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Abstract

In order to limit global warming to 2 °C, countries have adopted carbon capture and storage (CCS) technologies to
reduce greenhouse gas emission. However, it is currently facing challenges such as controversial investment costs,
unclear policies, and reduction of new energy power generation costs. In particular, some CCS projects are at a stand-
still. To promote the development of CCS projects in different countries, this paper reviews and compares energy
conservation and emission reduction policies and different national goals. From a policy perspective, CCS-driven
policies are analyzed. Based on this, corresponding policy recommendations are put forward, in order to promote the
healthy development of global CCS technology and deal with climate issues more effectively. With less than 10 years
away from the short-term goal, promoting the development and application of CCS projects requires scientific
research from universities, enterprises and governments in order to attain zero or negative CO, emission. On the basis
of focusing on the development of CCS technology, according to the actual situation of each country, the appropriate

requirement around the world.

application of CCS engineering should focus on the development of science and technology, rather than a unified
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1 Introduction

Climate change is the most important environmental
problem and challenge facing mankind nowadays and
emission of greenhouse gases has become a worldwide
focus [1-3]. In order to mitigate the effects of global
warming, many countries have instituted a myriad of
measures. According to the International Energy Agency
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(IEA) [4], global carbon dioxide emission from fuel com-
bustion in 2016 was 32.31 GtCO,, which is twice that
in early 1970s and corresponds to an increase of about
40% in 2000. The 5 assessment report issued by the
Intergovernmental Panel on Climate Change (IPCC)
points out [5] that the global average air carbon diox-
ide concentration has risen to 400 ppm compared with
280 ppm before the industrial revolution and the con-
centration has reached nearly 80 ppm. At the highest
level in the last 10,000 years, the average global tempera-
ture has increased by 0.3-0.6 “C. Hence, carbon capture
technologies are important to meeting climate goals
and attaining low carbon emission. CCS techniques can
reduce CO, emission from the power industry up to 90%.
Cuéllar-Franca and Azapagic have compared the CO,
reduction effects of CCS technology and shown that the
global warming effects of power plants can be reduced
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by 63-82% by taking the proper measures. The World
Development Bank predicts that by 2050, the share of
coal power plants using CCS technology will exceed 56%
and CO, emission can decrease to 1428 Mt. Moreover,
carbon capture has been identified to be an economical
strategy and many countries are actively promoting the
pertinent technology (see Fig. 1) [6-9].

However, CCS projects are facing a number of chal-
lenges. For example, the technology is not yet cost-
effective on the industrial scale and deemed to be
unreliable by doubters [10]. In fact, one of the impor-
tant CCS projects was behind schedule by 2021 and
Chevron admitted it broke restrictions imposed by
regulators to get its $54 billion Gorgon Liquid Natural
Gas (LNG) processing center approved by Australia.
Others argue the trouble stems from the large power
consumption of CCS facilities making themselves sig-
nificant carbon emitters. A coal power plant with car-
bon capture facilities would need 25% more electricity
and after separation, an unknown amount of carbon
dioxide is emitted to the atmosphere. When consider-
ing the additional energy demand and potential leakage
downstream, there is no strong evidence that all the
CO, can be captured. Furthermore, there is disagree-
ment about the utility of CCS and associated concepts
like carbon capture, utilization, and storage (CCUS)
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[11, 12]. Two members of the Global Carbon Absorb
and Storage Institute assessed 26 CCS facilities around
the world in 2021 and concluded that the technology
had been implement on a scale to safely capture and
store carbon dioxide. However, in a review compris-
ing 39 CCS programs in the United States, researchers
have arrived at a different conclusion. The CCS project
development has a poor track record [13] and the fact
that the oil and gas industry frequently recommends as
a critical carbon reduction option does not bode well
for the technology. One of the few applications where
CCS seems to have unquestioned success is enhanced
oil recovery in which carbon dioxide is injected into a
well to help extract more fossil fuel, but this is not a
good way to reduce climate change [14]. Meanwhile,
in the power sector, the capture rate is almost zero
and even the International Energy Agency which is
long seen as a booster to the oil and gas industry casts
doubts on the large-scale viability of CCS [15]. Glob-
ally, owing to the economical constraints and lack of
profitable sources, CCS development is in a bad state
and far below the scale proposed by the IEA [16]. To
improve this situation, the economic value of CO, has
been widely discussed, and the Carbon Sequestration
Leadership Forum (CSLF) changed the term “CCS”
to “CCUS” (Carbon Capture, Utilization, and Storage,
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CCUS) [17]. CCUS technology is a technology that
directly separates CO, from the emission source that
produces CO,, compresses, transports, and carries
out geological storage or resource utilization. Among
them, the carbon capture process is the part with the
highest energy consumption and cost in the whole
process, so the research on carbon capture technol-
ogy is also the focus of CCUS technology development
[18, 19]. The CO, emission sources include station-
ary source emissions (including energy consumption
emissions from power plants and other large indus-
trial processes) and mobile CO, emissions (including
transportation, etc.), of which stationary source emis-
sions account for about 60%. Figure 2 shows the main
route of the current CCUS technology. But the net-
zero emissions pathway proposed by the IEA envisages
a smaller role for CCUS and CO, removal than the
ambitious scenarios developed by the United Nations’
Intergovernmental Panel on Climate Change.

To address these issues, this paper reviews recent
advances and reassesses the feasibility of CCS. Devel-
opment of CCS technology, changes in policies and
regulations in various countries, and carbon cap-
ture strategies are summarized. Challenges facing the

development of CCS are discussed and future strategy
and development are proposed.

2 Status of CCS policies in various countries

The Paris Agreement has paved the way for global green-
house gas reduction after 2020 by breaking the legal
stalemate created by the climate agreement in 2009. The
Paris Agreement aims at limiting the rise of the global
average temperature to 2 °C or lower in this century [8,
20]. The agreement also sets the goal of achieving carbon
neutrality by the middle of this century, while the Euro-
pean Union, United Kingdom, Japan, and other countries
have pledged to attain zero carbon emission. Since then,
global attention to temperature control has spurred the
development of national policies. Table 1 shows the cur-
rent energy conservation and emission reduction targets
and corresponding national policies. The current policy is
implemented only until 2050 but global CCS projects are
being developed rapidly. As of September 2021, the num-
ber of commercial CCS facilities planned, under con-
struction, and in operation has reached 135, that is more
than double from that in 2020, and will capture approxi-
mately 1.5 x 10® t of CO, per year when completed. There
are 31 large-scale CCS projects in the construction or
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operation stage in the US (13), China (5), Canada (4),
Europe (4), Middle East (3), Australia (1), and Brazil (1).

Several 10 million-ton CCS industrial clusters will
be built, the largest of which is the "Houston Channel
CCS Innovation Zone" that utilizes multiple CCS indus-
trial carbon sources and store 1 x 10® t of CO, per year
offshore in the Gulf of Mexico. The number of CCS
industrial clusters in the late stage of development or in
operation has reached 24: US (6), UK (6), Holland (4),
Greece (1), Norway (1), Denmark (1), Canada (1), China
(1), Middle East (1), Australia (1), and Brazil (1). Among
them, 5 commercial full-process integrated facilities for
more than one million tons are under construction and
in operation in the US and 3 are in Canada [26]. Accord-
ing to the type and scale of the CO, emission sources,
they are mainly concentrated in power plants, natural gas
processing, syngas, and oil refining facilities, as well as
the chemical industry. In particular, power plants capture
the largest amount accounting for 52%. From the per-
spective of CO, capture for a single project, natural gas
processing, syngas, coal liquefaction, and power industry
are dominant. The average capture volume is 2 million to
3.7 million tons per year and the average capture volume
of fertilizer, hydrogen production, steel, oil refining and
chemical production is 900,000 to 1.2 million tons per
year.

2.1 National low-carbon status and targets

2.1.1 United States of America (US)

US has a big energy industry which is number 1 in
nuclear energy and solar and wind energy is developing
rapidly. The agricultural base is solid, so that production
of ethanol and biodiesel is substantial. In addition, oil
and natural gas production ranks first in the world. His-
torically, coal as the largest source of energy. For exam-
ple, in 1949, coal accounted for about 37% of the energy
consumption mainly for electricity generation and heat-
ing. By 1958, natural gas consumption exceeded coal for
the first time and became the second largest source until
today. After 2005, the use of coal has decreased signifi-
cantly and peaked in 2007 [27, 28].

In 2019, renewable energy such as hydroelectric power,
wind energy, solar energy, geothermal energy, etc. sur-
passed coal for the first time and has become the third
largest source in the US. Together with nuclear energy,
non-fossil energy in the US has accounted for 20% of the
total primary energy consumption. Coal accounted for
only 13% in 2020 thus contributing to carbon emission
control [29]. The US added 12 CCS commercial projects
in 2020 and plans large-scale deployment of CCS tech-
nology within 25 years. As shown in Fig. 3(a-c), CCS
projects have proliferated rapidly in the past 5 years. In
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the start-up stage in the next 5 to 7 years, investments
amount to $50 billion and the scale of CCS will reach
60 million t/a. In the expansion stage, the investment is
anticipated to be $175 billion in the next 15 years and
the scale of CCS will reach 150 million t/a). Subsequently
in the application stage (following 25 years), the invest-
ment is expected to be $680 billion and the CCS scale will
reach 500 million t/a).

Up to now, the number of projects in operation in the
United States has increased to 38 and accounts for about
half of the total number of projects in the world and the
carbon dioxide capture capacity exceeds 30 million tons
[32]. In addition to government funding and policies,
there are many incentives. Coal power plants emit more
carbon dioxide per megawatt than gas power plants, but
retrofitting coal power plants requires up-front capital
investment. A coal power plant costs about $18 million
per megawatt to achieve a 90 percent carbon capture
rate, while a gas combined-cycle power plant costs
$800,000. Moreover, capital incentives such as deprecia-
tion, partnership, and investment tax credits positively
impact CCS investments in coal power plants compared
to those of gas plants. Therefore, development and con-
struction of CCS in the US are at a faster pace than those
in other countries.

2.1.2 European Union (EU)

In the EU, 13 commercial CCS projects are in operation
in 2020, including 1 in Ireland, 1 in the Netherlands, 4 in
Norway, and 7 in the United Kingdom, and another 11
projects are planned by 2030 [33], as shown in Fig. 3(b).
Major commercial CCS facilities in Europe are concen-
trated around the North Sea, whereas projects in conti-
nental Europe have progressed relatively slowly due to
various factors such as politics, cost, and public accept-
ance [34]. Norway is the first country in the world to set
CO, emission reduction objectives as well as a leader in
CCS implementation and policy development [35]. This
is primarily due to the country’s “civil war” in which
economic growth depends on the production and sale
of oil and gas, which is accompanied by carbon dioxide
emission, while the government and citizens have lofty
emission reduction goals. CCS has been a topic of politi-
cal debate in Norway since the 1990s. Two planned gas
power stations drew a lot of attention in 1994 since they
were expected to raise domestic emissions by 6%.

There was no voice in favor of CCS technology until
the mid 2000s, when the new government promised to
be “CCS-based” and only gas power plants are permit-
ted in order to achieve the “CO,-free” goal [36]. Nor-
way has been promoting CCS on a worldwide basis
since then. As part of the Climate Solutions 2007, the
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International CCS Action Plan was formed with the
goal of making Norway a net carbon neutral country in
order to persuade other governments to embrace cli-
mate change mitigation. Because of international col-
laboration and self-initiatives, Norway has conducted

several feasibility studies and launched some large-
scale CCS projects [37] and is shooting for carbon
neutrality by 2030 through international offsets and
domestically by 2050.
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Copenhagen is temporarily abandoning its 2025 goal
of becoming carbon neutral because the environmental
company Amager Island Resource Center does not meet
funding criteria for carbon capture, the mayor of Copen-
hagen said. Copenhagen had hoped to be the first capital
city in the world to become carbon neutral. After more
than a decade of efforts, Copenhagen’s carbon dioxide
emissions have been reduced by 80% compared to 2009.
But plans to be carbon neutral by 2025 have to be put
on hold for a while now. Denmark is not the only EU
country with variables. Germany previously planned to
achieve 80% renewable energy power generation in 2030,
achieve “close to greenhouse gas neutrality” in the power
generation field in 2035, and achieve greenhouse gas neu-
trality in 2045.

The so-called greenhouse gas neutralization covers
not only carbon dioxide, but also methane, etc., which is
more difficult than achieving carbon neutrality. But in the
most recent draft submitted to federal lawmakers, they
only retained the 2030 plan and deleted the 2035 target.
Of course, Germany has not “abandoned its carbon neu-
trality goal” At present, the climate neutrality timeline in
Germany has not changed, but the emission reduction
targets for the power industry have changed. Regardless,
the EU remains a pioneer in the global move towards car-
bon neutrality. The energy crisis will disrupt planning in
the short term and make the EU pay for its over-reliance
on imported natural gas. After the labor pain, the EU will
embrace new energy more quickly.

Unlike the United States, which supports the develop-
ment of CCUS technology through fiscal and taxation
policies, the EU mainly contributes to the EU’s emission
reduction goals through market-oriented means such
as the European Emissions Trading System (EU-ETS),
the world’s largest carbon emissions trading market.
The annual trading volume is nearly 170 billion euros,
accounting for more than 80% of the global carbon mar-
ket share. The trading mechanism is shown in Fig. 4.

Its main trading principle is: the government sets the
greenhouse gas emission limit of a certain industry, and
reduces the total carbon emission limit year by year
according to the EU emission reduction target. Green-
house gas emissions permits are then issued to busi-
nesses. During the validity period, if the greenhouse gas
emissions caused by the actual production of the enter-
prise exceed the quota allocated by the government, then
the enterprise needs to purchase carbon allowances on
its own in the carbon trading market. Conversely, excess
carbon allowances from companies can also be sold in
the carbon trading market. The carbon emission price is
determined by the mutual matching of market transac-
tion entities. It aims to use cost constraints to promote
the internal motivation of responsible entities to increase
carbon emission reduction, and at the same time, to pro-
mote investors to lean towards clean and low-carbon
industries, and ultimately achieve the purpose of control-
ling the total amount of carbon emissions.
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In addition, the European Innovation Fund, which was
established in June 2020 with a total of 10 billion euros,
is considered to be the main source of public funding for
CCUS projects in the future.

2.1.3 United Kingdom (UK)

The United Kingdom once suffered from pollution due
to the rapid economic development and lack of atten-
tion to environmental protection. In December 1952, the
“London Smog’; a serious air pollution incident, directly
or indirectly caused more than 12,000 deaths. After-
wards, the British government became the first country
in the world to start environmental governance resulting
in a carbon peak in 1991. On May 31, 2002, the UK and
other EU member states signed the “Kyoto Protocol” and
actively participated in greenhouse gas reduction. For
example, in 2002, the world’s first zero-carbon commu-
nity, Beddington, was built. The UK was the first major
economy to legislate to reduce greenhouse gas emission
to net zero [38]. As early as 2007, the British government
also launched a competition to promote the develop-
ment of CCS technology. However, research and devel-
opment of CCS technology at that time was mainly based
on reduction of carbon emission from coal power plants,
but the UK has stopped building them 2009 and instead
started to build gas power plants. This has led to a hasty
conclusion of the then CCS demonstration project design
competition in 2011 [39].

Since then, the enthusiasm for CCS has diminished and
many projects have been shelved. A recent report by the
UK’s National Audit Office shows that the overall devel-
opment for CCS has been delayed by at least five years.
One of the plans is to encourage more power plants to
adopt CCS technology, so that they can learn and discuss
with each other. In the future, 2Co Energy will be able to
build a series of CCS projects in the Hubble waters of the
North Sea, where CO, will be injected into some oil wells
with declining production to aid oil extraction [40]. Exist-
ing zero-carbon scenarios appear to have disregard the
current UK government policy on energy development
and the work being done is to tackle sustainable energy
project financing. In 2019, the United Kingdom revised
the Climate Change Act and released a plan to achieve
carbon neutrality by 2050. In the roadmap, the "Green
Industrial Revolution” plan released by the British gov-
ernment in 2020 covers offshore wind energy, hydrogen
energy, green shipping, and carbon capture and plans to
invest £12 billion. The government will also invest &1
billion for offshore floating wind power generation and
green energy storage systems.

At the same time, many cities are striving to be zero-
carbon by deep decarbonization of heating, energy,
transportation, and net-zero carbon emission from new
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buildings. There are only three new nuclear power plants
under development in the UK, Hinkley Point C, Sizeville
C and Bradwell B. Existing nuclear power projects cannot
meet the goal of zero carbon emission and the cost for
carbon capture and renewable energy is still high. Fur-
thermore, most renewable energy can only be generated
intermittently and requires substantial storage and power
generation equipment thus increasing the cost. Nuclear
energy is a critical but currently undervalued element in
the UK energy system. Nuclear energy has lower techni-
cal risks but is challenged by financing models. With UK
gas production in decline, nuclear power is the only relia-
ble source of energy in the UK with a secure supply and it
is an essential part of the most stable and cheapest energy
system in the whole of Europe [41, 42].

2.1.4 Japan

Japan is another country that emphasizes CCS as a tool
to coordinate economic growth with climate change mit-
igation [43]. Although only five CCS projects are opera-
tional or have been completed, Japan has demonstrated
effective policy governance of CCS operation [44]. The
2007 Law on the Prevention of Marine Pollution and
Marine Disasters, for example, allows carbon dioxide
injection into subsurface saline aquifers and has estab-
lished specified CCS guidelines. CO, capture (amine
chemical absorption and CO, concentration>99%),
environmental impact assessment, permission; and long-
term monitoring are the four primary factors. These
requirements were emphasized in the 2009 CCS Dem-
onstration Project Safety and Environmental Guidelines.
In April 2014, the Japanese government released a strate-
gic energy plan under the Basic Law of Energy Policy in
response to the developments in the energy environment
in Japan and abroad. The plan calls for the first practi-
cal implementation of CCS technology around 2020 as
well as early building of CCS-ready plants to spur CCS
commercialization.

Japan has no oil and gas resources that can be exploited
for CO, enhanced oil recovery due to geological factors.
As a result, the majority of the Japanese CCS initiatives
such as the Petra Nova project in the US and EOR pro-
ject in Southeast Asia are international ventures. Owing
to the lack of domestic resources, fossil energy has been
Japan’s main energy source which heavily depends on
imports. To avoid the energy dependence and minimize
risks arising from oil crisis, Japan has gradually adjusted
its primary energy structure in recent years aiming to
reduce its dependence on oil. For example, in 1973, oil
accounted for 75% of the primary energy source [45] but
in 2017, it dropped to 41%, while the proportion of natu-
ral gas increased from 2 to 22%. However, due to carbon
emission from the long-term and extensive use of fossil
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energy, Japan only achieved the carbon peak around 2020.
In 2019, Japan announced its goal to achieve carbon neu-
trality “as early as the second half of this century’, with
CCS and hydrogen energy as two important research
directions such as exploring the use of concrete that can
absorb carbon dioxide and using algae to fix carbon diox-
ide and generate biomass fuels. Zero-carbon fuels such
as hydrogen and ammonia are proposed to replace tradi-
tional fossil fuels in the transportation sector.

2.1.5 China

As a country with the largest population in the world,
China actively implements a national strategy to
address climate change [46], as shown in Fig. 5. In
2015, China put forward emission reduction targets in
“Strengthening Action on Climate Change — China’s
Nationally Determined Contribution” outlining that
carbon dioxide emission would peak around 2030 and
carbon dioxide emissions per unit of Gross Domestic
Product(GDP) would be reduced by about 20% com-
pared to 2005 (60%-65%). Increasing the proportion of
non-fossil energy consumption accounts for about 20%
of primary energy consumption. By the end of 2018,
China’s national carbon emission has dropped by 45.8%
compared to 2005, which is ahead of schedule [47]. In
September 2022, according to the overall arrangement
of China’s carbon peak carbon neutral “1+N” policy
system, the Ministry of Science and Technology of
China, together with nine departments, organized the
compilation of the “Science and Technology Support
Carbon Peak Carbon Neutralization Implementation
Plan (2022-2030)"” The plan proposes scientific and
technological innovation actions and safeguards to sup-
port the carbon peaking goal by 2030, and make techni-
cal research and development reserves for the carbon

Page 9 of 21

neutrality goal by 2060. Strengthening scientific and
technological support to achieve carbon neutraliza-
tion involves basic research, technology research and
development, application demonstration, achievement
promotion, talent training, international cooperation
and other aspects. The determination and perseverance
of the Chinese government can be seen. In June 2022,
CNOOC, Guangdong Development and Reform Com-
mission, Shell Group and ExxonMobil signed the Mem-
orandum of Understanding for the Daya Bay Industrial
Park CO, Capture Utilization and Storage Cluster
Research Project, which will be the first 10-million-ton
offshore CCUS cluster project in China.

CCS projects in China started relatively late and
most of them were implemented gradually after 2000.
The initial technical route is similar to that proposed
by European and American countries starting with
geological storage and carbon dioxide flooding (EOR).
Early projects include carbon dioxide flooding (EOR)
in Daqing Oil Field. In the 2010s, various technical
routes for carbon dioxide utilization began to appear
in CCS projects, including pre-combustion capture
in power plants, combining heat and power, etc. The
use of catalytic hydrogenation to convert carbon diox-
ide into chemicals such as formic acid and chemical
processes for plastics are also emerging [48]. China’s
CCUS research started relatively late, but around 2006,
the Chinese academia and industry, according to the
national conditions, made it clear that China’s carbon
capture and storage technology should take the road
of CO, resource utilization. For the first time, the con-
cept of "CCS+U" (ie CCUS) was proposed. At pre-
sent, China’s CCUS technology is still in the research
and development and demonstration stage. There are
about 40 CCUS demonstration projects in operation
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and under construction, mostly small-scale oil capture
and drive demonstration in the petroleum, coal chemi-
cal and power industries, lacking large-scale or full-
process industrialization projects. Investment in pilot
demonstration projects in China mainly comes from
key state-owned enterprises, with low participation
from private capital.

China’s CCS projects are based on two main business
models: independent operation of oil companies in the
whole process and CCS operators. In the independent
operation model, oil companies are independent oper-
ators for CCS and risks and profits can be shared more
flexibly. In addition, coordination between various
departments is easier to achieve, so that transaction
costs are lower. In the CCS operator model, CCS has
emerged as an independent market operator. Since this
model involves cooperation of multiple enterprises
and industry, it is necessary to promote the rational
distribution of social responsibilities and economic
and social benefits by legal means [49].

International cooperation is an important manifesta-
tion of the global development of CCS technology. For
example, the Ministry of Science and Technology of
China and the British government officially launched
the "China-UK Near-Zero Emissions Coal (NZEC) Uti-
lization Project " in Beijing. The Commonwealth Sci-
entific and Industrial Research Organization (CSIRO)
of Australia, China Huaneng Group Corporation and
Xi’an Thermal Engineering Research Institute (TPRI)
jointly built the Huaneng-CSIRO Post-Combustion
Capture Demonstration Project. China Power Engi-
neering Consulting Group Corporation ( CPECC)
signed an integrated coal gasification fleet combined
cycle power generation and carbon capture and storage
technology agreement with General Electric and the
United States Trade and Development Agency respec-
tively. Shanxi International Energy Group Co., Ltd. and
APP Corporation of the United States signed a CCUS
technology cooperation. EU-China Partnership on
Carbon Capture and Storage. China—Europe Carbon
Capture and Storage Regulatory Activities CO, Sup-
port Project, China—Europe Geological Sequestration
Potential Assessment Project. A CO, capture fertilizer
production project between Agrium and American
College of Trial Lawyers (ACTL) in Canada. ACTL
Canada and Northwest Redwater partnership Sturgeon
bitumen refinery CO,Stream for petroleum refining
and more. In today’s globalized world, countries can-
not be separated from each other. In order to achieve
global low carbon goals, countries need to cooperate
with each other. Countries with advanced technol-
ogy cooperate with countries with abundant capital,
countries with high carbon production cooperate with
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countries suitable for storage, and mutually promote
the development of technology and industry, so that
the same goals can be completed on time.

2.2 Countries’ policies towards CCS

There are different CCS projects in the US including
cement manufacturing, coal power generation, gas power
generation, waste-to-energy generation, and chemical
industry [50]. Half of the projects are no longer reliant
on CO,-enhanced oil recovery for revenue due to the
subsidy by the US government. CCS projects can receive
financial support through the federal government’s 45Q
tax credit and the California government’s low-carbon
fuel standard. These initiatives have improved the viabil-
ity of CCS projects and enabled their long-term health.
In 2020, the US Department of Energy invested $270 mil-
lion to support CCS projects [51, 52].

After the revision of the tax credit policy in 2018, the
subsidy amount per ton of carbon dioxide has increased
significantly. The tax policy adopts a progressive carbon
dioxide subsidy price-setting technology. Among them,
the subsidy for geological storage of carbon dioxide will
increase from $25.70/ton in 2018 to $50.00/ton in 2026
and that for non-geological storage (mainly referring to
CO, enhanced oil recovery and carbon dioxide utiliza-
tion) will increase from $15.29/ton in 2018 to $35.00/ton
in 2026. On January 15, 2021, the US issued Article 45Q
which made credit eligibility and allocation more flexible
and clarified that private capital qualified for the credit,
thus ensuring stable cash flow and reducing financial
risks [53].

To achieve the 1.5 °C targets in 2030, 2040, and 2050,
emission reduction in the US will be 91-800 million
tons, 600—1.73 billion tons, and 0.9-2.45 billion tons,
respectively. Compared with the 30 million tons of CCS
capacity in operation in 2020, the US needs to implement
a large number of CCS projects by 2050 to meet the cli-
mate goal. The US, like China, uses the phrase "CCS" to
promote the growth of fossil fuels but its policy is more
developed than the Chinese one. Since the Supreme
Court declared greenhouse gases to be pollutants in
2007, CCS has been a critical technology in the transi-
tion from fossil fuel power generation to greenhouse gas
reduction. Subsequently, a series of additional federal-
level legislations such as the US Electricity Act of 2010
have enacted new emission limitations for power plants
and there are laws addressing disposal of hazardous
pollutants in separation processes. However, local gov-
ernments have not been persuaded to support capture
technology by these political measures because residents
refuse to fund the construction costs of installing capture
units and several state authorities refuse to develop new
capture-based coal-fired power stations, although both
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the transit and storage components have legal backing at
the federal and state levels.

Pipeline governance in the US is rather mature and
various federal departments and state authorities have
established legislation and rules to control, oversee, and
enforce pipeline transportation and safety. In the realm
of geological storage, several norms and standards have
been created. For example, the Underground Injection
Control (UIC) program for CO, geological storage wells
and the Illinois Clean Coal Future Act of 2011 monitor,
categorize, and reimburse individuals accountable for
operational procedures. From the political standpoint,
the US should broaden legal coverage to include the
“post-EOR injection” and “post-closure storage” stages
in the future. Moreover, integrating storage in aqui-
fers in the CCS legal framework is important, not sim-
ply enhanced oil recovery (EOR) and enhanced coal bed
methane (ECBM) [54].

Different from the US, carbon dioxide emission reduc-
tion by CCS projects in Europe is mainly reflected by
the European Emission Trading Scheme (EU ETS) and
enhanced oil recovery [55]. Until 2020, the carbon diox-
ide price is low in Europe and there is limited support for
CCS projects. In addition, the uncertainty of carbon price
in the market affects the motivation for CCS investment
for companies. Funds such as European NER300, Horizon
2020, and Horizon Europe provide public funding for CCS
projects, but NER300 has been criticized for not support-
ing any CCS projects. The EU has been actively promot-
ing a low-carbon economy and has adopted policies and
institutions to promote low-carbon transition [56].

The 2020 European Green Deal and European Climate
Act has transformed the 2050 goal of net-zero emission
into a political goal and legal obligation, making it pos-
sible to implement more emission reduction policies in
Europe in the future. Since CCS is an important means to
reduce emission, it is foreseeable that Europe will adopt
more active policies. The €10 billion European Innova-
tion Fund created in June 2020 is widely regarded as the
main source of public funding for future CCS projects.
Nevertheless, compared with other low-carbon energy
projects, EU support for CCS is cautious and conserva-
tive. To achieve the 1.5 °C target, emission reduction in
the EU will be between 20 and 604 million tons in 2030,
between 140 million and 1.57 billion tons in 2040. In the
1.5LIFE (sustainable living) and 1.5TECH (technology)
scenarios announced by the EU in 2018, emission reduc-
tion of CCS in 2050 will be between 370 and 600 million
tons. Compared with the emission reduction of other
models, CO, capture, utilization. and storage emission
reduction from 2030 to 2050 are significantly biased in
the official model POLES in the EU policy and the 1.5 °C
scenarios officially announced by the EU is low [57].
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To achieve low-carbon development, Japan released the
"2050 Carbon Neutral Green Growth Strategy" in 2020 to
encourage private capital investment for offshore wind
power, hydrogen energy, and other industrial projects. It
is estimated that import of hydrogen energy will reach 3
million tons by 2030. The capacity of offshore wind power
will reach 30-45 GW in 2040 and 20% of the power plants
will use mixed ammonia combustion laying the founda-
tion for Japan to achieve carbon neutrality. Full projects
in Japan include the Tomakomai Carbon Capture and
Storage Project which started construction in 2012 and
operation in 2016. The Hiroshima Integrated Gasification
Combined Cycle (IGCC) project has started CO, capture
and is preparing to conduct a demonstration pilot of CO,
utilization in the future. In 2020, the Japanese government
announced the goal of net-zero emission by 2050. In the
same year, the parliament adopted a growth strategy and
formulated an implementation plan. CCS is one of 14
areas in which a roadmap for cement, fuels, chemicals,
and power has been developed [58]. It should be noted
that the focus of the Japanese government in recent years
has been utilization of carbon dioxide and the investment
in geological storage has decreased compared with that
in the past. In order to accomplish the goal of 1.5 degrees
Celsius in 2030, 2040 and 2050, Japan’s CCS emission
reductions will be 200 million to 210 million tons, 23 mil-
lion to 430 million tons, and 110 million to 890 million
tons, respectively [59].

To spur the development of CCS, China has under-
taken several regulatory adjustments. The Five-Year Plan
(FYP), a core national guideline that has promoted this
technology since the 12 Five-Year Plan, is an excellent
example (2011). In July 2021, Sinopec started the con-
struction of China’s first million-ton CCS project, the
Qilu Petrochemical-Shengli Oilfield CCS Project. Qilu
Petrochemical captures carbon dioxide and transports it
to Shengli Oilfield for oil displacement and storage. The
project can reduce carbon dioxide emission by 1 mil-
lion tons per year, which is equivalent to shutting down
nearly 600,000 economical cars for one year. After years
of institutional practice, the Chinese government has
established a dual-track carbon emission policy and legal
system [54]. The first is project-based carbon emission
trading based on the United Nations Clean Development
Mechanism projects and domestic voluntary greenhouse
gas emission reduction projects. The second is to pilot
total-capacity quota-based carbon emission trading in
provinces and cities. Although the relevant bill has not
yet been announced and put into operation, the govern-
ment has accelerated the progress due to the pressure
of the dual carbon goal. To achieve carbon neutrality,
China needs to invest ¥ 2.2 trillion per year before 2030,
and ¥3.9 trillion per year from 2030 to 2060. Carbon
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emission and carbon sinks can be traded in the carbon
market at a price called the carbon price. The EU believes
that the carbon price should be $40-80 per ton of car-
bon dioxide in 2020 and $50-100 in 2030. The current
average capture cost per ton of carbon dioxide in China
is $45-150. The transportation cost by trucks is about
$0.15-0.22 per ton-kilometer and the cost of storage var-
ies greatly [60]. Obviously, completion of the entire CCS
industry chain requires considerable capital investment.

The United Kingdom, Japan, Mexico, European Union,
South Korea, the Philippines, US, and other countries
have passed laws to deal with climate change and China
is also following. However, owing to the pressure of
production and COVID epidemic, many developing
countries are still unable to advance the relevant bills.
Countries have designed corresponding policies accord-
ing to their national conditions, energy distributions, and
economic development. CCS is included as a technology
suitable for climate mitigation in the 2019 Joint Multilat-
eral Development Bank Climate Finance Report. CCS is
also a significant mitigation technology in both the World
Bank’s newly adopted Climate Action Plan and the Asian
Development Bank’s 2021 Energy Policy Paper, with ADB
designating CCS as a critical mitigation technology in
hard-to-mitigate industries.

Several major multinational development banks and
donor countries including the US, Norway, Japan, and
UK have implemented national policies encouraging the
development and deployment of CCS. Greater efforts
are needed to promote prospective CCS projects in the
southern hemisphere and multinational banks should
continue to play a role. Supporting the development of
green new energy and renewable energy is a win—-win
for everyone, but it is impossible to completely replace
environmentally friendly energy in the short term. To
balance economic development, it is necessary to adjust
the distribution according to the current energy conser-
vation and emission reduction goals while it is necessary
to boost carbon capture and reduce carbon emission for
the long-term goals.

3 Challenge and prospective

Combustion of fossil fuels emits CO, to the atmosphere
and the ensuing greenhouse effect has become a major
environmental problem of mankind, as evidenced by
extreme weather and natural disasters in recent years.
With regard to CCS development, breakthroughs must
be made in the four following areas in order to reach the
2 °C target.

3.1 Government policies
In 2050, just 700 Mt CO, yr~! is expected to be captured,
which is less than 6,000 Mt CO, yr~! needed to achieve
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the 2 °C objective. As a result, new rules are required to
encourage commercial CCS projects and all governments
must perform commercial evaluation of the carbon diox-
ide storage capacity. The other option is to provide CO,
storage certificates to fossil carbon producers requir-
ing increasing proportion of CO, to be stored over time.
Governments should and must support CCS projects
that are poised to make a big difference to the environ-
ment, employment. and economy.

Under the current electricity quota (4,000 h per year),
even without CCS retrofits, coal-fired power plants
(CFPPs) are in the red. And if additional power quotas
are provided, it can profit from CCS retrofits. Figure 6
shows the critical conditions for the emission levels of
CEFPP retrofitted with CCS and the same power quota as
gas-fired generators under different scenarios. As shown
in Fig. 6(a), if CFPP emits at the same level as gas genera-
tors, it appears that CFPP should capture more than 40%
of the total CO, emissions. Figure 6(b) shows the corre-
sponding Levelized Cost of Electricity (LCOE) for coal-
fired power plants with different capture levels under
different power quota scenarios. It can be seen that with
the increase of electricity consumption, the LCOE shows
a downward trend [61]. Furthermore, it can be observed
that as the electricity quota increases, the room for fur-
ther decline is gradually narrowing [46], which can be
attributed to the energy loss and efficiency loss caused by
the large amount of captured CO,,.

To spur development of the CCS industry in the future,
governments should launch more active industrial ini-
tiatives, formulate flexible regulatory policies, and pro-
vide reliable financial resources, as shown in Fig. 7. They
also need to propose clear plans for the power sector to
reduce carbon emission and provide reliable return for
CCS project investors. One of the main reasons why CCS
projects have been delayed in the past is the lack of relia-
ble financing. Therefore, provisions to protect CCS earn-
ings should be included to mitigate financial risks. By
instituting policies to encourage and support innovations
and with governments taking up some financial risks, it
is possible to increase investment interest to promoting
further development [62].

If there are no large-scale demonstration projects,
there will be no corresponding data to share for further
development. If combined laboratory and industrial
demonstrations cannot be attained, the role of labora-
tory research in promoting the development will be rel-
atively small. In addition, carbon emission trading can
bring considerable benefits to CCS projects and financial
resources for the implementation of CCS projects.

Considering the gaps in economic and technological
development in different countries, to a certain extent,
countries should learn from each other’s policies and
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practices for CCS. However, they should make corre-
sponding policy adjustments in line with their own devel-
opment situation and the pressure they can bear. Details
are as follows:

(a)

Government organizations and countries should
develop appropriate laws and regulations for CCS
technology. Clarify the responsibilities of all parties,
standardize all links, so that all links can be legally
abided by, and promote the research and develop-

ment and commercialization of this technology.
CCS technology is a technology involving multi-
field and multi-department collaboration [63].
However, in terms of policy legislation, some coun-
tries only mention this technology in the fields of
energy conservation and emission reduction, clean
energy, etc., and there is no special CCS legislation.
The existing legal framework of developed energy
countries can provide some reference [64].
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(b) In terms of CCS input, it is mainly reflected in the

direct special funding support from the govern-
ment and government support in the sales channels
of CCS-related enterprises [46]. It is recommended
that the government make stricter regulations on
the amount of funds, the objects of funding, and
funding links [65]. To give full play to its leading
role, it is also possible to learn from the government
procurement, power sales policies and other mech-
anisms adopted by developed countries (such as the
United Kingdom and the United States) to expand
funding sources and provide financial support for
the large-scale commercialization of CCS technol-
ogy.

In terms of environmental policies, tax incentives
can be provided to CCS-related enterprises [61],
such as tax-free tax rebates for CCS-related equip-
ment, tax reduction and exemption for important
CCS links, etc. Second, take measures to broaden
its financing channels [66], such as establishing
CCS trust funds, "low carbon foundations", "carbon
funds" and so on. Absorb socialized funds to form a
financing situation led by the government and fol-
lowed by socialized funds. Thirdly, a certain reward
system (such as the United States) can be set up for
CCS technological innovation, so as to increase the
enthusiasm of the relevant personnel to develop
and promote the project [67].

(d) Given that most of the public is currently not well
aware of carbon capture and storage (CCS), there
are questions about the potential risks of CCS
projects (eg, impacts on the environment, human
health) [68]. In terms of information disclosure,,
the government should make the access procedures
transparent, formulate a clear licensing system, and
clarify the regulatory responsibilities of all parties
[69]. Potential risks cannot be weakened, and cor-
responding risk information of CCS must be proac-
tively disclosed to the public, so as to build a public
awareness and public support system.

3.2 Reduction of carbon dioxide disposal costs

There are only a handful of countries in the world that
implement CCS projects and they are all small-scale
exploratory ones because of the cost. In addition, some
countries that originally support the development of CCS
have lost interests, for example, the Norwegian govern-
ment. At present, the cost of capture is in the range of
40 $/ton to 80 $/ton and the difference stems from the
different investment factors and technologies in different
countries. CCS ensures that fossil energy can continue to
be used in a “zero-carbon” state while climate change can
be mitigated. However, at this moment, carbon seques-
tration is not economical or even feasible. It is a project
that requires government funding galore. A study spon-
sored by the Carbon Fund shows that the development of
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the carbon capture and storage can contribute £3 billion
to £16 billion cumulatively to UK GDP by 2050 [39].

In practice, the substantial investment and operating
costs hinder implementation of CCS projects. Rising oil
prices can increase the cost of CO, bearing and for oil
fields with a certain bearing capacity, for every $10/bar-
rel increase in the oil price, the bearing cost will increase
by $2-17/ton. However, less than a quarter of fields can
afford a cost of more than $30/ton (capture + compres-
sion + transportation costs). From the perspective of
the coal power industry, the situation seems to be even
bleaker (see Fig. 8a). Under the current conditions, after
installation of carbon capture devices in coal power dem-
onstration projects, the operating cost of capturing each
ton of CO, will increase by an additional US$ 20 to 100
per ton, which will directly increase the power generation
costs thus undermining the emission reduction benefits.
It also affects commercial interests for CCS demonstra-
tion projects.

Under the condition that the running time of each coal-
fired unit is not saturated, increasing the cost of CCS
technical transformation for coal-fired units will only
increase the cost of each unit. A vicious circle is created,
the power plant is poorly operated, and the CCS techni-
cal transformation equipment eventually becomes an idle
asset. From the current situation, coal plants that have
not undergone CCS technical transformation are facing
the situation that it is more and more difficult to compete
with wind energy and solar energy resources. As can be
seen in Fig. 8(b), an additional carbon capture cost of $60
per ton, or an eventual increase of $30 per ton as advo-
cates advocate, will further undermine the competitive-
ness of coal-fired power generation.

Although national CO, emission targets beyond 2050
have not been published, budget considerations project
global emission to be 1,000 Gt CO, in this century, with
cumulative emission needed to be close to zero in the
second half of the century. If near-term emission follows
the Nationally Determined Contributions (NDC) levels,
net CO, reduction will be required in the second half of
the century to be under 1000 Gt CO,. The low-budget
scenarios show that the national 2050 aim of reducing
greenhouse gas emission by 80% may be a possible mile-
stone in the context of the global 2 °C target, since the
2050 emission reduction level is nearly as high as the
national 2050 goal in these scenarios (see Fig. 9). How-
ever, if additional mitigation measures are not adopted
after the NDC, the low-budget scenario will be severely
inadequate [71]. In most simulation studies, only decar-
bonization of the energy supply in 2050 is seen in the
low-budget scenario.

The technical cost of CCS is divided into capture,
transportation and storage. After comparison, the cost
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of capture and separation is the largest in the three links.
Reducing its cost is the focus of future CCS technology
research and development. The following costs are the
focus of attention:

(1) Capture costs. There are two things to note about
the cost of carbon capture: one is the direct cost of
the carbon capture process. The second is the loss
of enterprise output brought about by the imple-
mentation of CCS technology, minus the additional
benefits brought by CCS technology [72]. There are
three main technical routes for CO, capture: pre-
combustion capture, oxy-fuel combustion capture,
and post-combustion capture [73, 74]. Physical
adsorption before combustion is the most promis-
ing carbon capture technology. The capture cost
accounts for a large proportion of the entire CCS
project cost, and is the main direction for reducing
CCS costs in the future.

(2) Transportation costs. The modes of transport of
CO, include pipelines, ships, roads and railways.
Among them, pipeline transportation is currently
the safest and most effective mode of transporta-
tion. Pipeline transportation is generally divided
into road and sea, and the cost of onshore pipelines
is 40% to 70% higher than that of offshore pipelines
of the same scale. In terms of transportation costs,
taking pipeline transportation as an example, the
costs mainly include pipeline engineering invest-
ment and operation and maintenance costs [14].
Due to environmental concerns, pipeline transpor-
tation materials need to use materials with strong
corrosion resistance. The current high price of anti-
corrosion materials also means that material prices
will have an important impact on the CCS value
chain. The transportation cost of unit CO, gener-
ally increases with the increase of transportation
distance and decreases with the increase of the total
transportation volume. Therefore, reducing the
transportation distance, increasing the total pro-
cessing capacity and improving the load operation
factor will be the focus of reducing the cost of CCS.

(3) Storage costs. The most studied carbon storage
technology is geological storage, which is divided
into three carbon storage and storage methods: salt
water layer storage, oil and gas layer storage, and
gas layer storage [75]. When it comes to carbon
sequestration, the number one priority is safety. At
present, a large amount of capital is still required to
be invested in the cost of technical research [76].
The storage cost per unit of CO, varies greatly with
the geological conditions of the storage site, and
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generally decreases with the increase of the total
storage volume at the same storage site.

Costs due to the evolutionary effect of CCS tech-
nologies. Through the analysis of changes in tech-
nology costs under various policy scenarios, it is
concluded that high-tech development has the

most significant impact on the evolution of CCS
technology costs [77, 78]. This also means that the
high upfront costs will not last forever. With the
maturity of the technology and the influence of evo-
lutionary effects, the cost of CCS technology will
show a decreasing trend.
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4 Conclusion

The following issues should be evaluated carefully. The
low-budget emission paths create obstacles against quick
emission reduction and accompanying energy system
transformation. It is also worth noting that expanding
the mitigation efforts in 2030 will be difficult because it
would necessitate integration of more variable renew-
able energies (VREs) and reopening of nuclear power

facilities. Instead of depending entirely on CCS, the
NPi1000 scenario would need to raise low-carbon power
production to more than 60% by 2030.

In the latest technology outlook of British Petroleum
(BP), CCUS is regarded as an important part of achieving
a "2 °C world" at the lowest cost. But its economics are
not ideal under the scenario of unrestricted carbon emis-
sions. Combined with an analysis of the power sector,
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this result suggests that technological advancement alone
cannot make CCUS sufficiently competitive to attract
substantial investment. Therefore, targeted policy sup-
port and effective carbon pricing are also required.

First, the policy must have a clear purpose and be
linked to the objectives of CCS investment. In this way,
investors can be sure that CCS investments are the result
of a policy-linked outcome, rather than an accidental
outcome. Policies must be transparent and clear, allowing
investors to fully understand and be able to quantify the
opportunities and risks created by CCS investment poli-
cies under commercial conditions. Investors must be able
to more accurately predict the degree to which the return
on investment will be affected by policy under future
development scenarios. Finally, considering the long-
term nature of CCS projects, investors must fully trust
that the policy will not change and will not significantly
reduce the return on investment of the investment period
project. Policy risk is also a key factor in assessing policy
stability.

Although CCS is theoretically full of potential, its
development has been controversial. One of the main
disputes is reflected in the possible security risks of CCS
technology. For example, in the capture stage, the envi-
ronmental impact during the construction and opera-
tion of carbon capture equipment and the environmental
health and safety risks caused by CO, compression. And
will increase the consumption of carbon oxides, SO, and
other chemicals. During the transport phase, CO, has
global and local effects. The global impact manifests itself
in causing global warming. Local effects are reflected in
human health, groundwater, and terrestrial and marine
environments. In the storage stage, carbon dioxide may
lead to affect local climate, destroy regional ecology, pol-
lute groundwater, and even induce earthquakes. These
problems and potential risks have not yet found an exact
solution so far, which can be said to be the “inherent defi-
ciencies” of CCS technology. How to better overcome
these problems is a necessary prerequisite for the wide-
spread promotion of CCS technology.

Strengthen international cooperation and exchange,
and enhance the capacity building of human resources.
Include CCS as a priority area for support in the frame-
work of multi-bilateral cooperation in science and tech-
nology. The CCS will be integrated into the framework
of multi-bilateral cooperation in science and technology.
Continue to promote the development of multi-bilateral
cooperation among countries and organisations to a
deeper level, and deepen knowledge sharing and tech-
nology transfer. To adopt more effective combinations
to promote the deeper development of CCS technol-
ogy in accordance with the state of national economic
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development, technological development and policy
development. Strengthen the training of high-level sci-
entific and managerial talents, and enhance the training
of young and middle-aged talents. Actively build vari-
ous collaboration and exchange platforms to enhance the
innovation capacity of CCS technologies.

In terms of technology development, although a lot of
research and development on CCS technology has been
carried out in various countries, there are still many
technical bottlenecks, such as the overall high energy
consumption and cost of capture technology, the inte-
gration of oil drive and storage technology needs further
research, and the monitoring and evaluation technology
system of storage safety has not yet been established.
Although a variety of carbon capture technologies have
been developed, a variety of conversion routes have been
explored, and a variety of storage methods have been
demonstrated, most of these technologies are in the labo-
ratory or industrial stage.

Therefore, it is necessary to further strengthen tech-
nology research and development to reduce the energy
consumption of carbon capture. Continue to develop and
promote the application of applicable technologies for
CCS in the thermal power, steel and cement industries.
Accelerate the research and development of new gen-
eration of high carbon capacity, low energy consumption
phase change absorbers, catalytic absorbers and other
capture absorbers and wear-resistant organic amine
loaded adsorbents, calcium-based, sodium-based and
other functionalized adsorbent materials. Improve pro-
cess equipment, supporting multi-step thermal energy
utilization technology, develop large flux, high mass
transfer efficiency reactor, explore CCS and new energy
coupled with negative emission technology, hydrogen
energy technology combined with new technology sys-
tems and other cutting-edge new technologies. In terms
of scale application, given the generally poor scale and
economy of carbon utilization technologies at this stage,
it is also difficult to break through in the short term. It
is suggested that the construction of projects in the field
of carbon utilization should be promoted cautiously and
steadily, and some small-scale pilot projects can be laid
out first, and the possibility of industrial demonstration
will be considered after the successful test.

Overall, CCS can effectively reduce carbon emissions
from fossil energy combustion and industrial processes,
and is one of the key technologies essential for achiev-
ing carbon neutrality. As the technology continues to
advance, it is expected to form a new industry with tech-
nological economy. CCS has become the frontier and
competitive field of carbon neutral and green low carbon
technology innovation in the international community.
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How to improve the speed of CCS construction and
operation is an important way for the sustainability of the
carbon neutrality goal.
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