m2) 1.62 � 108 1.375 � 107 1.15 � 108 1.2 � 108 4.2 � 107

(1 � Sw) (%) 79 67 73.8 80 81
G (m3) 1.28 � 109 2.38 � 107 1.13 � 109 1.44 � 109 2.59 � 108

Q (kg) 8.30 � 1011 1.46 � 1010 8.53 � 1011 8.79 � 1011 2.12 � 1011

Q (tonne) 8.30 � 108 1.46 � 107 8.53 � 108 8.79 � 108 2.12 � 108
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For the three most attractive sites as identied so far, an
analysis was carried out to identify potential point-source large
CO2 emitters. The results, shown in Table 9, suggest that all
three sites are within a reasonable distance from concentrated
sources of CO2, which entails moderate transportation costs. It
should be noted that all the point-sources identied in Table 9
are located in proximity of additional reneries and power
plants, suggesting that additional CO2 emissions can be used, if
necessary. To calculate the duration to ll the eld, the rate of
injectivity for each well is employed from literature as 260
tonnes/year assuming 255 operational days in the year.86 It is
worth repeating that this is an estimate. To change the duration
of a project one could for example use CO2 from multiple
emitters and use several injection sites within a formation.
However, to decide injection rates one should also consider
possible risks of induced seismicity, as it has been reported that
injecting water in the subsurface with high ow rates could
trigger seismic events.134 Excluding safety and technical feasi-
bility considerations, increasing the injection rate could
shorten the duration of the project, anticipating possible reve-
nues expected form the carbon tax. Analysis on the sensitivity of
NPV and IRR on this parameter has not been conducted herein,
but it could be done with straightforward modications of the
model developed here.
Table 9 Point source large CO2 emitters in geographical proximity of the
7

Site Field index Point source Sector

D
p


Cantarell Mexico I CFE Central
Termoeléctrica
Adolfo Lopez
Mateos

Electricity generation F
P
9
th
T

Frigg Norway III Equinor ASA
Mongstad

Oil & gas F
o
M
4
T

Rio Vista USA IV Chevron Renery
California

Oil & gas B

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2. Economic analysis

The analysis of capital costs, inclusive of preparatory work
conducted to enable the sites to be functional, geological
modelling, survey of existing wells as well as upgrading of the
existing wells to enable CO2 injection, drilling of new wells and
other costs related to maintaining the wells aer injection is
completed is presented in ESI,† together with assumptions
made to estimate the various cost components. In Table 10, we
summarise the resultant capital costs estimated for the short-
listed three sites.

The operational costs are estimated for the three sites on an
annual basis. In our analysis, we accounted for labour
costs,116–122,133 monitoring and maintenance, mechanical testing
and detection and nally surveying.123–128,132 The details of the
calculations, together with assumptions made, are reported as
ESI.† The resultant operational costs per annum are reported in
Table 10 for the three sites of interest. In our analysis, these
costs are considered constant throughout the 20 years of
operation.

As mentioned above, income for the operations considered
here is assumed to only be due to carbon tax offset. The carbon
tax is a fee imposed by governments that emitters must pay
based on each tonne of CO2 released by various private enter-
prises.90 Because the successful execution of carbon sequestra-
tion will prevent CO2 release to the atmosphere, the industrial
emitters whose CO2 is being captured and sequestered are
three shortlisted geological sites based on the analysis of Tables 6 and

istance from
oint source to
eld (km)

Point source
emissions, E
(tonnes year)

Injectivity rate86

(tonnes per day)
Years to ll
the eld

ield is 80 km offshore 4.3 � 106 (ref. 87) 9360 348
ower station is
1.9 km from
e harbour
otal is 171.9 km
ield is 209 km
ffshore

4.0 � 106 (ref. 88) 8320 403

ongstad renery is
km from the harbour
otal is 303 km
y land 93 km 4.8 � 106 (ref. 89) 10 400 332
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Table 10 Summary of capital and operational costs estimated for the
three field sites. The capital costs are expressed on a yearly basis to
reflect that capital operations will be spread over the first decade of
operations, following suggestion by the UK Department for Business,
Energy and Industrial Strategy on business models for Carbon
Storage71

Site Cantarell Frigg Rio Vista

Field index (Table 4) I III IV

Capital cost (M$ per year) 4.5 5.2 2.7
Operational costs (M$ per year) 10.285 13.120 15.653

Table 12 Net present value over the 20 year period for the three sites
shortlisted in Tables 6 and 7

Site Cantarell Frigg Rio Vista

Field index I III IV

Net present value ($M) �420 486 362
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expected to save the relevant carbon taxes. In our analysis, prot
for the operator engaged in the sequestration project is based
on the difference between the carbon tax imposed by the
country where the operation occurs, and the operational costs,
inclusive of depreciation, for storing carbons. The carbon tax is
country and sometimes location specic. For example, the Rio
Vista Site, located in the USA, is eligible for the 45Q carbon
sequestration tax credit policy as the CO2 is being permanently
buried in our model assumption.91 In Table 11 we report our
estimates for the carbon tax as relevant for the three sites
considered here, and in Table 12 we report our estimates for the
NPV for the three sites.

Our analysis does not include the costs related to carbon
capture. This approach complements recent reports by Wilcox
and co-workers which outline the costs of carbon capture from
major industries and the sequestration processes whilst taking
into account federal US tax credits,92 which yield costs in the
order of $22–26 per tonne of CO2 sequestered.93 Past studies94

suggest that sequestration cost only occupies 20% of the total
CCS costs. Based on this information, we evaluate the remain-
ing portion of CCS transportation and capture costs, as pre-
sented in the ESI.†

3.2.1. Rates of return. Using the total capital investments
estimated for each project, and the total return achievable
based on the prot and annual operational cost of three sites
during their 20 years of operation, it is possible to estimate the
internal rates of return (IRR). The IRRs calculated for Frigg and
Rio Vista are �27% and �23%, respectively. These are very
attractive IRRs as compared to 16.7%, which is the average IRR
Table 11 Carbon tax analysis relevant for the three sites considered

Site Cantarell95

Field index I

Carbon tax $3.50 per tonne of CO
Amount of emissions from point source per year 2.15 � 106 tonnes
CO2 sequestered per year per well calculated
using total number of wells Table S2

59 722 tonnes

a Norway has higher than average tax rates on electricity generation and
mainly enforced on electric power plants and the industrial sector. The
least 25 000 tonnes of CO2.
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for almost 90% of global sequestration projects that reported
emission reductions.97 For the Frigg site, this high IRR is
attributed to high carbon tax credits; for the Rio Vista site, the
high IRR is due to the lowest depth requirement to reach the
formation, which implies the lowest well construction costs.
Using our estimates, the Frigg site yields the highest IRR, which
seems to be consistent with the vast expansion of CCS projects
in Norway. Within this landscape, it seems appropriate to point
out that the Norwegian government is considering tripling the
CO2 tax credits by 2030, further increasing attractiveness for
sequestration projects.98 In our analysis, the Cantarell site is
unable to yield an attractive IRR within the 20 year lifetime, this
can be attributed to the considerably low carbon tax credit
available for this site. The different IRR for the three sites
considered here highlights the importance of the stability,
certainty, and magnitude of carbon tax credits for the economic
sustainability of carbon sequestration projects.

To complement our study, a sensitivity analysis was carried
out for a scenario in which carbon tax credits available for the
Cantarell site corresponds to an average of those available for
Frigg and Rio Vista sites (e.g., $43.5 per tonne of CO2). The
results yield a signicant hypothetical IRR of 26%, more
attractive than those estimated in the other sites. This high IRR
is due to the low labour costs expected at the Cantarell,
compared to the other sites. Within this landscape, it is worth
pointing out that the Mexican government increased carbon tax
credits to $30 in 2008, much higher than the value considered in
Table 11. Unfortunately, however, due to a wide economic crisis,
industrial activity recessed and the carbon tax rate was subse-
quently lowered.

3.2.2. Net present value. To further assess the relative
attractiveness of the three eld sites, the discounted cumulative
cash ow is calculated. As seen in Fig. 4, the payback period is
ten years for the Rio Vista site and nine years for Frigg. Within
Frigg98 Rio Vista96

III IV

2 released $57 per tonne of CO2 released
a $10-$50 per ton of CO2

b

2 � 106 tonnes 2.4 � 106 tonnes
62 500 tonnes 60 000 tonnes

the industrial sector. b California enforces a cap-and-trade system, it is
system places carbon allocation allowances on systems producing at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the 20 year lifetime, the Cantarell site does not reach the break-
even point. Based on a sensitivity analysis, we conclude that for
the Cantarell site to reach a break-even within the 20 year life-
time, the carbon tax credit would need to be increased to $13.6
per tonne of CO2 or above.

At this stage of analysis, both the NPV and the IRR suggest
that the Frigg and the Rio Vista operations are attractive.
Certainly, however, these results are based on many assump-
tions; further research and more detailed costing must be
carried out to ascertain these conclusions and better dene
OpEx and CapEx.
3.3. Social acceptability analysis

Based on the above, two out of the three sites considered are
technically and economically feasible. However, as outlined
above, this is insufficient to complete a project, unless a social
license to operate is acquired and maintained. Akin to the ideas
presented by Dowd outlining the requirement to consider
stakeholder perspective for the long-term success of CCS,99

a study into the expected Stakeholder groups' views, specic for
the three countries of interest, has been carried out. The results
are summarised in Table 13.
3.4. Summary of case studies

3.4.1. Cantarell, Mexico. In our analysis, regulations avail-
able in Mexico somewhat lack in specicity for CCS projects;
considering the long duration of a successful geological
sequestration project, signicant government support, clarity
and transparency are essential for geological carbon seques-
tration projects. There are approximately ten past and current
sequestration projects in depleted hydrocarbon reservoirs.18 Of
these, only one has been successfully implemented in devel-
oping countries, i.e., In-Salah in Algeria. The limited number of
sequestration projects in developing countries is attributed to
a variety of factors, including the lack of skilled human capacity,
understanding of constraints, and the lack of favourable
Fig. 4 Cumulative discounted cash flow analysis for the three sites con

© 2022 The Author(s). Published by the Royal Society of Chemistry
incentives. Another critical impediment is limited access to
adequate capital funding. These general observations,
combined with the socio-economic assessment conducted
above for the Cantarell Mexico site, suggest that these barriers
might explain why the Cantarell site has not yet been developed.
The barriers to the implementation of CCS in developing
countries have been recognized by The World Bank.111 The
World Bank is currently working on test injection projects
within developing countries, in particular in South Africa. In the
future, a deeper understanding of CCS operations will ascertain
success for sequestration projects in developing countries and
will encourage international funding.

3.4.2. Frigg, Norway. As outlined in Table 13, the social
perceptions in Norway are highly supportive of the development
of CCS where there is ample governmental support and funding
seems to be available for sequestration projects. Local policy-
makers also highly encourage CCS projects, and positive
opinion regarding CCS is shared among external groups
including local communities and NGO's. According to the
Global CCS Institute's Carbon Capture and Storage Readiness
Index 2018, Norway is one of the ve highest-scoring nations in
CCS pioneering models. This is due to the establishment of
national and state energy regulatory frameworks, substantial
investment initiatives, and consistent incentives in CCS in the
past two decades.112 As outlined above, learnings from the
Sleipner project have been continuous and successful in Nor-
way.129 Following suit, a joint sequestration venture between
Equinor, Shell and Total is currently underway. The Longship
project aims to store 0.8 million tonnes of CO2 per year in
reservoirs beneath the sea bottom. Of the required $2.7 billion
overall costs to fund the project, the Norwegian government has
offered $1.8 billion.113 The Longship project provides evidence
according to which ample governmental local operational
support is likely to be available.

3.4.3. Rio Vista, USA. The USA is also one of the ve
highest-ranking countries in the CCS readiness index.114

However, operations in the USA currently could face variable
sidered based on analysis shown in Tables 6 and 7.
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levels of higher-level governmental support; in addition, the
state of California seems to provide substantial encouragement
for carbon sequestration projects, although this might not
translate into the necessary capital investment. Governmental
Table 13 Country-specific stakeholder group analysis for the three sites

Stakeholder group Mexico N

Policy makers (nationwide) � In the Paris agreement promise to
reduce greenhouse gas emissions
by 50%, 19% of its mitigation
strategy will be focussed on carbon
capture and storage

�
a
a

� Work is being made to produce
a carbon capture and storage
roadmap which is currently in the
research stages and is projected to
launch in 2024

�
e
p
e
d
e
d
o

� Currently no legal basis exists
purely for carbon capture and
storage (CCS) activities it is
assumed these activities are covered
by relating existing regulations set
for outside the sector, work is still to
be made to produce a sector specic
regulatory framework100

�
in
h
C

Policy makers (municipality) � Regulations for CCS in Mexico are
based on a nation-wide scale

�
h
m
th
C
E
in

Financial Investors � The world bank implemented
a project to provide aid of $50m to
develop CCS inMexico in 2018. This
is subsidised by the Norwegian and
UK government103

�
p
s
(r

� There is no data available on
substantial governmental
investment in CCS

�
r
h
p
e
N
c
p

� The point source CFE Central
Termoeléctrica Adolfo Lopez
Mateos is owned by the
government, as there is not much
governmental investment into CCS
it is unlikely there will be
substantial support

Non-Governmental Organizations � Currently no substantial data is
available on Mexican NGO's
opinion on carbon sequestration

�
o
r
g

Local Communities � It is believed that a CCS project
will improve the atmospheric
pollution and environmental
quality for inhabitants in the
immediate region108

�
c
v
C

150 | Environ. Sci.: Adv., 2022, 1, 138–155
support is of utmost importance and can sway that of the
public. Moving forward, it is crucial for the government and
other municipal lawmakers to provide the public with sufficient
information about the benets of CCS projects.115 In the past,
considered in Fig. 4

orway USA

Plans to be carbon neutral by 2030
nd carbon capture projects play
major role to achieve this goal101

� The US Environmental Protection
Agency (US EPA) regulates
greenhouse gas emissions under
the Clean Air Act as an
endangerment to public health,
however they lack authority to
address problems including
pipeline access, long term site
access and pore ownership101

In 1991 taxes were set on CO2

missions from fuels and the
etroleum industry, however the
ffectiveness of the law was
ebatable due to extensive tax
xemptions, with a resultant
ecrease in onshore emissions by
nly 1.5%101

Well-developed legal framework is
place for petroleum industries it

as been tailored specically for
CS101

Municipalities in Norway are
ighly supportive of CCS. the Oslo
unicipality is currently assessing
e capture of 315 000 tonnes of
O2 from a local power plant.
xtensive studies are carried out
to other opportunities for CCS102

� US states implement independent
climate change measures for
example California implements The
California Global Warming
Solutions Act of 2006, which hopes
to decrease emissions by 80% by
2050. This will be accomplished
through voluntary actions,
incentives and market tools101

Norwegian government has
roposed to invest £54m to carbon
equestration projects from 2020
ef. 104)

� The US government has invested
$72m in carbon capture
technologies in 2020106

Equinor runs the petroleum
enery CO2 point source. They
ave engaged in many CCS
artnerships and are currently
valuating storage off the
orwegian shelf. The company
ould be a prime investor in the
roject105

� Point source is managed by
chevron, the company supports the
Paris agreement, with goals to
decrease GHG emissions. However,
their current CCS project in
Australia has been unsuccessful
and the company are accountable to
pay at least – in carbon offsets, it is
unlikely the company would be
interested in currently investing in
another ccs project

NGOs in Norway; Young Friends
f the Earth, believe that CCS is
equired to reduce greenhouse
ases131

� Organizations in the US are not as
assured about the effectiveness of
CCS. As above-mentioned groups
such as Green Peace view CCS as
unrealistic to delivery carbon
emissions reduction goals

In contrast to other European
ountries locals in Norway display
ery positive attitudes towards
CS109

� Local communities are
ambivalent towards CCS projects,
this may lead to opposition due to
due to costs on the US economy110
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several CCS projects have been conducted in depleted hydro-
carbon reservoirs in the US; Weyburn, Craneld and the SAC-
ROC projects, which led to a signicant body of knowledge and
technical understanding.130 Although recent investment in CCS
has been rather small, with multiple investments up to $1
million for CCS enhancement,116 in 2020, the US Department of
Energy promised $110 million for research and development of
CCS projects, suggesting that further research and development
will be supported in the near future.
4. Conclusions

Several scenarios have been proposed for our society to achieve
the goals of the Paris Agreement. Carbon capture and seques-
tration is an essential component of all scenarios that could
lead to achieving the goals of such agreement. However, few
demonstration sites are being developed around the globe.

In this paper, information from existing pilot eld sites is
reviewed, leading to the conclusion that geological carbon
sequestration is generally considered to be technically feasible.

Building on the analysis provided for example by Wilcox and
Hannis18 regarding the costs associated with carbon capture, we
provide a discussion of our threefold, in-depth feasibility study
on three geological carbon sequestration sites. The successful
and safe operability of a CCS project is of utmost importance,
therefore the primary assessment for site feasibility must be
based on a technical analysis. In our analysis, over the 20 year
period considered for our class 5 estimates, assuming the
current single point source emissions, we estimate an average
cost of $7.25 per tonne of CO2 sequestered, which is within the
range of carbon sequestration costs reported in the literature,
from $2.48 to $28.12 per metric tonne of CO2 processed.111 The
case studies in the literature prove that the societal views have
been the ultimate deciding factor in the success of multiple
sequestration projects, as evidenced by the failure of the
Schwartz, Pump project and Dutch Barendrecth project due to
lack of stakeholder support. We conclude that a convergence of
technical feasibility, economic attractiveness, and social
acceptability needs to be achieved for pilot carbon sequestra-
tion projects to be initiated. In this landscape, our results point
to the importance of carbon tax in enhancing the attractiveness
of projects for the long-term sequestration of CO2 in geological
repositories.
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Criteria for CO2 storage in geological formations, Podzemni
Radovi, 2018 (32):61–74, http://ume.rgf.bg.ac.rs/index.php/
ume/article/view/116.

13 J. Q. Shi and S. Durucan, CO2 Storage in Deep Unminable
Coal Seams, Oil Gas Sci. Technol., 2005, 60(3), 547–558,
https://hal.archives-ouvertes.fr/hal-02017220/document.

14 Basalt - an Overview, ScienceDirect Topics,
Sciencedirect.com, 2017, https://www.sciencedirect.com/
topics/earth-and-planetary-sciences/basalt.

15 S. R. Gislason and E. H. Oelkers, Carbon Storage in Basalt,
Science, 2014, 344(6182), 373–374.

16 J. M. Matter, W. S. Broecker, S. R. Gislason,
E. Gunnlaugsson, E. H. Oelkers, M. Stute, et al., The
CarbFix Pilot Project–Storing carbon dioxide in basalt,
Energy Procedia, 2011, 4, 5579–5585.
Environ. Sci.: Adv., 2022, 1, 138–155 | 151

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1va00036e


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
9:

55
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
17 R. B. Ghshfarokhi, S. Matson and M. Linroth, Overview of
CO2 Injection and WAG Sensitivity in SACROC, Society of
Petroleum Engineers, 2016.

18 S. Hannis, J. Lu, A. Chadwick, S. Hovorka, K. Kirk,
K. Romanak, et al., CO2 Storage in Depleted or Depleting
Oil and Gas Fields: What can We Learn from Existing
Projects?, Energy Procedia, 2017, 114, 5680–5690, https://
www.sciencedirect.com/science/article/pii/
S1876610217319082.

19 J. W. Carey, M. Wigand, S. J. Chipera, G. WoldeGabriel,
R. Pawar, P. C. Lichtner, et al., Analysis and performance
of oil well cement with 30 years of CO2 exposure from the
SACROC Unit, West Texas, USA, Int. J. Greenhouse Gas
Control, 2007, 1(1), 75–85.

20 W. S. Han, B. J. McPherson, P. C. Lichtner and F. P. Wang,
Evaluation of trapping mechanisms in geologic CO2
sequestration: Case study of SACROC northern platform,
a 35-year CO2 injection site, Am. J. Sci., 2010, 310(4), 282–
324, http://www.ajsonline.org/content/310/4/282.abstract.

21 A. J. Cavanagh and R. S. Haszeldine, The Sleipner storage
site: Capillary ow modeling of a layered CO2 plume
requires fractured shale barriers within the Utsira
Formation, Int. J. Greenhouse Gas Control., 2014, 21, 101–
112, https://www.sciencedirect.com/science/article/pii/
S1750583613004192.

22 A.-K. Furre, O. Eiken, H. Alnes, J. N. Vevatne and A. F. Kiær,
20 Years of Monitoring CO2-injection at Sleipner, Energy
Procedia, 2017, 114, 3916–3926.

23 O. Eiken, P. Ringrose, C. Hermanrud, B. Nazarian,
T. A. Torp and L. Høier, Lessons learned from 14 years of
CCS operations: Sleipner, In Salah and Snøhvit, Energy
Procedia, 2011, 4, 5541–5548.

24 FLEXIS secure V2M funding to expand its research into
reducing the CO2 in Our atmosphere, Flexis, 2020, https://
www.exis.wales/blog/exis-secure-e2m-funding-to-
expand-its-research-into-reducing-the-co2-in-our-
atmosphere-2/.

25 CCS best practices, Globalccsinstitute.com, 2021, https://
www.globalccsinstitute.com/archive/hub/publications/
159708/best-practices-monitoring-verication-accounting-
co2-stored-deep-geologic-formations.pdf.

26 CO2 Storage in Deep Unminable Coal Seams, Hal.archives-
ouvertes.fr, 2021, https://hal.archives-ouvertes.fr/hal-
02017220/document.
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