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SUMMARY

Following the landmark 2015 United Nations Paris Agreement, a growing number of countries are committing
to the transition to net-zero emissions. Carbon capture and storage (CCS) has been consistently heralded to
directly address emissions from the energy and industrial sectors and forms a significant component of plans
to reach net-zero. However, despite the critical importance of the technology and substantial research and
development to date, CCS deployment has been slow. This review examines deployment efforts over the last
decade. We reveal that facility deployment must increase dramatically from current levels, and much work
remains to maximize storage of CO, in vast subsurface reserves. Using current rates of deployment, CO,
storage capacity by 2050 is projected to be around 700 million tons per year, just 10% of what is required.
Meeting the net-zero targets via CCS ambitions seems unlikely unless worldwide coordinated efforts and

rapid changes in policy take place.

INTRODUCTION

Carbon capture and storage (CCS), the suite of technologies to
directly address CO, emissions at source, is widely regarded
as a crucial component of efforts to meet national and interna-
tional climate change mitigation goals through the safe storage
and sequestration of carbon emissions. The International Energy
Agency (IEA) and Intergovernmental Panel on Climate Change
(IPCC) analysis outlines that CCS remains integral to the reduc-
tion of global emissions and the meeting of international climate
goals.” The importance of CCS is made clear in the sustainable
development scenario (SDS) of the IEA, which outlines the rapid
transition to net zero.” The technology alone accounts for up to
15% of cumulative emissions reductions to meet the global
target by 2050, behind only renewables and energy efficiency
methods (with these three sectors accounting for around 70%
between them by 2050°). To meet these targets, it is anticipated
that around 5.6 gigatonnes per annum of CO, will need to be
captured and stored by 2050 using CCS technologies.” Howev-
er, despite this urgency, widespread roll-out of CCS remains
slower than anticipated.>® It is encouraging that there has
been recognition of the importance of global climate ambitions
with the submission of nationally determined contributions
(NDCs) and long-term greenhouse gas (GHG) emissions strate-
gies from a number of countries, many of which highlight a
growing commitment to CCS methods.” Despite this, climate ac-
tion efforts have fallen short of the internationally agreed targets,
and it remains that individual government mitigation plans must
be accelerated at a more rapid pace.

Efforts to establish CCS, originating with the G8’s agreement
in 2008 to enhance international cooperation on CCS and to
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target the launch of 10 large-scale CCS demonstration projects
by 2010, failed to materialize on the scale required. The signifi-
cant cost of implementing such large-scale facilities means initial
political and financial commitments have fluctuated and waned,
particularly around the issues of sharing financial risk and
providing sufficient subsidy to make CCS projects viably
competitive in their wider markets. After 50 years of CCS devel-
opment® the number of large-scale facilities numbers 65, of
which under half (26) are in operation, 2 have suspended opera-
tions, 3 are under construction, and 34 are in various other
stages of development. It is forecast that, to reach the SDS levels
outlined, the number of industrial-scale facilities needs to in-
crease 100-fold—to more than 2000 by 2040."" Meeting this
ambition poses a clear challenge and now requires a step-
change in policy and coordinated worldwide action that has so
far failed at scale.

The CCS landscape since 2009 has seen a vast change. The
historical reality now informs us of what ignited the initial opti-
mism for CCS and, importantly, what factors are at play that
has hindered its progress. A major headline of the last decade
is the move away from coal that meant a significant number of
large-scale power plants, all set to be fitted with CCS capabil-
ities, were never built. With this, there have been significant shifts
in the nature of what we should be focusing investment on, such
as CCS for industries that are especially hard to decarbonize
(e.g., the cement and iron and steel industries), an emerging
hydrogen economy, and new negative emission technologies
that have taken a more central role. However, these new initia-
tives mean a refocusing of investments and time that is already
limited, and the success of these new projects is reliant on
full deployment, which inevitably takes time. Moreover, the
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fundamental role of CCS in providing an infrastructure capable of
securely and permanently isolating many millions of tons of CO,
away from the atmosphere, underpins the negative emission
technologies of bioenergy with CCS (BECCS) and direct air cap-
ture with CCS (DACCS) that are being promoted. Therefore, CCS
plays a critical role in enabling the 100% decarbonization that is
required to achieve the net-zero emissions targets stipulated in
the UN Paris Agreement.’

This review presents an overview of the status of CCS deploy-
ment efforts over the last decade and then provides a compari-
son with the optimistic outlook made in 2009. In understanding
how facility deployment has progressed, we identify the lack of
large-scale project roll-out compared with what is needed to
meet net-zero targets and highlight the changing nature of
CCS technology and investment. In further efforts to assess
the future direction of CCS, we closely examine the global read-
iness for the required project deployment. We find that, with
current rates of deployment, CO, storage capacity by 2050 is
projected to be around 700 million tons per year, which is merely
10% of what is required. Such a result identifies the under-utili-
zation of theoretically available storage capacity, and also indi-
cates challenges associated with the vast subsurface reserves
needed for the safe geological storage of CO,. Our conclusions
signal that the future effectiveness of CCS is dependent on a co-
ordinated and direct approach ensuring initial policy design and
investment facilitates and maintains the next generation of pro-
jects and beyond.

CCS STATUS OVER THE LAST 10 YEARS

The deployment of worldwide CCS projects

The IEA blue road map scenario'® of 2009 signaled the optimism
for the growth of, and deployment of, CCS facilities (Figure 1).
Since that time, ambition has been relatively short lived, resulting
in a considerable slowing of the rate of CCS facilities develop-
ment."’ Despite extensive research and development, many
CCS initiatives have stalled and presently there appears to be
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Figure 1. CCS deployment projects through

time

Projects since 1972 and the projection to 2035. The
black dashed line represents the current situation in
2021. Similar to the situation in 2009, the vast ma-
jority of current projects are in the upstream sector,
predominantly natural gas-processing plants. This
clearly shows that deployment in other sectors is
urgently required if CCS is to mitigate the effects
from the power and industry sectors, as is intended
in the various IPCC scenarios.

no realistic sign of improvement in the
near term.”° Between 2010 and 2017,
the number of facilities actively invested
in CCS technology (early development,
advanced development, under construc-
tion, or operating) declined from 77 to
37.721% While encouragement is offered
from the increase in active projects to 65
today® and the continued diversification
and growth in the global portfolio of CCS
facilities, the rate of successful deployment remains much
slower than expected (Figure 1).

The optimism in 2009 was illustrated by the number of CCS
projects planned to be in operation in the following decade.'
However, this is very different to the number that have actually
been deployed over this period. Ambitions for a multitude of
large-scale plants to operate since 2010 have not been ful-
filled™'* (Figures 2A and 2B). Anticipated reliance on pre- and
post-combustion coal-power projects meant these dominated
the planned developments from 2009 to 2021, but very few of
these have subsequently been implemented. Previous predic-
tions regarding the unlikelihood of all the planned projects mate-
rializing post-2010 have also proved realistic.>'® Of the 42
planned projects between 2009 and 2021, only 20 working facil-
ities with CCS capability have been developed. Notably, not all of
these facilities came from those that were planned, highlighting
the changing direction in CCS policy and funding. Most demon-
stration projects have failed to transition into fully operating
plants due to fluctuating markets, insufficient financial support,
and the shift in emphasis to other fuels and technologies. Based
on this, estimates of the emissions as a result of the projects that
have not materialized, and a failure to directly sequester the pro-
duced CO,, equates to around 475 Mt.

With the added cancelations to large-scale and demonstration
projects such as the Texas Clean Energy Project (US), Longan-
net, Peterhead, White Rose, Kingsnorth, and Don Valley projects
(all UK), and Compostilla (Spain), confidence and investment in
CCS has inevitably wavered. Significant delays are also
commonplace. The CCS component of the Gorgon Facility
came online some 2 years behind schedule, and Lake Charles
(US), Teeside Low Carbon (UK), and the Drax facility (UK) have
all suffered years of setbacks adding to the slowdown of global
ambitions.

Itis reasonable to envisage meeting short-term climate targets
by 2030-2035 through the closure of coal-powered facilities, the
implementation and expansion of renewables and promoting
energy efficiency without the need to rapidly develop CCS
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Figure 2. Nature of planned and future CCS
projects

(A) Chart of large-scale CCS projects planned post-
2009 worldwide, plotting year of planned operation
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technology. This may be a factor in the slow progress and re-di-
rection of funding, but it is fast becoming a widely held view that,
to remain on course to meet 2050 net-zero targets, CO, storage
is still essential.® %718 However, with the slow progress of facil-
ity development outlined here, maintaining its current pace
means that it is increasingly unlikely that targets will be met.
The failure at scale of CCS facility deployment may have signif-
icant implications for global temperatures in both the near and
longer term. An overshoot in temperatures beyond 1.5°C would
be expected unless accelerated growth of renewables such as

cient renewable energy, coal continues to

be backed by some economies. Australia,
China, and the US continue to promote its use with CCS through
tax breaks and incentives. However, with the significant costs
associated with fitting CCS technology to existing coal-power
plants and plants operating well below predicted efficiency
and capture rate targets, this approach may be short lived."?*°
Examples of the financial burden applied to some coal plants
comes from the failure of the Kemper County carbon capture fa-
cility and the recent mothballing of the CCS retrofit unit at the
Petra Nova plant in Texas.?® With oil price volatility impacting
enhanced oil recovery (EOR) operations (and thus CO, price),
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the financial decision to power-down the Petra Nova CCS unit
(responsible for the delivery of its captured CO, to the West
Ranch oil field) means that only one coal-fired power plant with
CCS remains working worldwide (that of Boundary Dam, Can-
ada). Questions remain on the efficiency of coal-powered retrofit
technology in light of the Petra Nova cancelation, suggesting that
facilities of this nature may not be as financially viable as pre-
dicted.?° Despite this, in countries where power generation is
heavily reliant on coal (e.g., China and Australia), and options
such as low-cost natural gas and renewables are so far limited,
the retrofit of CCS technology to power plants must be stepped
up if coal is to remain a player in future mitigation options.
Although the logistical, financial, and policy decisions that it rests
on will remain a significant barrier, the urgency to meet global
emissions reductions targets means that CCS still needs to
play a leading role in accelerating deployment to enable future
change.

Natural gas processing

The injection of CO, from natural gas production has long been
proven through the continued success of the Sleipner (injecting
~1 million tons per annum [Mtpa] since 1996) and Snghvit (inject-
ing ~700,000 tpa since 2008) facilities in Norway. However,
since 2009, of the two proposed natural gas-processing projects
(considered “upstream” in Figure 1), only Gorgon in Australia,
although much delayed, has been successfully implemented.
Despite recent criticism of the failure to meet their 5-year CO,
sequestration target,”’ the project has stored 5 Mt since 2019,
and while operations are now increasing, it is a reminder of
how challenging large-scale mitigation efforts are. Spectra’s
Fort Nelson plant failed to materialize, but a number of other
large CCS facilities have since been added, e.g., Century Plant,
Jilin, Uthmaniyah, Qatar LNG CCS, and Petrobras Lula are all in-
jecting in the region of 1 Mtpa or more’*® (Figure 2C). New pro-
jects in the pipeline, such as ADNOC’s Abu Dhabi phase 2, set
for operation in 2025 and aiming to capture ~5 Mtpa before
2030,% is further good news for expanding CCS using gas pro-
duction plants. While it is encouraging that CCS is continuing to
expand in this area and it is deemed critical to meet the net-zero
targets of major oil and gas companies, it does not come without
some caveats. Many of these projects are simply reinjecting
CO,, which is removed and captured from the subsurface during
natural gas extraction. So, while enthusiasm for CCS exists in
gas-processing plants, this only mitigates emissions associated
with extraction of fossil fuels and does not address emissions
produced by using the fossil fuels themselves.

Hydrogen

The promotion of hydrogen into the global energy mix is very
much at the forefront of future policy design at present. While
green hydrogen (production of H, by electrolysis using renew-
able energy) is favored by many, the present costs associated
with it are around 2-3 times more than blue hydrogen®® (H,
production from fossil fuels coupled with CCS; previously
referred to as “pre-combustion” CCS), providing incentives for
blue hydrogen to play a significant role in decarbonization ef-
forts. Projects are in the pipeline, for example, Equinor’s plan
to deliver the first government-backed blue hydrogen plant in
the UK with CCS capabilities (H2H Saltend) is due by 2026.
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This may offer a timely catalyst for CCS to be embraced through
the promotion of hydrogen projects such as this. While waiting
for cost reductions and economies of scale in the wind and solar
industries to make green hydrogen a more viable long-term
option, there also seems to be a growing acceptance that the
production of hydrogen from well-managed fossil fuels provides
a faster track toward a greener hydrogen economy. With a clear
view to maintaining the flow of hydrocarbons, Canada and the
US have placed an emphasis on hydrogen production for the
bitumen refining process (e.g., Quest, Port Arthur Air Products,
and the newly introduced ACTL Sturgeon refinery). The captured
CO, from these facilities is around 8.5 Mtpa, some of which is
utilized for nearby EOR initiatives, although the Quest project un-
dertakes dedicated geological storage of the produced CO, at
~1 Mtpa.

Industry

Capture from fertilizer manufacturing, iron and steel production,
and chemical production plants have also replaced the focus on
coal, capturing ~4 Mtpa since 2009. Future projects are still be-
ing planned post-2020 and there appears to be momentum
building in investment, especially when an emphasis is placed
on the development of industrial hubs and clusters. Among those
in advanced development are the Norwegian Longship CCS
project (Northern Lights), CarboNet in Australia, Porthos in the
Netherlands, and the recently operational ACTL facilities in Can-
ada. Industry clusters are now seen as critical to decarbonization
as they offer integrated transport and storage networks to cut
emissions from a multitude of industrial point sources that
include hard-to-abate sectors, such as cement, iron, and steel
plants.”* The UK government is currently applying seed invest-
ment to set up a number of regional clusters with the emphasis
of decarbonizing heavy hard-to-abate industries,” including
clusters in Teeside, South Wales, North West England, and Scot-
land. Confirmation from the UK government of £1 billion to
establish four CCS clusters by 2030 (and aiming to capture 10
Mtpa) also signals the heightened ambition to support the devel-
opment of net-zero hubs.?® With financial support and the right
incentives in place, collaborations from major energy companies
in delivering projects seems more likely. For example, the
Northern Lights transport and storage component of Longship
CCS is being run by Equinor, with Shell and Total investing as
equal partners in a project that has the potential to store up to
5 Mtpa once in full operation.?”

BECCS and DACCS

Further reduction of CO, emissions is possible through the use of
BECCS and DACCS, which are starting to gain popularity and
traction in CCS schemes (Figure 2C). These are seen by many
as necessary to achieve net-zero targets and to allow large-scale
industry clusters to switch from major emissions sources to
becoming negative emission technology hubs. The Oxy Low
Carbon DAC plant in Texas will be the world’s largest and the first
of its kind to directly remove 1 Mt of CO, per year®® from the at-
mosphere for use in EOR operations as soon as 2025. Other DAC
pilot plants at a much smaller scale are also in operation e.g., at
the CarbFix site in Iceland (50 tpa) with plans to scale-up to ~4
ktpa. Currently, large-scale bioenergy technology is being
utilized in the US at the lllinois Industrial project, capturing up
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to 1 Mtpa as part of fermentation processes, '* while the Drax po-
wer station in the UK is also piloting BECCS technology on wood
pellet-fired power generation in the push toward negative emis-
sions delivery.

CCS and EOR

Given the period of time and financial backing that it takes to fully
develop dedicated storage sites, it is unsurprising that captured
CO, is at present predominantly used for EOR (Figure 3). In the
near term, of the 26 currently operating projects, only 6 do not
use the captured CO, for EOR methods (the Gorgon natural
gas plant in Australia, the Quest facility in Canada, Qatar’s
LNG plant, Equinor’s Sleipner and Snghvit projects, and the llli-
nois industrial BECCS plant). Partitioning between EOR and
dedicated storage shows that, cumulatively (in 2020), ~73
million tons has been stored in dedicated reservoirs, while
~487 million tons (which includes both captured CO, and CO,
extracted from natural reservoirs) has been used in EOR opera-
tions globally, mostly in the US. If the planned projects beyond
2021 go ahead (Figure 2), the predicted dedicated storage
amount by 2035 would grow to just over 700 million tons, sup-
porting only 10%-12% of the 6,000-7,000 Mtpa expected by
2050.%° EOR has become a useful incentive for CCS projects
and, once injected, it has a high storage retention factor.*° How-
ever, much of the CO, used in the EOR process is still derived
from natural underground sources, either specifically for EOR,
or as a by-product of natural gas extraction, and therefore
does little to mitigate the emissions associated with using fossil
fuels. According to the IEA global database of EOR projects,®’
~500,000 barrels of oil are produced daily using CO,-EOR
methods. This is forecast to grow by 2040 to more than 4.5
million barrels per day. Although seen as counter-productive to
climate change mitigation, the economic attractiveness of
continuing to produce oil through EOR can be considered as
helping to promote decarbonization efforts, bridging the gap to
CCS deployment over time.** However, this must be with the
caveat that the CO, used is captured and transported anthropo-

Figure 3. Historic and planned future (to
2035) partitioning of CCS

Visual representation between EOR operations and
dedicated CO, storage. Yellow dashed line shows
the status of projects in 2021.

genic CO, from existing emitting facilities
e.g., from hard-to-decarbonize industrial
sources such as the cement and iron and
steel industries.”**** The proximity of
CO, capture plants and the existence of
pipelines and transport mechanisms to oil
fields requiring EOR can be a ready-
made opportunity to utilize emissions
produced anthropogenically (e.g., the
Boundary Dam power plant and the Petra
Nova plant). The success of storage
through EOR is also a potential opportunity
to keep oil production through tertiary
methods “clean” by encouraging CO, in-
jection with stacked storage (which com-
bines EOR with dedicated storage) even after all the oil has
been removed.'*%°
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GLOBAL CCS PROGRESS

Most large-scale CCS projects are located in the US where
growth has been faster than for other countries. The US is an
innovative leader and carbon sequestration is by no means a
new concept.’® Since the early 1970s, the US has led in the
deployment of EOR-CCS technology with the implementation
of the Terrell Natural Gas facility (formally known as Val Verde).
The importance of CO, for the extraction and sale of oil through
EOR is perhaps the biggest driver and catalyst for CCS capacity
in the US. With the cost of CO, indexed to the current oil price, it
is no wonder that at times of high oil prices (e.g., ~US$70/barrel)
the profitability of CCS projects becomes more appealing. The
infrastructure and expertise, helped by private-sector involve-
ment, has therefore been in place for decades transporting
millions of tons of CO, to both productive and depleted oilfields.
Now, the US is host to 9 of the 21 large-scale operational facil-
ities worldwide capturing more than 25 million tons annually.
While project financing remains one of the greatest challenges
to CCS deployment, other global nations may look to the US for
inspiration. Government-led support is key to the development
of CCS in the US, which has provided not only direct funding
for infrastructure, but also created an environment that demon-
strates a specific value on carbon beyond that of EOR.* Incen-
tives such as carbon sequestration tax credits (e.g., the 45Q tax
credit, since 2008 and reformed in 2018) are seen as a progres-
sive step in promoting projects that capture CO,. Enhancements
to this legislation in 2018 mean that companies are now able to
claim up to US$35 for each ton of CO, that is used commercially
(e.g., for EOR or other industrial uses), rising to US$50 per ton on
permanent storage of the CO,.">"® In addition, beyond national
programs, individual state run incentivization is promoted (e.g.,
the Low Carbon Fuel Standard [LCFS] in California) offering
credits to fuels that have lower carbon intensities with the aim
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of diversifying the fuel mix.*” In placing an investible value on car-
bon through this approach, it encourages emitting industries to
accelerate building programs, especially when credits from
both the LCFS and 45Q schemes can be stacked together (as
in the Oxy Low Carbon DAC plant). These incentives, as well
as a collection of policies and financial support from the US
Department of Energy since 1997 (more than US$5 billion)
have helped to alleviate the risks associated with setting up
CCS-related projects.®® With the initial support of the govern-
ment to get projects off the ground and to up-scale and de-
risk, further collective private and financial institution investment
is then more forthcoming. Other global nations and economic re-
gions (e.g., the EU) might learn from the incentives and regulato-
ry policies put in place by the US to speed up their own pace of
deployment. With blends of policies in place, the reliance on one
funding stream may be reduced, especially if that funding stream
ends as has been the case in some UK projects. For example,
the Longannet and Peterhead projects had government invest-
ment pulled completely, effectively terminating their devel-
opment.

While successes in the US are celebrated, comparisons can
be made with other nations in terms of meeting climate targets
with their commitment to CCS initiatives. In Europe, Norway
has recently submitted enhanced and more progressive climate
targets under the Paris agreement, which aim to reduce emis-
sions by at least 50% and toward 55% by 2030.%° In spite of
this, exploration activity and investment is set to continue on
the Norwegian Continental Shelf showing little sign of abating
in the coming decade”® outlining the continuing value of oil and
gas revenue to the nation. However, Norway’s green ambition
and its efforts to meet climate targets have made significant early
progress, not least in CCS. Norway is host to both Sleipner (the
world’s first dedicated storage facility since 1996) and Snghvit
facilities (since 2008) that have collectively now stored more
than 22 million tons of CO,."* The initial success of these is in
part due to financial incentives introduced by the Norwegian
government, which included an offshore carbon tax enacted in
1991, an approach that encouraged Statoil (how Equinor) to
engage in CCS projects.”' The global oil and gas exporting po-
sition of Norway and the opportunity to integrate CCS into facility
development is another key reason for the short implementation
times for both facilities, taking 4 and 6 years to start injection,
respectively.*?

Since the early efforts resulting in Sleipner and Snghvit facil-
ities, the continued government support for CCS in Norway
has been considerable. Since 2001, a change in policy meant
that all new fossil fuel-based power plants must be built with
CCS capabilities,*® and in 2005 an Emissions Trading Scheme
(ETS) that overlaps with the EU-ETS scheme was launched,
which applied to the largest GHG emitters.***® Coupled with a
significant carbon tax of 410NOK/tCO, (US$48/tCO,) for petro-
leum activities,”' the steps taken toward diversifying Norway’s
energy mix and 2050 net-zero targets are encouraging. Howev-
er, making CCS deployment to other sectors a reality has been
tougher than expected. The Mongstad full chain demonstration
project is one example of this challenge, originally expected to
be in operation by 2020 but canceled by the Norwegian govern-
ment in 2013 based on financial risk and difficulties faced by the
refining industry.“® With investment partnerships from Equinor,
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Shell, and Total, Norway’s full chain CCS goal has finally been
realized with the approval of the Longship and Northern Lights
projects. Final investment decisions have been made for the
capture, transport, and storage of CO, from Norcem’s Heidel-
berg cement plant (the first cement plant with capture facilities
of its kind) and the Fortum waste-to-energy plant.

While many countries have indicated that CCS is at the fore-
front of their climate mitigation policies, the implementation of
decarbonizing efforts, in reality, are much slower in comparison
with those leading the innovation. Currently, China is host to just
three operating CCS plants. Despite the country accounting for
more than half of global coal use,*” the development and uptake
of technologies has been slow. However, China has shown a
commitment to carbon sequestration, including CCS, in its na-
tional carbon mitigation strategies since 2007.*7+* This support
has resulted in the implementation of a number of carbon cap-
ture plants, mainly for EOR or coal-bed methane recovery pur-
poses. There is some evidence that the technology and potential
CO, storage resources exist onshore and offshore on viable
scales to enable CO, sequestration,*®*° although China’s main
focus on the utilization of CO, to enhance oil recovery is currently
more attractive to its growing economy and is a major reason for
the lack of traditional CCS activity. Similarly, and perhaps more
urgently, a significant barrier to implementing CCS in China is
the lack of specific legislation and regulatory frameworks to
make it an ongoing reality.®':

Japan’s initial pledge in 2016 to cut emissions by 80% by 2050
has only recently been followed by government ambitions to cut
carbon emissions to net-zero by 2050. Japan’s earlier rather
non-committal plan to become carbon neutral “at the earliest
possible time in the latter half of this century” was seen as not
going far enough to tackle their dependency on coal, especially
as this industry is responsible for around a third of the country’s
electricity supply.® Previous financial backing from some of Ja-
pan’s major banks and financial institutions for new coal-powered
plants across Asia, itself suggested a significant role for fossil fuels
in Japan’s future energy mix. However, this approach is now being
revised in favor of a shift toward renewable energy and a new
commitment to halt government backing for unabated coal power
in line with G7 pledges.>* Although significant progress has been
made in both pilot and large-scale CCS demonstration projects,
such as Tomakomai (300,000 tCO, successfully stored to date),
concerns continue to surround the long-term vision and commit-
ment to Japan’s carbon capture policies. The obvious importance
of fossil fuels to the economy, without having an ambitious, clear,
and developing CCS program tied to the continuing investment in
coal is understandably worrying.

The reliance and importance of fossil fuels also remains
evident in the wealthiest oil-producing nations. For example,
CCS was started in 2015 at the Uthmanijah project in Saudi Ara-
bia, injecting around 800,000 tCO./year for EOR, and remains
the region’s only operational facility despite the vast storage po-
tential of the kingdom. The future plans for CCS in the UAE, are
also predominantly driven by fossil fuel extraction and utilization
for EOR. Owing to fluctuating oil prices and demand, many new
energy diversification projects are put on hold because of incon-
sistent carbon reduction regulations and policies. More recently,
efforts have been taken more seriously with the announcement
of a future carbon trading scheme and proposed moves toward
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renewable energy. The Saudi national government has also
committed to providing $150 million to fund clean energy tech-
nology that includes CCS.® Yet, the current focus on oil and
gas production without a sustained and prolonged push to
develop more active CCS facilities in the region remains sig-
nificant.

The future role and significance of CCS in less-developed na-
tions or those with transitioning economies are more difficult to
predict. India, for example faces massive future transformation
and demand for energy. The rapid growth in population and
industrialization is the main driver of the country’s reliance on
its fossil fuel base and the World Coal Association predicts
that around 60% of India’s power generation is satisfied by
coal, which will remain a key part of the economy for the foresee-
able future.®® Coupled with the economic downturn as a result of
COVID-19 and its reliance on expensive (and declining) imports,
the announcement of 41 coal mining blocks to be auctioned
perhaps comes as little surprise.’” However, growing concern
within the private sector regarding environmental and net-zero
targets has led to little appetite for this investment,®’ signaling
a move toward renewables and the lowering of emissions inten-
sity by 33%-35% by 2030.°® The need and interest for CCS in
India is recognized but does not form a major part of future miti-
gation efforts. As with many developing nations, progress is
slowed predominantly by the cost of introducing the technology
but also by a lack of research and development, limited financial
investment, environmental concerns, the lack of a comprehen-
sive study on the geological storage solutions, and strong public
and political opinion.*® Faced with this multitude of barriers to
deployment, this places the geological sequestration of CO,
much further down the list of priorities in many of the world’s
developing nations.

GLOBAL STORAGE CAPACITY AND CCS READINESS

Of the 21 operational CO, capture projects worldwide, only 6 are
dedicated to geologic storage (Sleipner, Snghvit, Quest, lllinois
Basin, Qatar LNG, and Gorgon). These are cumulatively currently
storing around 7 Mtpa of the 40 Mtpa that is captured. Although
CO, storage tonnage has been increasing year on year since
1972"° (Figure 4A), the slow rate of growth remains a challenge
to reaching net-zero targets. The projected storage rate in
2050, based on historic and planned projects (both dedicated
storage and EOR) up to 2025, is ~718 Mtpa'®, far from the
6,000-7,000 Mtpa rate called for by the IEA.>° An examination
of the rate of past storage growth, just accounting for dedicated
storage projects alone, is considerably less optimistic. Based on
an annual dedicated storage rate of ~7 Mtpa in 2020, it is pro-
jected that, in 2050, if the growth rate remains the same, the stor-
age rate will be ~75 Mtpa. However, if the projects envisaged to
come on stream between 2020 and 2030 do so, based on this
growth rate it would be ~306 Mtpa (Figure 4B). This is still no-
where near enough to meet IPCC and IEA scenario targets,
and would only account for between 4% and 5% of the storage
rate required.

In the construction of storage estimate curves used in Haszel-
dine et al.,"® and developed further here (Figures 4A and 4B), the
calculation and estimation of storage data present several chal-
lenges. Distinguishing between types of project (capture versus
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storage) is not always clear and it is apparent that tonnages of
CO, injection are often overestimated. For example, actual
masses of CO, injected into the subsurface are unlikely to be
available for every project. In many cases, large databases list
the capture capacity of the relevant capture plant, but this
does not always translate into the amount stored. Published total
storage values often simply multiply the quoted yearly storage
capacity by the number of years in operation, while in reality
many injection rates are lower or facilities have stopped injecting
sooner than is reported. An example of the variability encoun-
tered is the Century plant in the US, where 5 Mtpa was stored
up until 2012, 8.4 Mtpa between 2013 and 2015, and 5 Mtpa
thereafter.®' Unless this level of change is recorded in all facilities
globally, actual storage estimates will always be difficult to
constrain.

Recent efforts to investigate whether potential CCS capacity is
sufficient to meet IPCC targets identifies the amount we might
need given certain emission pathways.®° Hence, the global po-
tential for CO, storage capacity is becoming better understood
and theoretical resource estimates (encompassing both poten-
tial undiscovered and discovered storage sites) are immense
(up to around 17,000 Gt). When compared with the estimated cu-
mulative storage needed by 2100 for both 1.5°C and 2°C
scenarios, there is more than enough, as less than 10% of total
theoretical storage capacity is estimated to be used by 2050
(Figure 5A). However, translating storage estimates to storage
site development for CCS is typically complicated, not least by
growth rates of CCS projects but also in quantifying how much
of a storage resource is a bankable reserve, i.e., of a known
size and pore space to exploit. In addition, projections of devel-
opment rates based mainly on EOR activities are misleading un-
less future incentives and policies are introduced and maintained
to ensure anthropogenic CO; is permanently stored.'®

Furthermore, the amount of storage space that is actually
accessible is still to be determined on a global scale. Likewise,
the storage site needs to be close to or within a transportable
distance from the emitting point sources to make it viable. Levels
of regional identification of storage capacity are variable and at
different stages globally, ranging from limited assessments to
full-scale estimates.®>°°

Recently, the use of historic well-development scenarios from
offshore and mature hydrocarbon basins has been seen as
important in helping understand bankable resources.®” Suc-
cessful and volumetrically significant offshore basins extensively
used by oil and gas companies for decades can match and
exceed the Gt-scale resources that are required. Furthermore,
the deployment of only a fraction of the historical well rates
from petroleum exploration can provide sufficient injection rates.
To be effective, multiple and simultaneous developments
globally (e.g., a single Gulf of Mexico model or five Norway
well-development models) would be required to satisfy the
CCS targets by 2050.%”

The implementation of multiple injection developments is
dependent on several factors. The availability and readiness of
depleted oil and gas reservoirs used by the industry with a multi-
tude of available data, such as its potential storage space and
the security to trap fluid is certainly encouraging and attractive.
However, in the absence of CO, injection infrastructure equiva-
lent to that which has served the oil and gas industry effectively,
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Figure 4. CO, storage rates from large-scale
CCS projects

(A) There has been a continuous increase in storage
rates to 2025 (blue line). The leveling off of this line
post 2025 reflects a lack of confirmed new storage
projects.'® The orange line is comparison data from
a previous study from Zahasky and Krevor.®° It is
apparent that dedicated storage of CO, projects up
t0 2020 (solid gray line) shows a much slower rate of
development and tonnage stored, but predictions of
the rate of dedicated storage up to 2035 (gray
dotted line) are more promising should future plan-
ned projects materialize.

(B) The predicted storage by 2050 (red long dashed
line) is based on the CO, storage volumes per year
of CCS projects using current and historical rates of
storage (data collated from GCCSI CO,RE data-
base, 2019,'> SCCS database, 2020°"). If storage
rates are based on the number of planned future
projects and tonnages predicted to be stored (gray
long dashed line), by 2050 greater storage amounts
will be achieved.
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well as in-place infrastructure and trans-
port links, the revenue streams from pursu-
ing additional oil may be used to provide
the upfront costs of setting up new CCS fa-
cilities and significantly de-risks projects
from the outset.

The International Energy Agency’s
Greenhouse Gas (IEAGHG) R&D Program
used industry analogs to assess whether
the required build-out rates for CCS imple-
mentation in the 2DS scenario were feasi-
ble.**%®In the estimation that 75-150 new
capture facilities per year (worldwide) were
needed, they considered the logistics of
five aspects of CCS that required
accelerated implementation: (1) commis-
sioning of new capture facilities; (2) avail-
ability of CO, compressors; (3) creation of
CO, transport networks (pipeline and CO,

2050 storage:
306 mtpa @

/
7
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“ 2050 storage:
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CO, transport facilities, and the time lag associated with bringing
CCS facilities into operation, implementation of such an
approach seems unlikely in the near term. These analyses
confirm that the vast storage resources available are not yet
being exploited at pace, and this means that verification of the
banakable storage resource is also slow.

The ability to deploy projects from initial planning stages to
start-up is a measure of the success of CCS in specific countries.
CCS readiness assessments® of specific countries detail a
country’s position on the deployment spectrum, e.g., those mak-
ing no progress or with little CCS potential, to those who are well
prepared and actively pursuing innovation (Figure 5B). It is
perhaps inevitable that the earliest opportunities for develop-
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tanker ships); (4) development of CO,
geological storage sites; and (5) the deploy-
ment of drilling rigs, and the installation of
platforms and wellpads (Table 1).

The evaluation of potential storage sites selected for CCS
deployment places new constraints on the timing of planned
CCS development. The IEAGHG assessment found that storage
site discovery was likely to be adequate, based on the amount of
natural gas reservoir discoveries, and the ability to create trans-
port and supply networks to the selected storage sites. Howev-
er, there remains significant geographical limitations on CCS
sites, such as the proximity to CO, point sources. Hence, while
it is encouraging that all the technological roll-out should be
achievable based on the analogous industries, maintaining that
growth might be more difficult. It is estimated that up to 10 years
is needed for the development of a geological storage site,'®
including the de-risking of sites and data gathering and analysis
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(A) Median model data from Zahasky and Krevor,®°
plotted against theoretical global storage capacity
levels. Theoretical storage capacity levels figure
redrawn from IEA, 2009.5?

(B) The readiness indicator monitors a country’s
CCS deployment progress through assessment of
its policy, law, and regulation and storage resource
development.®® The readiness level is based on a
nation’s capability to enable an environment for the
commercial deployment of CCS. The storage ca-
pacity indicator is a measure of a nations potential
storage resources. The blue bubble size is repre-
sentative of maximum theoretical or effective stor-
age capacity for each assessed country (GCCSI®).
The red dotted circles represent the amount of CO,
stored so far by each nation. While it has been
shown that less than 10% of available storage might
be needed, e.g. (A), much of this is still not identified
as a bankable resource.
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age resource estimates, e.g., Saudi Ara-
bia, the readiness to deploy projects is
often hampered by a greater interest in
developing hydrocarbon production for
economic gain rather than climate mitiga-
tion. In these scenarios, roll-out of CCS
would be delayed somewhat (around
5-10 years) so that the appraisal of sites
suitable for projects can be undertaken.
For countries that have no mature hydro-
carbon industry and no evidence of any
CO, injection projects, it is anticipated
that the roll-out of facilities will be much
longer (e.g., India). In this scenario, work
and preparation must be accelerated
from the early reconnaissance and data-
gathering phase before any form of con-
struction and injection can take place.
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to prove its security. Owing to this, and the delays associated
with sites being long distances from CO, capture plants, site dis-
covery, and the development of CCS is likely to be slower for re-
gions without a mature oil and gas industry already in place.
Countries with an advanced and well-developed oil and gas
industry fair better than those that are either just starting to invest
or show an interest in CCS. For example, the vast mature sys-
tems in the US means readiness indicators are highest and
roll-out times for new storage projects can be relatively fast.
Similarly, other nations that score highly in assessments of
proven offshore or onshore resources, e.g., UK, Norway, Can-
ada, Australia, etc., should follow suit, especially if they show
an inherent and historical interest in developing CCS. Despite

THE ROLE AND PREPAREDNESS OF
THE OIL AND GAS SECTOR

Faced with pressure from governments,

stakeholders, and environmental policy,

the realization for the need to rapidly
decarbonize is becoming more apparent to the biggest global
oil and gas companies. As one of the main emitters of global
greenhouse gases, the oil and gas industry is seen as a major
player in mitigation efforts. The unique economic and technolog-
ical position of the industry also lends itself to the development of
CCS. A number of European oil and gas majors have recently
adopted and set long-term net-zero targets (NZT). The targets
broadly feature commitments to reducing their scope 1 and 2
emissions (operational emissions) to net-zero by 2050, and to
reduce by some proportion (in the range of 50%-80% by
2050) the intensity of scope 3 emissions (the direct emissions
from energy products sold to customers). The ambition and
details of these reductions is not as transparent or equal for all
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Table 1. IEAGHG R&D assessment of required build-out rates for CCS deployment

Resource being
assessed

Amount of resource needed

Industry comparison

Feasibility

Commissioning
of new capture
facilities

Availability of CO,

compressors

Creation of CO,
transport networks

75-100 new capture plants/year
(worldwide) would be required

1 compressor per new capture
plant would be required

assumed 10% of CO, would be
transported by ship, the remainder
by pipeline. An estimated 4,500-
12,000 km of new CO, pipeline/year
would be required. CO, transport
by ship estimated to be required

historic commissioning rates of
combined cycle gas turbines (CCGT)
(global CCGT build out peaked in
early 2000s, commissioning more
than 70 new plants/year between
2000 and 2005, with a maximum

of 119 plants/year in 2003)

current size of CO, compressor
industry used as comparison

development of natural gas
transportation pipelines used as
a proxy for CO, pipeline build-out
rates. For shipping estimates,
shipping rates of liquefied natural
gas (LNG) was used

the required build-out rates thus
seem to be possible, but it remains
to be seen whether the high rate
can be maintained over the decades
necessary to bring carbon capture
up to speed

while production capacity may
initially be limited, the industry
would be able to adapt and
expand to meet CCS requirements

natural gas pipeline construction
has maintained a build-out rate of
5,000-9,000 km/year since the
1990s, comparable with estimated
requirements for CO, transport.
Shipping of LNG has an average

to increase by 15-30 Mtpa

Development of
CO, geological
storage sites

up to 60 storage sites required to
be discovered and developed/year
(injecting 5-10 Mtpa for 20 years,
with final cumulative storage of
100-200 Mt). This equates to
discovering 3.0-5.5 Gt storage
resource/year, rising to 6.5 Gt

by 2050

1-4 wells required per 1 Mtpa of CO,
injection (to account for failed wells,
poor injectivity, monitoring, and
production wells). A requirement of
between 300 and 1,200 new wells
per/year after 25 years of growth,
~40-100 drilling rigs, and installation
of 60-120 wellheads or platforms/year

Deployment of
drilling rigs/platforms/
wellpads

comparison with natural gas
discovery rates

comparison with historic global
drilling rig counts

yearly increase of ~20 Mtpa CO,
equivalent. Transport of captured
CO:s is not anticipated to block to
CCS deployment

historically, gas fields discovered
at an average rate of ~6 Gt CO,
storage/year, suggesting that early-
stage storage site discovery rates
are feasible, but that exploration
efficiency will be required to
increase in the future to allow
continued CCS development

historic global drilling rig counts
increase and decrease on the order
of 300 rigs/year. New rigs can be
constructed quickly in response to
increased demand, suggesting

that the required increase in rigs for
storage site development is feasible

major players, although alignment toward a common goal is
becoming clearer.

Recent transition pathway initiative (TPI) evaluations state that
leading players, such as Shell and ENI, have some of the most
ambitious plans that aim to meet with or be close to the IPCC
2°C scenario by 2050.°° Shell outline an ambition to be net zero
on all emissions from the manufacture of their products by
2050,°° and also aim to significantly reduce the net carbon foot-
print of the energy projects it sells by around 35% by 2035 and
to 65% (increased from an initial 50%) by 2050. The broad com-
mitments made by ENI include reducing its overall carbon inten-
sity by 55%, while BP aim for a 50% cut by 2050 or sooner. Repsol
have gone further in stating that it aims to reach zero emissions
(including scopes 1, 2, and 3) by 2050. Figure 6 shows the align-
ment of major oil and gas companies in terms of their commitment
to carbon neutrality and their positioning on the commitment to
CO, sequestration spectrum. There is a disparity between com-
panies that disclose full, detailed emissions targets and demon-
strate successful dedicated CO, storage operations (e.g., Shell,
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Equinor, etc.) with those that lack visible net-zero target pledges
in line with the Paris Agreement and who show little interest in car-
bon storage activity. This offset is also seen in companies that only
look to lower operational emissions (rather than the end-use con-
sumer products as well) and in those that utilize CO, for EOR and
financial gains. Furthermore, given a large proportion of oil and
gas companys’ product sales occur within national and suprana-
tional actors with existing or proposed 2050 NZTs, global emis-
sions intensity targets might represent pathways to compliance
rather than furthering ambition.

Most non-European oil and gas companies (especially in
North America) and National Oil Companies (e.g., Saudi Aramco)
lag behind their European counterparts in their net-zero target
setting. The TPl assessment (2020)°° showed that only Petro-
bras had considered emissions targets that include coverage
of scope 3 and no assessed companies headquartered outside
of Europe assessed were in alignment with the Paris Agreement.

The alignment of major global oil and gas companies to the
storage of CO, and the development of CCS projects remains
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Figure 6. Major oil and gas company
commitments to carbon neutrality

The color gradient reflects yellow, lower commit-
ment to CO, storage; gray, some commitment/
predominantly EOR activity; and blue, higher
commitment/already injecting in operational facil-
ities. Higher levels of carbon neutrality is reserved
for those companies that commit to reducing scope
1, 2, and 3 emissions. The companies used in this
analysis are based on the CDP research and league
table for oil and gas companies (Beyond the Cycle
report’®) and updated for this study with recent
company disclosures.

nical.”®> The use of CO, to prolong
depleted oil and gas reservoirs helps drive
the development of CCS where the right
incentives are in place to encourage per-
manent storage. Similarly, the presence

—

uncertain. Economic feasibility, policy, and public perception
have all played a part in this and there is growing skepticism of
what the major companies are doing to invest in the permanent
storage of CO,. Despite the slow progress, there is evidence of
investment from oil and gas companies. Well-known large-scale
projects currently storing CO, include Sleipner and Snehvit (led
by Equinor with ExxonMobil and Total involvement), which,
together, store around 1.7 million tons per year. Gorgon, a
Chevron project, is aiming to store around 4 million tons annu-
ally, while Shell’s Quest project in Canada stores around 1 million
tons. The development of the Northern Lights project in Norway,
the Greensands project in Denmark, and the Net Zero Teeside
project in the UK also highlights the future commitment from
some major oil and gas players to CO, storage.

Although CCS is a keystone included in companies’ individual
energy transition models, oil and gas majors need to prioritize
climate change mitigation over maintaining market dominance.
Some investment is occurring in low-carbon alternatives (less
than 4% of capital expenditure),71 but a small proportion of
this is dedicated to CCS compared with other carbon reducing
methods, such as wind, solar, and biofuels. A recent surge has
also shifted the emphasis of CO, burial on to nature-based
solutions. This has drawn heavy investment with, for example,
Shell planning to invest $200 million in natural ecosystems be-
tween 2020 and 2021 as part of its net zero by 2050 initiative.””
However, this approach draws criticism especially in the way
carbon credits may be claimed by multinational companies
that invest in government-led initiatives. Additional criticism
may also be drawn if there is an over-reliance on nature-based
solutions in published net-zero plans, especially if this does not
encourage a reduction in fossil fuel promotion.

Involvement in CO, storage

CCS DRIVERS AND OBSTACLES

To realize the potential for the implementation of CCS requires a
number of drivers for mobilization ranging from financial to tech-

of oil and gas infrastructure and CO,-
EOR transport facilities can also accel-
erate deployment. Despite this, encour-
aging CCS projects through the promotion
of EOR activities is somewhat contradic-
tory. However, owing to the unique position that the oil and
gas industry has acquired, this trade-off might be beneficial if
regulation is put in place requiring companies to set up agree-
ments ensuring the longer-term secure storage of CO, post-oil
or -gas extraction.”* In addition, ensuring the promotion of car-
bon pricing and financial regulatory environments that legislate
against the largest emitters of greenhouse gases, provides
added incentives for major companies to help develop CCS pro-
jects. Although there are 64 initiatives either implemented or
scheduled to be implemented that would cover 12 Gt of CO,
equivalent, the roll-out and progressiveness of policies varies
nationally.”® In the US alone, cap and trade policies are active
in just 11 states making up the Regional Greenhouse Gas Initia-
tive (RGGI), but only one of these (California) bases their emis-
sion taxes on multiple industry sources. It should be noted that
CCS does not yet factor in the main emissions offset categories
of the RGGI. This perhaps provides scope and opportunities for
the future design of this policy. In contrast, the China ETS has
taken time to implement,”® but has now been recently adopted,
while other large emitting countries where schemes such as this
would be beneficial, such as India, have no such scheme
formally in the pipeline. Even with these initiatives, the increasing
variation of carbon prices across close neighboring states or re-
gions (e.g., the US or EU) might have implications for the long-
term development of CCS. The urgency for deployment may
be hindered by differing approaches to emissions reductions
causing economic “leakage” whereby reduced output by one
jurisdiction is offset by an increase in another—to the overall
detriment of NZTs. It remains to be seen if measures suggested
to address emissions offshoring, such as the EU’s proposed
Carbon Border Adjustment Mechanism might improve the CCS
investment case.”” Due to the nature of some CCS schemes
that are reliant of multiple point sources and transport networks
that span different countries or states, the importance of cross-
border cooperation to legislate a single value on carbon high
enough to make CCS viable becomes vital.

g
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Figure 7. The life cycle of CCS

Figure redrawn from Ragden et al.>® with the pre-
dicted placement of 2009 and 2021 outlooks on
CCS. The initial optimism of the IEA Blue-Map
scenario in 2009 (stage 2) was closely followed by a
period of disillusionment (between 2009 and 2021)
where CCS project and facility deployment was not
as forthcoming as predicted. Today, in 2021, we are
in a period of new orientation (stage 4) where in-
vestment and momentum seem to be building to-
ward the deployment of multi-industry hubs and
clusters utilizing shared facilities and CO, transport
networks, and new technology deployment such as
hydrogen production, DAC, and BECCS.

to alack of understanding about the prob-
lem CCS is meant to address.® Results
also show that public attitudes to CCS
vary widely.”’ Negative perceptions
stem from the lack of understanding or a
“not in my backyard” attitude, while pos-
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itive viewpoints emerge when CCS is

Generally, although CCS deployment is a desirable outcome
for many, the associated risks often outweigh investment.
Well-documented failures of government-backed schemes to
get CCS up and running with the involvement of major com-
panies are a concern (e.g., the Longannet and Peterhead pro-
jects in the UK) and questions remain regarding the commitment
required to make it a reality. Additional challenges occur in the
form of the cost and the associated legislations and liabilities
of CCS.”®®" Studies have made efforts to calculate the potential
costs of the technology®'®* and, while this is no easy task based
on variability across different industries, it shows that the capture
phase is generally the most costly when compared with trans-
port and storage.®’ Similarly, start-up costs for initial projects
are usually extremely high as these bear the brunt of supplying
the transport and storage mechanisms, of which subsequent
projects can then take advantage.

The level of legislation applied to CCS deployment varies glob-
ally. In the US, for example, this is devolved to the state level,
where those doing the most CCS (e.g., Texas) are those that
have clear regulations in place covering injection and monitoring
methods, such as groundwater protection. For other nations
there are still major uncertainties about short and long-term lia-
bility, an example of this being the EU, where the legal and finan-
cial framework outlined in the CCS directive is seen by many
member states as a substantial barrier.5>:5°

Perhaps one of the most obvious obstacles to deployment is
the slow pace of assessing, verifying, and exploiting the vast
storage resources that are available. This no-doubt heightens
the perceived risk for geological storage of CO,, especially in
terms of confidence in the capacities and the risk of CO,
leakage at a chosen storage site.®”° This feeds directly into
the general public’s acceptance and perception of the role of
CCS and adds obstacles to the smooth transition toward de-
carbonization efforts. Recent investigations reveal that there
is little public awareness regarding CCS technologies, leading
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positioned with the utilization of CO, (or
when a value is placed on carbon) where
there seems to be a higher level of sup-
port. Despite this, the utilization of carbon and recycling back
into usable materials and fuels is limited, being dominated by
the fertilizer and food industries. Predominantly, the utilization
is particularly relevant in the oil and gas sector for EOR. In addi-
tion, the long-term sequestration of CO, into concretes, plas-
tics, and fuels is still in various stages of development limiting
its immediate potential, and thus carbon capture and utilization,
not including for EOR, are currently only responsible for the
abatement of less than ~0.5 Mt CO, per year,”> compared
with the 40 Mt per year from CCS.

THE OUTLOOK FOR CCS

CCS is continually mooted as necessary if the effects of climate
change are to be dealt with and NZTs are to be met. The life cycle
that CCS has been through and the path that it continues on is
subject to a number of peaks and troughs®® (Figure 7). The speed
of facility deployment and then the slowdown since the initial
excitement and growth phases, such as observed in 2009,
signals that the industry is encountering challenges and disillu-
sionment about its costs, timescales, and future direction. The
expectations that CCS was initially built upon and the optimism
that came with it, have wavered because of these barriers. Now,
more than ever, this offers the opportunity to learn lessons from
the past decades in forging new pathways for the technology to
avoid CCS being deemed as an overhyped technology. While it
remains widely agreed that CCS is needed to deliver the targets
for net zero in the near and longer term, it is also a good time
to reassess what is needed to accelerate the large-scale
deployment required to achieve these targets. This assessment
is perhaps never more timely owing to the recent unforeseen
global COVID-19 pandemic which saw CO, emissions decline
steeply in 2020. However, despite the emissions savings made
early on, the subsequent economic recovery combined with a
lack of established clean energy pathways has meant that
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energy-related CO, levels are already back to, and rising above,
pre-pandemic levels.®*

CCS is currently only cited in 11 government agreed NDCs, "’
although with updates ongoing in readiness for the UN Climate
Change Conference, 2021 (COP26), this is likely to increase.
However, despite plans being discussed, implementation of
these must be delivered at a far greater pace than currently
observed if we are to reap the benefits from this technology.
The same questions regarding the potential of CCS as a key
part of the global climate response are continually posed.
Although a fluctuating picture, in terms of support and the
deployment of facilities, the momentum of CCS looks to be
improving due to the change in direction toward new technology
options such as hydrogen production, DACCS, BECCS, and the
targeting of large industrial emitters.>®> More broadly, with the
addition of new technology to the CCS portfolio and the increase
in the installed capacity of renewables,® it perhaps shows how
these technologies can work hand-in-hand rather than deeming
one more critical than the other in reaching net zero. Although a
renewables-based approach to mitigation is widely supported,
its success is reliant on aspects, such as shifts in behavioral
change and developing greater efficiencies in the use of energy,
which can fluctuate and take time. Through encouraging the
continued financial commitment from governments and pri-
vate-sector stakeholders in CCS deployment, and technological
advances to abate further emissions, this may also act as a cata-
lyst toward a green energy transition and avoid slipping into long
periods of disillusionment.

A greater push for economies of scale, such as CCS technol-
ogy focused on industrial hubs and clusters, is efficient
especially when governments and private companies all apply
investment to those activities and there is no actual limit on
how many point sources link up to these. The Norwegian Long-
ship project is one example of how this is now becoming a reality
and similar approaches in the UK are finally showing encour-
aging signs with the awarding of £171 million to nine projects
promoting decarbonization.’® The development of frameworks,
such as those that aim to use CCS for the decarbonization of
hard-to-abate heavy industries while promoting cleaner energy
generation, such as hydrogen production and renewables,
should be accelerated to help shape future discussions
regarding the energy transition paradigm.

The last few decades have proven that the technical exper-
tise and knowledge exists to implement CCS technology at
scale. To convert this potential into reality a significant push
in government policy and regulation is required. This will help
forge a pathway for the rise of facility deployment and the diffu-
sion of this innovation for continued success (stages 5 and 6,
Figure 7). Consideration for early movers into CCS deployment
should be widely encouraged, especially in start-up phases,
which are often where many barriers exist in terms of upfront
costs and the financial pressures of maintaining CCS infra-
structure and capture technologies. It is also important not to
lose sight of efforts ongoing today to permanently store CO,
(either by EOR or into dedicated storage reservoirs) and to
encourage ongoing efforts to identify viable and safe under-
ground storage resources.®® This is especially important now,
while new pilot and demonstration projects are getting off the
ground and as new innovative technologies start to be proven
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to maintain the pace and commitment needed to ensure CCS
stays on track.

CONCLUSIONS

The considerable efforts from research and CCS development
indicate that the technology is both ready and essential for
reducing the ever-growing impact of climate change. Now,
more than ever, pressure and an urgency exist from the public
and industry to deliver on promises made to undertake climate
change mitigation. However, it is concerning that the lessons
from the last decade are that CCS projects have been slow in
their delivery and that considerable challenges remain in linking
the potential of CCS to the investment and deployment of fa-
cilities.

The gap between what is expected from CCS deployment
and what is being delivered is still all too visible. It is clear
that there now exists a diversity of capture and utilization tech-
nologies but that the pace of development means that these
options are not being exploited. Facility deployment must in-
crease urgently compared with what is currently operating to
fulfill its role in climate change mitigation. For the full potential
to be realized, work still remains on maximizing the direct stor-
age of CO, emissions into our vast and available subsurface re-
serves. At the current rate, CO, storage by 2050 is projected to
be just above 700 Mtpa, just one-tenth of what is required.
Meeting these storage ambitions seems unlikely by 2050 un-
less worldwide coordinated efforts and a more rapid change
in policy takes place.

Encouraging the engagement of both governments and multi-
national companies with the expertise and resources to help
facilitate CCS technology is key. While those nations and regions
with established and commercial hydrocarbon industries are
best placed to enable the transition toward the growth in CCS
activity and a renewables-based future, maintaining a govern-
ment-led approach to the effort remains pivotal. A rapid step-
change in policies is required that ensures that decarbonization
is not pushed down the agenda. A direct approach might include
regulating company strategies that outline plans for hydrocarbon
extraction where a requirement for CO, storage to offset emis-
sions must be integrated post-extraction. In addition, ensuring
more direct targeting and funding for new (or retrofit) deployment
projects toward the hard-to-abate sectors, where CCS is by far
the best short-term mitigation option and where the technology
already exists, may be an “oven-ready” solution in need of
acceleration.

Itis clear that development of CCS still has much to offer in the
short term, as well as being essential in reaching the longer-term
ambition of a sustainable level of net-zero emissions. Despite
this, the promises of significant government support and ambi-
tious building programs over the last decade have fallen short
of expectations, resulting in a failure to capitalize from early
developments and diversification to maintain a continuous
“learning-by-doing” CCS culture.
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