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The current status and development prospects of CCUS-EOR technology
development are sorted out from the perspective of ecological development. A
good foundation is laid to promote the world low-carbon development pattern
and the development of CCUS-EOR technology in oil-rich, low-permeability
reservoirs. By analyzing the differences between China and the United States
regarding the technology level, application scale, and production effect, the
development gaps between different countries in terms of CO, burial for
enhanced oil and gas recovery are derived. In response to these gaps,
recommendations for responsive technology research and supporting
infrastructure construction are proposed, which are of reference significance
for advancing the development of large-scale CCUS technology for all of humanity.
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1 Introduction

Global climate change is gradually affecting normal human activities, and reducing
greenhouse gas emissions has become an international consensus to address climate
change (ROCCO et al,, 2018; PARTANI et al., 2022). The shares of coal, oil, and natural
gas in China’s energy consumption in 2019 are 57.7%, 18.9%, and 8.1%, respectively
(LIAO and MING, 2019). In September 2020, the Chinese government pledged that
China’s CO, emissions will strive to peak by 2030 and achieve carbon neutrality by 2060.
CCUS will be the only technology option to achieve near-zero emissions from this part of
fossil energy (LIU et al., 2021).

According to IEA estimates, CCUS can contribute 15%-20% of the net zero emissions
of CO, (OU et al., 2021). According to the China Petroleum Institute of Economic and
Technological Research forecast, more than 85% of coal and gas power will be equipped
with CCUS by 2050 (GUPTA et al,, 2021). Cai Bofeng et al. (Cai et al., 2021) calculated
that, under the current technology development, the amount of CO, emission reduction
needed to achieve the goal of carbon neutrality by 2050 and 2060 through CCUS
technology is 6 x 10° to 14 x 10% and 10 x 10° to 18 x 10° t, respectively (LIU et al.,
2022). The conditions required for hydrocarbon and CO, accumulation are very close,
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FIGURE 1
CCUS-EOR technology roadmap.
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and the technology can not only improve oil recovery to achieve
ecological development of the oil and gas industry but also
achieve CO, emission reduction.

2 Ecological CCUS-EOR

Ecological development stems from a reflection on the
environmental and ecological damage caused by modern
technologies. In engineering design, it is essential to consider
the ecological, social, and site-specific impacts of the technologies
used, to put ecological factors at the forefront from the point of
view of the whole life cycle of materials, and to carry out all work
with the Earth at the center (LI et al, 2022). The ecological
development of the oil and gas industry means that we can
significantly reduce the total CO, emissions from the oil and gas
industry through ecological development. At this stage, we
cannot achieve the ecological effect of the oil and gas industry
without the CCUS-EOR technology (Figure 1).
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Compared to conventional EOR technology, CCUS-EOR
technology not only provides an effective way to store and
utilize CO2 but also offers a more attractive increase in
recovery rate compared to EOR technology. When the
ecological costs are included in the calculation, CCUS-EOR
technology will be less expensive than EOR technology and
more widely welcomed.

The CCUS-EOR technology, as a CCUS utilization for the
ecological development aspect of the oil and gas industry,
promotes the flow of carbon materials in the oil and gas
industrial process. By establishing a multifaceted and
continuous resource cycle process through recycling, the
carbon-containing waste from the previous production process
is used as a production material in the next stage to serve the next
phase of production activities (WANG et al,, 2019). That is, by
capturing CO, and injecting it into the reservoir. CO, enters the
reservoir and reduces the viscosity of crude oil, improves the flow
ratio of crude oil to water, expands the volume of crude oil, and
extracts and vaporizes light hydrocarbons in crude oil. The oil is
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driven by mechanisms such as the mixing effect, molecular
diffusion, reduction of interfacial tension, dissolved gas drive,
and increased permeability to improve recovery. Alleviate
environmental pollution at the same time, while it can make a
large amount of CO, buried underground, potentially changing
the relationship between the oil and gas industry and the natural
environment and promoting the impact of the oil and gas
industry on the ecology from degradation to regeneration.

3 Current status of CCUS-EOR
technology development

Foreign CCUS-EOR projects are mainly carried out in the
United States, Canada and other countries. Especially, the
United States has a mature CCUS-EOR industrial system. The
U.S. CCUS-EOR project started in the 1950s, carried out
fundamental technology research in the 1960s and 1970s,
expanded the scale of industrial trials in the 1970s and 1990s,
the the
commercialization and promotion stage after the 1980s. Since
the 1980s, the scale of industrial application of CCUS-EOR
technology in the United States has expanded rapidly. The

matured technology package, and entered

project has achieved excellent application results, taking the
CCUS-EOR project in the Kelly-Snyder field SACROC block
in the Permian Basin of the United States as an example: the
reservoir permeability of the block is 1 x 107°-30 x 107> um
(ROCCO etal., 2018), geological reserves of about 4.1 x 10* t, and
in 1998 The oil production declined to 40 x 10* t in 1998, the CO,
mixed-phase drive project was implemented in 2002, and the oil
production exceeded 150 x 10* t in 2005, and the production has
been stable for 16 years until 2020, with a cumulative oil increase
of 2,456 x 10" t and a cumulative injection of CO, 3.9 x 10° t,
which is expected to improve the recovery rate by more than
26 percentage points (LIN and TAN, 2021).

China’s CCUS-EOR research started early, and oil companies
and related institutions started to explore CO, oil drive
technology as early as the 1960s. Still, industrialization lagged
due to gas source, mechanism understanding, equipment, and
other problems. Since the 21st century, the state and oil
companies have set up CCUS-EOR primary scientific and
technological research and demonstration projects, which have
extensively promoted the breakthrough of critical technologies
and the success of minefield tests (ADU et al., 2019). China
Petroleum & Chemical Corporation Limited has conducted
several field trials in Jiangsu, Shengli, and East China oilfields;
CO, oil drive projects have been implemented to cover geological
reserves of 2,512 x 10* t, with a cumulative oil increase of 25.58 x
10* t. Among them, the CO, near-mixed phase drive pilot test in
High 89-1 block of Shengli oilfield, with a cumulative CO,
injection of 31 x 10" t and a cumulative oil increase of 8.6 x
10 t as of August 2021. It is predicted to improve the recovery
rate by 17.2 percentage points. Yanchang Oilfield is also actively
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exploring CCUS-EOR technology and has made positive
progress in integrated technology research and development
and entire process low-cost commercialization engineering
demonstration, and has built an annual processing capacity of
15 x 10* t in Jingbian and Wugqi pilot areas. A CCUS
demonstration project with an annual processing capacity of
15 x 10* t has been built in Jingbian and Wugqi pilot areas,
injecting 21.6 x 10* t of CO,.

4 CCUS-EOR ecological future

Although there is a contradiction between oil production and
low-carbon development, it can be achieved by constructing an
ecological development concept with technological progress and
scientific innovation. In terms of social benefits, annual buried
CO, of 3,000 x 10* t can absorb the carbon emissions of more
than ten extensive refining and chemical enterprises (Zhao et al.,
2021). Based on the goal of achieving carbon neutrality by 2060,
the current high carbon emission infrastructure has a useful life
of fewer than 40 years. By addressing a portion of CO, emissions
from coal power, cement and steel industries through the CCUS-
EOR industry, we can avoid the early shutdown of newly invested
infrastructure and wasted investment and enhance the cost-
effectiveness of the carbon neutrality process.

In terms of economic benefits, CO, drive is one of the main
technologies to replenish reservoir formation energy and improve
crude oil recovery effectively. According to the 2020 evaluation
results of the China Petroleum Exploration and Development
Research Institute, the geological reserves of low-permeability
reservoirs suitable for CO, drive to improve recovery in some
oil fields of China are 67.3 x 10° t, which are expected to improve
recovery by 16.5 percentage points on average and add 11.1 x 10° t
of recoverable reserves, and can effectively bury CO, 29.5 x 10° tin
the drive phase (TANG et al., 2016).

According to the preliminary evaluation of the CO,
geological storage potential of the main oil and gas reservoirs
in the major oil and gas basins in China, the CO, storage
potential of reservoirs exceeds 140 x 10° t. Among them, the
CO, burial potential in the main oil areas of Songliao, Ordos,
Bohai Bay and Junggar basins is high, and they are the key areas
for implementing CCUS-EOR. The theoretical CO, burial
potential in the deep saline layer of major basins in China is
even larger, reaching more than 6 x 10'? t. In addition, promoting
the development of new CCUS-EOR industries on a large scale
can also provide many employment opportunities for society.

5 Prospects and challenges of CCUS-
EOR technology development

Compared with foreign countries, the main problem facing
CO, capture in China is the high capture cost and challenges of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1063042

Yan et al.

TABLE 1 Comparison of Chinese and US CO; oil drive technologies (Xiang et al).

Projects The U.S.
Geological Main marine sedimentary reservoirs; relative homogeneous physical
conditions properties

Mixed phase

Low mixed-phase pressure, 90% of mixed-phase drive can be achieved

10.3389/feart.2022.1063042

China

Onshore sedimentary reservoirs with strong inhomogeneity and thin
reservoirs

High mixed-phase pressure, the small difference between formation
pressure and mixed-phase pressure

Breakthroughs in the study of CO, drive phase state, and the core
replacement experimental method is relatively complete; less research on

Seepage more mature conventional seepage mechanism theory and experimental

mechanism methods; much studied multi-phase cross-scale seepage theory; less
experiments

Reservoir Large oil layer thickness; good continuity, no attention to small layer

Description subdivision contrast and dominant channel portrayal

multiphase seepage theory and simulation in porous media

Thin oil layer; small scale of sand spreading; the formation is based on single
sand level reservoir fine description technology, the boundary and
delineation of CO, drive dominant channel is to be clarified

Annual 1,550 x 10* t 20 x 10* t
production
Cost 15-30 USD/t 47-55 USD/t

the large-scale capture of low-concentration CO, (PARK et al.,
2021).
technology has been commercialized in foreign countries for

Low-concentration chemical amine capture CO,
more than 5 years at the megaton level. However, China is still in
the demonstration operation stage, and steam consumption is
more than 40% more than abroad (Qin et al., 2020). In terms of
large-scale integrated process optimization, foreign countries
have already realized commercialized process packages for
million-ton carbon capture. In contrast, China still has no
commercialized standard process package to offer. Foreign
governments have integrated heat recovery of composite
amine liquid purification technology, while China only has
partial process technology integration. Foreign countries have
a complete adaptation of the device transformation optimization
and solutions. China is still in the initial stage of research (Zou
et al.,, 2021).

At this stage, China and North America CCUS-EOR need
to be further improved in terms of technology level,
application scale and production effect (Table 1). The
current CO, oil recovery enhancement range is 10%-25%,
and the CO, burial rate is about 60%-70%. Under the current
technical conditions, more than 50% of the geological reserves
of crude oil remain in the subsurface at the end of the oil drive
life cycle. Therefore, we need more in-depth research on the
mechanism of multiphase seepage in CO,-driven porous
media, characterization techniques of gas drive dominant
channels in strongly inhomogeneous reservoirs, rational
good networks and development laws, and expansion of
wave volume (ZHANG et al, 2013). The CO, burial
mechanism and main control factors of different injection
methods and different geological bodies have been clarified,
and the contribution degree and characterization methods of
CO, burial mechanisms such as “volume replacement,
reaction” of

dissolution retention and mineralization
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reservoir geological bodies have been determined, the
evaluation methods of CO, safe burial potential of natural
gas reservoirs, saline water reservoirs and coal-bed methane
reservoirs have been established, and the technique of CO,
concentration, soil concentration, and mineralization reaction
have been developed. CO, concentration, soil carbon flux,
stable isotopes, and other integrated methods to monitor the
CO, leakage burial safety monitoring technology system
(ZHANG et al., 2015).

6 Conclusion

CCUS-EOR technology is one of the effective means to
reduce carbon emissions and one of the fundamental ways to
utilize CO,. From the perspective of ecological development,
China and the United States, as essential components in
driving the world toward carbon neutrality, both countries
have good potential in CCUS-EOR technology, and the
combination of CO, drive and buried reservoirs is also a
significant trend for future development. By sorting out the
current status and development prospects of CCUS-EOR
technology development. To establish a new direction for
the development of dual carbon in the world and also for
the large reservoirs of low permeability in China, where the
traditional water drive is inadequate, the oil and gas
production enhancement scheme based on CCUS-EOR
technology is proposed. The international development
pattern regarding large-scale oil-driven burial and
intelligent monitoring technologies is also dissected. In this
way, we present the research of responsive technologies and
the construction of supporting infrastructure, which to some
extent, promote the large-scale use of CCUS technology for all

humankind (ABUOV et al., 2022).
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