4

X/
¢

Scientifi
o2 Resoarch
94% Publishing

@,

Journal of Power and Energy Engineering, 2022, 10, 34-44
https://www.scirp.org/journal/jpee

ISSN Online: 2327-5901

ISSN Print: 2327-588X

Research on the Development of CCUS Full
Process Technology

Jianfeng Mi

National Energy Group Institute of Technology and Economics, Beijing, China

Email: 12000268@chnenergy.com.cn

How to cite this paper: Mi, J.F. (2022)
Research on the Development of CCUS
Full Process Technology. Journal of Power
and Energy Engineering, 10, 34-44.
https://doi.org/10.4236/jpee.2022.1012004

Received: December 2, 2022
Accepted: December 27, 2022
Published: December 30, 2022

Abstract

At present, China’s CCUS has made a leap forward development in policy,
technology, demonstration projects and commercial operation. However, from
the perspective of the entire energy system, CCUS can play its role in reduc-
ing CO, only when it is combined with the process of resource exploitation,
energy production, energy storage and transportation and energy utilization,
which requires the research of the whole process technology of CCUS. This
paper studies the source sink matching and technology integration matching
in the whole process of CCUS technology, studies the application of existing
coal-fired power plants + CCUS, steel plants + CCUS, cement plants + CCUS
technology and the future application of BECCS technology and hydrogen
energy + CCUS technology, and puts forward relevant suggestions on improv-
ing the laws, regulations and policy system for the development of CCUS, es-
tablishing a cross sectoral and cross industry cooperation platform and im-
proving the carbon trading system.
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1. Introduction

As the progress towards “Carbon Peaking and Carbon Neutrality” further ad-
vances, China has enacted a series of incentive policies for green and low-carbon
industries, and the accelerated development of domestic CCUS industry, the fast
growth in maturity of relevant technologies, the implementation of demonstra-
tion projects... all showing a development trend characterized by ever-emerging
technologies, continuously efficiency growth and gradual reduction of energy
costs [1]. The first 1 million-ton CCUS project in service, the 3 million-ton CCUS

project under planning, the 10-million-ton offshore storage project for which the
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pre-feasibility study is underway... according to the inexhaustive statistics of the
Administrative Center for China’s Agenda 21, by July 2022, China has nearly
100 existing or planned CCUS projects, doubling that in the same period of
2021. Among these projects, there are 40 CCUS demonstration projects already
in service or under construction across 19 provinces, including 13 projects in
coal-fired power plants with a limited overall capture capacity of about 600,000
tons. Large-scale CCUS projects are most commonly seen in the petrochemical
industry, as evidenced by the 6 existing, ongoing or planned million-ton CCUS
projects.

At present, China’s CCUS has made a leap forward development in policy,
technology, demonstration projects and commercial operation. However, from
the perspective of the entire energy system, CCUS can play its role in reducing
CO, emission only when it is combined with processes such as resource exploi-
tation, energy production, storage, transportation and utilization [2], which re-

quires the research of CCUS whole process technology.

2. Characteristics of CCUS Whole Process Technology

CCUS whole process technology refers to the systematic CCUS integration tech-
nology developed by scientifically bridging key CCUS technical processes through
source-sink matching and technology integration matching and the application
modes of such technology [3], which aims to realize the integrated, large-scale,
industrial cluster deployment of the whole process of CCUS, and relies on large-
scale and energy-saving capture, effective transportation, industrialized utiliza-
tion of CO, in the industrial sources of intense emission and safe, cost-effective
geosequestration techonologies as its basis and key connotation. CCUS whole
process technology is a major trend in the future, a key to realize applications at
the industrial-scale, and more important, an urgent need for China to deploy its
CCUS decarbonization industrial clusters.

In addition to key technical processes and key system factors such as CO,
capture, transportation, utilization and storage, CCUS whole process technology
also involves factor relation-for example between source-sink matching and in-
tegrated deployment of technologies for key processes-and technologies in risk
monitor, assessment and alarming for the system operation [4].

For the purpose of the “Carbon Peaking and Carbon Neutrality” goals, key
processes of CCUS whole-process technology include mainly carbon emission
source investigation, CO, geosequestration potential assessment, technology in-
tegration and matching for key processes, CCUS system optimization and risk

assessment, as shown in Figure 1 [5].

3. Research Emphases of CCUS Whole Process Technology

1) Source-sink matching
In essence, CCUS source-sink matching means the overall planning and

transportation network layout of CCUS cluster system, which is one of the key
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Figure 1. CCUS whole process technology.

mechanisms of CCUS whole process technology. The implication of CCUS sour-
ce-sink matching: the CO, emission sources in a region are geographically dis-
persed, with different emissions, and the CO, utilization and geological storage
sinks have different carbon removal potentials and methods. CO, transport
modes and transport costs between sources and sinks are affected by factors such
as regional geographical conditions, land use types, rivers, traffic and crowd den-
sity [6]. It can reduce CO, transport costs and maximize CO, utilization and geo-
logical storage by constructing the source-sink matching relationship of CCUS
scientifically.

European and American countries have carried out in-depth research on the
mathematical model of CCUS cluster transportation pipeline network, devel-
oped a number of source-sink matching decision support systems with their own
characteristics and realized engineering applications [7]. The research of CCUS
cluster source-sink matching and transportation network planning is relatively
rare in China, which does not meet the development of CCUS whole process
technology industry cluster.

2) Technology integration & matching

The CCUS whole process technology is limited by factors such as carbon source
(CO, volume fraction, pressure, temperature, etc.), capture process, utilization
target, and storage geological body. It is very important to scientifically connect
and integrate the technical links of capture, transport, utilization and storage [8]
[9] (see Figure 2).

For industrial carbon sources with different CO, volume fractions, a scientific
matching of capture technology and removal technology (utilization or storage)

will be adopted to form an integrated capture-utilization-storage collaborative
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Figure 2. CCUS technology integration & matching flow.

emission reduction technology mode. It is necessary for maximizing CO, cap-
ture, utilization and storage, and ensuring the efficient implementation of CCUS,
and also reduces the cost of CCUS system and the implementation risk of CCUS.
At present, the existing CO, capture technologies apply to the main types of
carbon sources, the technology of CO, utilization and storage has been demon-
strated and explored in the fields of electric power, oil and gas exploitation, hy-
drogen and chemical industry [10].

According to the types of carbon emission sources with different volume frac-
tions of CO,, various CCUS technology matching modes can be formed by using
different capture technologies [5]. In coal-fired power plants, natural gas min-
ing, steel, cement and other industrial fields with low CO, volume fraction flue
gas emission, chemical absorption method is used to capture CO, (capture after
combustion). The main method is absorption with alkanolamine solution. In the
chemical field of high CO, volume fraction flue gas or tail gas emission, the
physical absorption method or adsorption method is mostly adopted to capture
CO,, and the low temperature methanol method and pressure swing adsorption
method are mainly adopted. With the development of pre-combustion capture,
oxygen-enriched combustion, BECCS and DACCS, CCUS technology matching

model becomes more and more abundant.

4. Application of CCUS Whole Process Technology

Under the scenario of scale-based deployment of CCUS industry clusters, the
CCUS whole process technology is selected according to their application scena-

rios and technologies. There are a variety of technology application modes: first,
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technology application modes for achieving substantial emission reduction and
low-carbon transformation of major carbon emission industrial sources; for ex-
ample, “coal-fired power plants + CCUS”, “iron and steel plants + CCUS”, “ce-
ment plants + CCUS”, and “energy chemicals + CCUS”, etc. Second, the tech-
nology application mode for the low-carbon development and utilization of fos-
sil energy; for example, underground coal gasification (UCG)—coal hydrogen
production CCS integrated zero carbon emission technology, integrated gasifi-
cation combined cycle power generation system (IGCC)—CCS technology, etc.
Third, the technology application mode for high-carbon emission industries and
specific regions to achieve carbon emission reduction, such as “coal energy base
+ CCUS”, “oil and gas energy base + CCUS”, and “coal-oil and gas multi-energy
base + CCUS” [11].

1) Application of “coal-fired power plant + CCUS”

Coal-fired power plants are vital to China’s electricity supply. As of August
2022, the installed capacity of China’s active coal-fired power generation units
was about 1.18 billion kilowatts, accounting for about 50% of global coal-fired
power generation capacity [12]. China has the most efficient coal-fired generat-
ing sets in the world, and the million-kilowatt ultra-supercritical high-efficiency
power generation technology currently accounts for more than 26% of the total
installed coal-fired power capacity. The average power consumption of coal-
fired power generation units is 302.7 g/kWh, lower than the world average, but
the average service life is only about 12 years, less than half of the global average
service life. Overall, it is characterized by “large stock, new unit and high effi-
ciency” [13]. Given China’s vast and young coal-fired cluster and power-system
architecture, it is unrealistic to phase out coal power quickly at this time without
the support of economically reliable large-scale energy storage technology. In
response to “Carbon Peaking and Carbon Neutrality”, the pressure of low-car-
bon transformation of coal-fired power generation is increasingly prominent,
and advanced coal-fired power generation units urgently need to realize low-
carbon utilization in combination with CCUS technology to balance China’s needs
of affordable energy supply and environmental sustainable development for the
future development.

Compared with wind power and photovoltaic power generation, which are
currently developing on a large scale, have high technical maturity and have
greatly reduced power generation costs, the coal-fired power plants that imple-
ment the CCUS technology do not have an advantage in cost per kilowatt hour
of the electricity generated by WTGS. However, considering that CCUS tech-
nology is the only way to achieve deep emission reduction in the coal-fired pow-
er industry, the development of integrated technology of coal-fired power plants
and CCUS will be a key measure to ensure low-carbon and continuous operation
of coal-fired power plants in the future, and promote the low-carbon transfor-
mation of China’s energy system. If CCUS technology cannot be commercialized
in coal-fired power plants, China’s coal-fired power industry will face severe

challenges in reducing emissions in the future, and the supply pattern of the
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power industry will undergo profound changes.

2) Application of “Steel Plant + CCUS”

In 2021, China’s steel industry emits 1.79 billion tons of CO,, accounting for
17.5% of the country’s total carbon emissions; China’s crude steel output is 1.03
billion tons, accounting for 54% of the global total [14]. China’s steel industry
faces huge pressure to reduce emissions. Achieving indirect emission reduction
by reducing energy consumption is a universal measure to cope with climate
change in China’s steel industry. Energy saving and emission reduction are
highly effective for small and medium-sized steel enterprises with relatively low
technology level, but for large enterprises with relatively high technology level,
energy saving not only means facing the challenge of rebalancing enterprise
energy system. Moreover, with the improvement of energy efficiency of enter-
prises, the space for energy saving becomes gradually smaller, and the cost of
emission reduction becomes higher accordingly, which makes it difficult to meet
the long-term emission reduction demand of the steel industry. Applying CCUS
technology to the steel industry can effectively reduce CO, emissions in the steel
production process and make the steel production process cleaner.

Compared with the carbon emissions in coal-fired power plants, the carbon
emission is available in multiple processes (coke furnaces, blast furnaces, energy
centers, etc.) of steel plant [15]. Since the CO, produced in iron and steel pro-
duction is mainly contained in the flue gas, a variety of post-combustion carbon
capture technologies including absorption extraction, adsorption and separation,
membrane separation, low temperature separation can be adopted. The absorp-
tion extraction is the most mature technology, adsorption and separation tech-
nology has been sophisticatedly applied in carbon capture and storage; mem-
brane separation technology is widely used in the gas separation industry; the
currently-used CO, capture technology mainly involves chemical absorption
method and physical adsorption method.

The integration of steel plant and CCUS technology is supposed to relieve the
pressure on carbon emission reduction in China’s steel industry. CCUS technol-
ogy is able to effectively minimize the carbon intensity and total carbon emissions
of steel industry and reduce carbon emission as specified, so as to address energy
sustainability and environmental issues such as climate change caused by energy
consumption. Since a large amount of steel will be needed in China’s rapid ur-
banization and large-scale infrastructure construction, the CO, emission, by rea-
son of irreplaceability of raw material, cannot be avoided in steel and iron pro-
duction, and may only be captured and stored through CCUS technology. There-
fore, CCUS technology has a valuable function in the transformation of steel in-
dustry towards low-carbon emission.

3) Application of “cement plant + CCUS”

China is a big producer of cement. Since 2009, China has produced more than
50% of the world’s cement, and both cement output and carbon emissions from
cement production have continued to rise. In 2021, China produced 2.36 billion

tons of cement, accounting for 55% of the world’s total cement output. The car-
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bon emission of cement production is about 1.466 billion tons, accounting for
14.3% of the total carbon emission in China [16]. Therefore, the emission reduc-
tion of China’s cement industry plays a decisive role in achieving emission re-
duction target of the global cement industry. Emission reduction measures in
the cement industry mainly involve energy efficiency promotion, the use of al-
ternative fuels, the reduction of clinker content in cement, and the application of
CCUS technology. 60% of carbon emissions in the cement industry are from the
carbonate decomposition in raw material. In the case that CO, emissions are
unavoidable and difficult to reduce, the advantages of CCUS technology are
gradually shown in emission reduction. Capturing CO, during cement produc-
tion will be a key measure to reduce emissions in this industry.

As a major industry of difficult-to-emission reduction in China, cement plant
can be equipped with CCUS technology to effectively reduce carbon emissions
in the global cement industry and promote the green transformation of the ce-
ment industry. With the increasing demand for cement and the increasing ur-
gency of low-carbon transition, CCUS technology applied in cement plants, can
both reduce CO, and SO, emissions through CO, capture and minimize resource
waste and environmental damage in the traditional limestone mining and pro-
duction through CO, utilization, plays a crucial role in ensuring China’s energy

security and low-carbon transformation of the cement industry.

5. Development Trend of CCUS Whole Process Technology

In terms of how CCUS whole process technology relates to a diversified energy
system of the future, CCUS whole process technology can not only address the
carbon emission problem of high-carbon fossil energy system, but also combine
with renewable energy and hydrogen energy technology to reduce system carbon
emission or even achieve negative carbon emission, and ensure the security and
stability and other significant features of diversified energy system in the future.

1) BECCS technology

BECCS technology, combining biomass energy technology with CCUS tech-
nology, has great potential in emission reduction. In addition to the emission
reduction of greenhouse gas CO,, BECCS technology integrated with the pro-
duction and utilization of biomass energy is of great significance for China to al-
leviate energy pressure and ensure energy security. Making the utmost of bio-
mass resources is well situated to rational utilization of abundant waste biomass
resources in China, efficient utilization of resources and reducing pollution of
agricultural and forestry wastes, which is propitious to resource utilization and
environmental protection. BECCS technology has a positive outcome for envi-
ronmental protection, energy security and food security on the basis of realizing
negative CO, emission.

Coal-fired power plants equipped with CCUS and co-fired with biomass can
achieve substantial CO, emission reduction or even negative emissions, which

provides a strong technical guarantee for China to achieve carbon neutrality in
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2060 [17]. Since the emission reduction potential of BECCS technology is strong-
ly affected by storage location, the emission reduction potentials of coal-fired
power plants vary greatly between different region. About 46.8% of coal-fired
power plants are able to store CO, within a fairly short transportation distance
(100 km), and such power plants are mainly located in the central region, the
eastern coastal region and some provinces in the northern coastal region, includ-
ing Jiangsu, Henan, Shanxi, Shandong, Anhui, Hebei and Inner Mongolia. In ad-
dition, nearly 60% of CO, needs to be stored through interprovincial transporta-
tion. Therefore, CCUS hubs shall be established in the region of resource pool-
ing to realize infrastructure sharing and reduce CCUS costs [11].

2) Application of “Hydrogen energy + CCUS”

Hydrogen energy has caused wide public concern over the recent years for its
clean, low-carbon, flexible transformation and other features. The cost of hy-
drogen production from renewable electrolytic water (“green hydrogen”, which
accounts for only 1% of total hydrogen production) is currently maintained at a
high level, while hydrogen production from fossil sources “gray hydrogen”, in-
cluding hydrogen produced from coal, accounts for about 62% of total hydrogen
production; Hydrogen produced from natural gas (about 19% of total hydrogen
production) is a relatively low-cost solution, the hydrogen production from fos-
sil fuels shall be combined with CCUS technology to reduce carbon emission.
The hydrogen produced in this process is called “blue hydrogen”, and it will be
the main hydrogen production method in the short and medium term in China
[18].

The combination of hydrogen production from fossil fuels and CCUS tech-
nology is a critical option to get rid of carbon constraints. Hydrogen manufac-
turer can implement CCUS projects based on CO, utilization technology and
their location characteristics. Hydrogen manufacturers that are relatively close to
oil fields can implement CCUS projects based on oil field storage and enhanced
oil recovery. Other hydrogen manufacturer can adopt the CCU technology of
CO, chemical utilization, mineralization utilization, biological utilization, etc., to
achieve low-carbon hydrogen production.

Hydrogen production from fossil fuels can promote the development of CCUS
technology in multiple dimensions by providing low capture and storage cost for
emission sources in CCUS projects, promoting the construction of low-cost CCUS
project clusters, and supporting the development of BECCS technology. Despite
the higher CO, emissions from the hydrogen production from fossil fuels (espe-
cially hydrogen production from coal), the cost of carbon capture and storage is
about 50% lower than that of coal-fired power plants, steel plants, cement plants,
etc., which provides a higher probability for the low-cost development of CCUS
technology [19].

In general, the combination of the CCUS technology and the hydrogen pro-
duction from coal is able to transform “gray hydrogen” into “blue hydrogen”

and expand the application scope of CCUS technology. CCUS technology will
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play a decisive role in the transformation of China’s hydrogen production tech-

nology from fossil fuel to multiple energy.

6. Countermeasures and Proposals

Based on the accumulation of engineering experience of CCUS in China, the ac-
celeration of technology research and development, the broad application pros-
pect, the continuous increase of international investment and the extensive re-
search, the conditions are currently in place to scale up CCUS technology, an
important measure to deal with the greenhouse effect in the future. Therefore,
after the existing problems are solved successively and an easily reproduceable
and promotable long-term mechanism is established for the system, a flourish-
ing new situation will emerge and a new normal green development will be
formed for CCUS [20].

1) Improve laws, regulations and policy system

The laws and regulations, industrial standards, industrial policies and plan-
ning and design of the governmental departments are decisive for the macro
guidance of the promotion and development of CCUS. The first proposal is
accelerating the establishment of the legal framework for CCUS and formulating
the trial polices and regulations for CCUS related industries based on the im-
provement of existing policies; the second proposal is promulgating the social
organization, local and industrial standards based on the experience of the pilot
projects, providing proper standards for all sectors of the CCUS whole process
technology and promoting the standardized development of the CCUS technolo-
gy; the third advice is establishing the project approval and licensing system, de-
fining the application requirements for projects, incorporating the contents in-
volved in all sectors of the whole process technology into one supervision plat-
form, implementing the licensing system through the whole project period and
thereby ensuring the standardized development of CCUS technology.

2) Enhance cross-department and cross-industry cooperation

The CCUS whole process technology involves multiple technical sectors and
industries and departments, so a cross-department and cross-industry coopera-
tion platform should be established for coordination and communication. At the
enterprise level, it is proposed to engage the central and local state-owned enter-
prises in the promotion, accumulate relevant technologies and commercial and
management experience through valuable pilot projects and actively explore and
establish an exchange platform for experience and achievement sharing, provid-
ing a reference for other relevant enterprises and a basis for the formulation of
relevant national policies; at the government level, it is proposed to determine
the functional roles and scopes of various departments based on the “double-
carbon” target, enhance the cross communication on businesses and thereby
make joint efforts to improve the supervision efficiency, strengthen the supervi-
sion and expand the supervision coverage; at the social level, it is proposed to

encourage the social organizations and universities and colleges to join in the
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cooperation platform and mainly undertake the school-enterprise cooperation
and technological research, achieving the comprehensive and deep integration of
industries, universities and research.

3) Complete carbon trading system

China’s carbon trading system should be completed as soon as possible by re-
ferring to the carbon trading system of the European Union, America and South
Korea and considering the actual national conditions of China. The first propos-
al is completing the top design of the carbon trading market. The governmental
departments should verify the total carbon emission amount of the energy in-
dustry across China through an overall planning, reasonably determine the allo-
cated quotas based on the regional economy, industrial difference, technical meas-
ures, production status, etc., by combining the total volume trade and regional
trade, introduce the paid quota distribution mechanism in due time and explore
the marketized operation and carbon pricing mechanism. The second proposal
is enhancing the supervision and motivating the endogenous power. The trans-
fer of carbon emission rights, trade filing, supply and demand information and
completion of the annual total indicators should be supervised and managed prop-
erly, an accountability mechanism should be established and the carbon trading
rules should be standardized. The incentive policies should be promulgated for
carbon funds, mortgage loans, green financing, etc. [21].
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