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Abstract: Carbon capture, utilization, and storage (CCUS) technology is considered an effective way
to reduce greenhouse gases, such as carbon dioxide (CO;), which is significant for achieving carbon
neutrality. Based on Derwent patent data, this paper explored the technology topics in CCUS patents
by using the latent Dirichlet allocation (LDA) topic model to analyze technology’s hot topics and
content evolution. Furthermore, the logistic model was used to fit the patent volume of the key CCUS
technologies and predict the maturity and development trends of the key CCUS technologies to
provide a reference for the future development of CCUS technology. We found that CCUS technology
patents are gradually transforming to the application level, with increases in emerging fields, such
as computer science. The main R&D institutes in the United States, Europe, Japan, Korea, and
other countries are enterprises, while in China they are universities and research institutes. Hydride
production, biological carbon sequestration, dynamic monitoring, geological utilization, geological
storage, and CO, mineralization are the six key technologies of CCUS. In addition, technologies
such as hydride production, biological carbon sequestration, and dynamic monitoring have good
development prospects, such as CCUS being coupled with hydrogen production to regenerate
synthetic methane and CCUS being coupled with biomass to build a dynamic monitoring and
safety system.

Keywords: CCUS; LDA topic model; Derwent patent data; technology maturity; R&D

1. Introduction

The emission of greenhouse gases, especially carbon dioxide, aggravated global warm-
ing and became a major strategic issue that threatens the sustainable development of
humanity [1,2]. CCUS technology is an important method to reduce carbon dioxide and
to address global climate change, which is of great significance for achieving the goal
of carbon neutrality [3,4]. CCUS technology is a carbon dioxide emission reduction and
utilization technology, which separates and captures carbon dioxide from various emis-
sion sources or the air and transports it to a suitable site for storage or recycling through
chemical or biological conversion [5,6]. In recent years, the development of CCUS tech-
nology was given high priority worldwide, and the maturity of related technologies is
rapidly increasing, showing the development trends of new technologies emerging and
energy costs gradually decreasing. The International Energy Agency (IEA) assessed the
emission reduction potential of CCUS, which could reduce 6.9 x 10° t of CO, per year by
2070 in a sustainable development scenario, accounting for 19.27% of the total emission
reduction [7]. The Intergovernmental Panel on Climate Change (IPCC) pointed out that
in order to achieve the temperature rise control target of 1.5 °C in 2100, the cumulative
global CCUS needs to reduce 5.5 x 101~1.0 x 10'? t of CO, [8]. Currently, the knowledge
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spillover efficiency of CCUS technology is relatively high in the United States, Europe,
Japan, Australia, and New Zealand [9]. Although the research on CCUS technology in
China started late, positive results were achieved by the strengthening of basic research, key
technology research, and project integration and demonstration. However, compared with
the aforementioned international frontier, the individual key technologies and commercial
integration levels within CCUS are lagging behind [10-12].

A CCUS technology system covers several key technologies in the following fields:
(1) CO; capture and transport; (2) CO, mineralization; (3) reduction and recycling; (4) bio-
logical carbon sequestration; (5) carbon geological storage; and (6) CO, enhanced under-
ground resource exploration [13-18]. Previous studies on the evolution of CCUS technology
were mostly theoretical analyses, mainly focusing on policies and regulations [19,20], tech-
nical routes [21], and life cycle and economic analyses [22]. Some researchers also explored
the evolution from a bibliometric perspective [23]. However, only a few studies that analyze
the technology evolution process from the perspective of technology topics were based
on patent data. In addition, there is a lack of studies that use patent volume to predict the
maturity levels and development trends of important CCUS technologies.

The set of words describing the technical details in the patent data text contains the
most important information, including the technological innovation. Therefore, based on
Derwent patent data, this paper mined the hot technology topics and its heat in CCUS in
different years, and thus, a content evolution of CCUS was obtained. The logistic model
was applied to fit the patent volume of the key CCUS technologies and predict the levels
of the maturity and development trends of the key CCUS technologies. The aim of this
paper is to reveal the research status, research focus, and development direction of CCUS
technologies and provide the analysis base for the future policies of CCUS technologies.

2. Methodology
2.1. LDA Topic Mining

The LDA topic model is widely used in text topic mining. For semi-structured doc-
uments, such as patent documents, the LDA model has the advantages of fast mining,
complete coverage, and high accuracy rate. Therefore, this paper applied the LDA topic
model to mine and analyze the patent text, which helps to identify the topic words implied
in the text, analyze technology evolution, and clarify the trend of technology development.

2.1.1. Data Collection and Pre-Processing

The Derwent Innovation Index (DII) integrates the Derwent World Patents Index (WPI)
and the Patents Citation Index to provide patent information worldwide. The patent data
in this article come from the Derwent database, based on the patent classification system of
the Derwent database and previous research [24]. The searched terms are listed as follows:
TS = (“CCS” OR “CCUS” OR “carbon capture” OR “carbon utiliz*” OR “carbon storage”
OR “carbon circular utiliz*” OR “carbon sequest*” OR “carbon inject*”OR “CO, capture”
OR “CO; utiliz*” OR “CO; storage” OR “CO; circular utiliz*” OR “CO, sequest*” OR “CO,
inject*”). The search was conducted on 4 January 2023 based on the above search terms.
The searched time dimension was selected as from 2003 to 2022, excluding non-related
scientific categories, and a total of 175,922 patent documents were obtained. In addition,
during these years, China had the largest number of patents in CCUS.

In order to better mine the text, the patent text was pre-processed by the Python
program, which mainly includes the following three steps [25,26]: (D) extracting words
that can characterize technical information, i.e., title, abstract, and keywords; 2) removing

V77

common patent words, academic words and stop words such as “what”, “why”, “and”,
“before”, “use”, and other common conjunctions among the top 100 academic words
provided by the University of Nottingham [27]; () lemmatization (word form reduction)
processing of stop words such as “the”, “an”, “in”, “at”, etc. The different lexical properties
in the words were firstly matched by Wordnet packets. Then, the matching words were

unified and lemmatized through the WordNet Lemmatizer program package.
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Considering the periodicity of technology evolution, a period stage of 5 years was
assumed for topic mining evolution analysis. Thus, 2003-2007 was the first stage, 2008-2012
was the second stage, 2013-2017 was the third stage, and 2018-2022 was the fourth stage.
The number of patent documents in each stage and the number of patent terms before and
after pre-processing are shown in Table 1. For the convenience of presentation, the total
patent data from 2003 to 2022 are expressed as “total text sets”, and the patent data of each
stage are expressed as “stage *”.

Table 1. Number of CCUS technology patents and vocabulary by stage, 2003-2022.

Stage Number of Number of Words before Number of Words
& Patents Data Cleaning after Data Cleaning
Stage 1
(2003-2007) 14,022 4,914,169 245,302
Stage 2
(2008-2012) 30,153 10,843,401 622,086
Stage 3
(2013-2017) 46,075 16,367,363 988,997
Stage 4
(2018-2022) 85,672 31,873,375 1,925,153
Total text sets 175,922 63,998,308 3,781,538

2.1.2. Parameter Setting

The hyperparameters « and f are the parameters that determine the distribution
of topics and words in a document when performing LDA topic mining, respectively.
Referring to the relevant study [28], as well as considering the refinement of the topics,
the processing speed, and the availability of the results, the parameters « = 0.5 and = 0.1
were chosen in this paper. The parameter K (optimal number of topics) determines the final
number of topics extracted by the LDA model [29]. Perplexity is a widely used method to
determine the optimal number of topics. It can be calculated as follows:

D
Y log p(wga)

Perplexity(Dyest) = exp{—dlei} (1)
Y Ny
d=1
Nd K
plwa) =TT pzcld) * p(wilzy) @)
i=1k=1

where D, represents the entire text set; D represents the number of documents in the text
set; w, represents the sequence of words in the d document; the non-repetitive vocabulary
of the d document is denoted by Nj; p(w;) is the probability of the word sequence wy,
calculated by multiplying the probabilities of all words in the 4 document; the i-th word in
document 4 is noted as i; K represents the assumed number of topics; p(zy | d) represents the
probability of matching topic K in a given document; and p(w; | z;) represents the probability
that topic z contains word i.

The optimal number of topics in each stage of the text sets and the total text sets were
obtained by Equation (1) and Equation (2), respectively, as shown in Table 2.

Table 2. Optimal number of topics in the text sets at each time stage.

Stage Stage 1 Stage 2 Stage 3 Stage 4 Total Text Sets

Optimal number

. 12 13 14 14 24
of topics
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2.1.3. Topic Mining

The iterative calculation was performed by setting the steps of iterations as 500 ac-
cording to the above parameters. Output results topic distribution matrix 6p x showed
the probability distribution of the K topic in the total text sets, representing the degree of
topic contribution to the whole text, as shown in Equation (3).

(611 612 013 - 61; -+ O]
021 O2p bz - Oy -+ Oak
031 b3 b33 --- b3; -+ O3k
Opxk = : : 3)
01 b2 Oi3 0ij - ik
b1 Op2 Opj3 bp; -+ Opk]

Each row in the matrix corresponds to a document, and 6;; presents the probability
that the i document belongs to topic .

2.2. LDA Topic Evolution
2.2.1. Topic Heat Evolution

From the viewpoint of patent topic text, topic heat means the probability of a certain
type of patent topic appearing in a fixed period, and a higher probability means a higher
topic heat. Therefore, analyzing the changes of topic heat as time could be better for
observing the development of the related patents. It can be calculated as

D
Q(Ziy) = () 0ax)/Ds 4)
=1

where Q(Z; ;) denotes the intensity of topic k in the current time slice ¢, 6 presents the
probability of the topic k in the d document, and D; indicates the number of documents on
time slice ¢.

2.2.2. Topic Content Evolution

The degree of information similarity between CCUS technical topics was confirmed
by calculating the similarity of topics between two close stages with the following formula:

Y L Hggx T(wg) x T(wy)
. geD; kGD]‘
sim(D;, D]-) = ®)
)DEDY Hg,l X T(wg) X T(wl) ’ )DEEDY Hk,m X T(wk) X T(wm)
geD; leD; kGDJ mGDj

where sim(D;,D;) represents the similarity between the two different topics of D; and D;, w
is the topic vector in the text, H is the topic vector similarity value, and T denotes the topic
vector value of term frequency—inverse document frequency (TF-IDF). If the similarity
of topics between two stages is sim > 0.7, then it is claimed that there is an evolutionary
relationship between these two topics.

2.3. Technology Maturity Prediction

Logistic models, also known as the sigmoid curves (S-curves), are widely used to ana-
lyze and predict the life cycle of the technology maturity. The corresponding development
stage of the life cycle is shown in Figure 1. The general formula for the logistic model can
be written as '

Ny=—
Tt ae B

(6)



Energies 2023, 16, 2556

5o0f 14

where N; is the patent data amount, ¢ is the growth time of the corresponding technology
from 10% to 90% of the maximum number of patents, k is the predicted maximum number
of patents (saturation) obtained by fitting the number of patents curve, « represents the
slope of the curve, and B is the turning point of the slope of the curve from small-large—
small, which is also called the midpoint of the S-curve.

A

Number of patents

infancy growth period maturity recession Time
Figure 1. The development stages of the S-curve life cycle.
3. Analysis of the Current State of Technology Evolution

3.1. LDA Topic Mining

According to Equations (1)—(3), the CCUS patents are mined. The selection of topic
words adopts the principles of comprehensiveness and accuracy. The topic mining results
named by the comprehensive meaning of each topic feature word by querying the relevant
patents are listed in Table 3.

Table 3. CCUS technology topic mining results.

Stage Topic Mining Results

Topic 0: chemical compound, Topic 1: coal, Topic 2: sensor, Topic 3: pipelines, Topic 4:
electricity, Topic 5: oxygen-enriched combustion, Topic 6: hydride production, Topic 7: device

Stage 1 components, Topic 8: reservoirs, Topic 9: water utilization, Topic 10: condensation process, and
Topic 11: microalgae.
Topic 0: microalgae, Topic 1: hydride production, Topic 2: process execution, Topic 3:
Stage 2 adsorbent, Topic 4: sensor, Topic 5: reservoirs, Topic 6: water utilization, Topic 7: anti-corrosion

technology, Topic 8: chemical compound, Topic 9: oxygen-enriched combustion, Topic 10:
pipeline, Topic 11: coal, and Topic 12: electricity.

Topic 0: CO, adsorption, Topic 1: economy, Topic 2: CO,-EOR (CO;-enhanced oil recovery),
Topic 3: CO, mineralization, Topic 4: bioenergy, Topic 5: synthesis of organic chemicals, Topic
Stage 3 6: hydride production, Topic 7: membrane separation, Topic 8: alarm system, Topic 9:
geological storage, Topic 10: oxygen-enriched combustion, Topic 11: control system, Topic 12:
anti-corrosion technology, and Topic 13: water utilization.

Topic 0: CO, mineralization, Topic 1: bioenergy, Topic 2: CO,-EOR, Topic 3: geological storage,
Topic 4: biological carbon sequestration, Topic 5: economy, Topic 6: geological utilization, Topic
Stage 4 7: fuel synthesis and preparation, Topic 8: synthesis of organic chemicals, Topic 9: dynamic
monitoring, Topic 10: CO; separation technology, Topic 11: anti-corrosion technology, Topic 12:
oxygen-enriched combustion, and Topic 13: hydride production.

Topic 0: pipelines, Topic 1: oxygen-enriched combustion, Topic 2: CO, adsorption, Topic 3:

biological carbon sequestration, Topic 4: CO,-EOR, Topic 5: fuel synthesis and preparation,
Topic 6: electricity, Topic 7: geological storage, Topic 8: coal, Topic 9: anti-corrosion technology,
Total text ~ Topic 10: alarm system, Topic 11: CO, mineralization, Topic 12: dynamic monitoring, Topic 13:

sets water utilization, Topic 14: hydride production, Topic 15: economy, Topic 16: geological
utilization, Topic 17: sensor, Topic 18: synthesis of organic chemicals, Topic 19: adsorbent,
Topic 20: CO, separation technology, Topic 21: reservoirs, Topic 22: bioenergy, and
Topic 23: microalgae.
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3.2. Measurement Analysis
3.2.1. Time Distribution

The change in the number of patents over time provides a direct observation of the
research trends in CCUS, which gives a macro view of the research development. A 3D bar
chart of the changes in the number of CCUS patents is shown in Figure 2.

Number of patents

Figure 2. Changes in the number of CCUS patents over years.

As can be seen from Figure 2, the global CCUS number of patents was maintaining a
continuous growth trend. In 2016, the growth of number of patents obviously accelerated
due to the signing of the Paris Agreement at the end of 2015. In 2018, the IPCC’s Special
Report on Global Warming of 1.5 °C was released, which pointed out the significance of
CCUS technology in addressing global climate change [8]. As a result, 2018 became the
year with the highest growth rate of CCUS patents. In 2020, due to the sudden outbreak of
the coronavirus, field experiments on related technologies were restricted, resulting in a
decline in the number of CCUS patents that year. As the situation improved, the number of
patents picked up and continued to grow in 2021.

3.2.2. Research Field Distribution

Analyzing the distribution of the research results in different fields can help to show
the current research directions in the field. The top 10 fields involved in CCUS were selected
by classifying the subject field of the patent text data, and thus, a corresponding radar map
of the global CCUS subject field distribution of these top 10 fields was obtained. The radar
maps of the top 10 fields in 2003 and 2022 are displayed in Figure 3.

In Figure 3, the 2003 and 2022 CCUS patents cover roughly the same fields. In 2003, the
number of patent applications in chemistry ranked first and those in engineering ranked
second, while the number of patent applications in 2022 in engineering ranked first and
those in chemistry ranked second. This indicates that the technology patents of CCUS
gradually transformed to the application level. Different from in 2003, in 2022, the field of
computer science was newly added to the top 10 and rose to eighth place. This shows that
the technologies related to computer science (e.g., sensor, dynamic monitoring) in CCUS
patents are developing at a high speed, and more attention is being paid to safety and the
economy in the implementation of CCUS technologies.

In summary, the core technologies of CCUS are concentrated in the fields of engineer-
ing, chemistry, and instruments instrumentation. At the same time, it is also important to
focus on emerging areas, such as computer science, and strengthen the development of
these areas, which would have a propulsive effect on CCUS technology.
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Figure 3. Global radar map of CCUS subject fields in 2003 and 2022.

3.2.3. Comparison of International R&D Institutes

Among the top 100 R&D institutions with CCUS technology patent applications from
2003 to 2022, China accounted for the highest proportion (52%), followed by Japan (16%),
the United States (15%), Korea (7%), Germany (6%), France (5%), and Saudi Arabia (2%).
The statistics on the top 15 innovative entities in CCUS patent applications and the number
of patents in the US, Europe, Japan, Korea, and China are shown in Table 4.

Table 4. Top 15 patent entities and their patent numbers in CCUS patent applications in China and in
US, Europe, Japan, and Korea.

US, Europe, Japan, and

Korea Patent Entities el R e

Chinese Patent Entities Number of Patents

China Petroleum Chem

Corp 1324 Lg Chem Ltd. (KR) 701
Univ Tsinghua 537 General Electric Co. (US) 546
Univ Zhejiang 516 Basf Se (DE) 491
Univ Cent South 506 Posco (KR) 458
Cas Dalian Chem 469 Toyota Jidosha Kk (JP) 439
Physical Inst oyotajidosha
Univ Xian Jiaotong 461 Air Liquide Sa (FR) 397
e Samsung Electronics Co.,
Univ Tianjin 446 Ttd. (P) 379
Univ South China 419 Bosch Gmbh Robert (DE) 379
Technology
Univ Dalian Technology 416 Toshiba Kk (JP) 357
State Grid Corp China 389 Jfe Steel Corp (JP) 332
Petrochina Co., Ltd. 385 Int B“smess([l}’[;;hmes Corp 322
Univ Beijing Sci "
Technology 392 Shell Int Res Mij Bv (US) 312
Univ Kunming Sci .
Techmology 347 Nippon Steel Corp (JP) 310
Univ Southeast 341 L Oreal Sa (FR) 307
Sinopec Corp 335 Toray Ind Inc. (JP) 301

As can be seen from Table 4, there are certain differences in the institutes of authoriza-
tion between China and the US, Europe, Japan, and Korea. By 2022, the top 15 innovation
entities with the highest number of patent applications in the US, Europe, Japan, and Korea
are all listed companies. Among the top 15 innovation entities in China, only 4 are listed
companies, and the others are universities and university-affiliated research institutes.

In the US, Europe, Japan, and Korea, CCUS technology R&D is more in line with
market demand after market research, so CCUS technology can be better applied and
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commercialized, which promotes the continuous development of the CCUS industry. At
the same time, the patent institutes of the US, Europe, Japan, and Korea are larger in scale,
and the products derived from core technology occupy a higher share of the international
market with a stronger competitiveness. In China, universities occupy a large proportion
of the CCUS patent authorization market. The orientation of universities themselves is
education and scientific research, which deviates from the purpose of enterprises pursuing
market interests through innovation. From this perspective, China’s CCUS development
is not as close to the market as that of the US, Europe, Japan, and Korea. While using
universities to strengthen basic research, China should promote industrial development
and break through technological blockades.

3.3. CCUS Technology Topic Heat Evolution Analysis

Based on the topic mining results of the CCUS total text sets, the intensity values of
each topic in different years are calculated according to Equation (4). A topic evolution
river diagram is drawn as time according to the change trend, as shown in Figure 4, where
T; represents the i topic, and i =1,2,3, ... ,23.

G0N @@ @@ @ @ @ ET @ NT @GT. @ @4 @S @6
T @IS @ T @570 @ T2 @R T2 @13

T

////M//M////////WWW//////MW/W///////////////

2006 2009 2012 2015 2018 2021

Figure 4. River map of the evolution of CCUS patent topic heat.

In the river map, the wider the width of a certain river is, the greater the intensity
of the corresponding topic is. This can be seen from the CCUS patent topic evolution
river map. Pipelines (T0), electricity (T6), coal (T8), alarm systems (T10), sensors (T17),
adsorbents (T19), and microalgae (T23) are the basic technologies for the pre-development
of CCUS. Their heat tends to decrease over time. Two reasons cause this situation. On the
one hand, as the corresponding technology reaches maturity, the heat naturally decreases.
On the other hand, some of the basic technologies evolve into new technologies.

Biological carbon sequestration (T3), CO,-EOR (T4), geological storage (T7), anti-
corrosion technology (T9), CO, mineralization (T11), dynamic monitoring (T12), hydride
production (T14), economy (T15), geological utilization (T16), synthesis of organic chemicals
(T18), CO, separation technology (T20), and bioenergy (T22) are the key technologies for the
current development of CCUS. The heat of these aforementioned technologies is increasing
over time. Most of them are CO, utilization and storage technologies, while CO, capture
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technologies are less hot. Hydride production (T14), biological carbon sequestration (T3),
dynamic monitoring (T12), geological utilization (T16), geological storage (T7), and CO,
mineralization (T11) are also key technologies with a relatively high heat.

The evolution of oxygen-enriched combustion (T1) and fuel synthesis and preparation
(T5) are two topics that could be classified as having three phases. The heat of these two
topics was relatively high in the first stage, and then it decreased in the second and third
stages because the related technologies were at a bottleneck. In the fourth stage, due to a
breakthrough in technological bottlenecks, such as oxy-fuel combustion costs and energy
intensity, the heat of these topics gradually increased. Regarding CO, adsorption (T2),
water utilization (T13), and reservoirs (T21), the heat of these three topics was upward-
declining, which indicates that a certain technical bottleneck was broken in the first stage,
and then the technologies tended to mature and evolve to higher-level technologies.

3.4. Analysis of the Evolution of Technical Subject Matter Content in CCUS

In accordance with the topic correlation mentioned above, the similarity of the topics
at each stage, as calculated by Equation (5), was presented in the form of a Sankey diagram.
For the purpose of differentiation, the topics from the first stage to the fourth stage are
labeled “A, B, C and D”, as shown in Figure 5.

Eiopic 0
- D Topic 0

- C Topic 4
: v e DiTopic 12

=S ~ 7 mmes
B Topic 9 \

/' D Topic 3
"B Topic 3 4 D Topic 4
B Topic 11 4
: s DiTopic 5
B Topic 2 72 - ""\ Y .)pic ’
B Topic 4 4 , / >
C Topic 8 170 - D Topic 9

. ¥y '
(Copic 2 '

< A\ )

a -P“’ 3 7 o pic 2

A C Topic 12 > D Topic 7

AL DiTopic 8

ic 0 ic 13
[BTopic .p - D T
Efopic 10 bpic 11
The second stage The third stage The fourth stage

2008-2012 2013-2017 2018-2022

Figure 5. CCUS patent topic evolution river diagram.

With the development of global carbon neutrality, countries made large-scale inno-
vations in the field of CCUS technology, evolving from the basic technical level to the
application level. The focus of R&D changed over time. At present, CCUS technologies
are beginning to be applied and commercialized, with more emphasis placed on breaking
energy technology bottlenecks and reducing costs, such as CO,-EOR, biological carbon
sequestration, CO, mineralization, and other application-oriented technologies.

The basic CCUS technologies, such as pipelines, sensors, microalgae, electricity, coal, and
adsorbents were developed well at the beginning. However, with continuous improvement
and subsequent maturity, technologies are gradually transforming into geological storage,
dynamic monitoring, bioenergy, geological utilization, and CO; separation technology.

The related topic heat for carbon dioxide capture technology shows a decreasing trend.
In contrast, the technologies of carbon dioxide storage and utilization technology and CCUS
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management are on the rise. The key areas of CO, storage and utilization technologies
mainly are bio-utilization (e.g., bioenergy and biological carbon sequestration), geological
utilization (e.g., CO,-EOR/EGR), chemical utilization (e.g., hydride production, etc.), and
geological storage (e.g., aquifers or oil and gas formations). In addition, the key area of
CCUS management technology is mainly dynamic monitoring.

4. Predictive Analysis of Key Technologies” Evolution in CCUS

Six technologies with the highest heat are selected for analysis in this section. They
are hydride production (T14), biological carbon sequestration (T3), dynamic monitoring
(T12), geological utilization (116), geological storage (T7), and CO; mineralization (T11).
The number of patents of each technology from 2003 to 2022 was searched by using the
Derwent Innovation Index (DII), as shown in Figure 6.

emmpus Hydride production (T14) Biological carbon sequestration (T3)
== Dynamic monitoring (T12) Geological utilization (T16)
g Geological storage (T7) Carbon dioxide mineralization (T11)

7000

6000

5000

4000

Number of patents

3000

2000

1000

0
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 6. Number of patents for key CCUS technologies from 2003 to 2022.

From Figure 6, it can be seen that the number of patents for the selected six key tech-
nologies of CCUS grew significantly from 2003 to 2022, even though the number of patents
grew relatively slowly between 2003 and 2015. The rate of growth greatly accelerated in
2016 after the Paris Agreement was signed at the end of 2015. From the perspective of the
number of patents for each key technology, the number of patents of hydride production
(T14) and biological carbon sequestration (T3) was relatively high, and the growth rate
remained unabated since 2020. With respect to the topics of dynamic monitoring (T12),
geological utilization (T16), geological storage (T7), and CO, mineralization (T11), the
number of patents is approximate. However, the growth rate of dynamic monitoring (T12)
is explosive after 2020, due to the development of computer science and the improvement
of safety and economic production awareness.

Based on the logistic model, the number of patents for Topic 14, Topic 3, Topic 12,
Topic 16, Topic 7, and Topic 11 from 2003 to 2022 were fitted by Origin software, and thus,
the corresponding field logistic curve fitting plots and topic fitting statistical parameters
were obtained. Figure 7a—f represent the fitted curves of six selected key CCUS technologies
for the number of patents. The curves before 2022 represent the existing number of patents,
and the curves after 2022 represent the forecasted number of patents.
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Figure 7. Fitted curve of six key CCUS technologies based on the number of patents.

The degree of freedom of the fitting curve statistics was set as 22. The adjusted
values of R? were 0.99184, 0.99615, 0.99827, 0.99652, 0.98949, and 0.99549, which indicates
that the individual topic curves fit the number of patents well. Based on Figure 7, the
development stages of the key CCUS technologies were determined, and the results are
shown in Table 5. The infancy period of the six key CCUS technologies lasted for a long
time, and the development speed increased slowly. Around 2016, various technologies
entered the growth stage, and the number of patents for related technologies began to
increase significantly. After the growth period, related technologies enter the forecasted
mature period. At this stage, the technology accumulation is sufficient, and part of the
research starts to be transformed into application. Therefore, the growth rate of the number
of patents is relatively slow at this stage, even though it is still growing. Compared with
the other three technologies, the maturity periods for the topics of hydride production
(T14), biological carbon sequestration (T3), and biological carbon sequestration (T3) come
late, so the related topics should be the key technologies for future development. Just
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as CCUS is coupled with hydrogen production to regenerate synthetic methane, CCUS
is coupled with biomass to build a dynamic monitoring and safety system. After the
maturity period, the number of relevant patents reaches saturation, which is caused by
the wide use in commerce. Then, the development of the matured technology faces three
possibilities. One possibility is that the heat of technology research begins to decline, and
the related technology is washed. Another possibility is that the related technology is
replaced by new technology, while the third possibility is that some patented technology
fails to be commercialized.

Table 5. Development stages of key CCUS technologies.

Topic Infancy Period Growth Period Mature Period

hydride production (T14) 2003-2015 2016-2023 2024-2027

biological carbon 2003-2015 2016-2022 2023-2026
sequestration (T3)

dynamic monitoring (T12) 2003-2017 2018-2024 2025-2028

geological utilization (T16) 2003-2016 2017-2021 2022-2025

geological storage (T7) 2003-2013 2014-2020 2021-2025

CO; mineralization (T11) 2003-2014 2015-2019 2020-2024

5. Conclusions

Firstly, in this paper, we captured a total of 175,922 patents related to CCUS technology
from 2003 to 2022 by using Derwent patent data. Secondly, the LDA topic model was
used to mine the technical topics of the CCUS patents. Then, the evolution of global
CCUS technology was analyzed from three aspects: measurement analysis, technical topic
heat, and technical topic content evolution. Finally, the logistic model was applied to
fit the patent volume of the key CCUS technologies and predict the degrees of maturity
freedom and development trends of the key CCUS technologies. The specific conclusions
are as follows:

(1) Due to the signing of the Paris Agreement, the outbreak node of CCUS technology
patents was in 2016. In the key fields of research, CCUS technology patents are gradually
transformed to the application level, while the emerging fields, such as computer science
are on the rise. Regarding the main R&D institutes, the US, Europe, Japan, and South Korea
are led by enterprises, while China is dominated by universities and research institutes.
Although the total numbers of patents and R&D institutes in China are the highest in
the world, there is still a long way for CCUS technologies to go in China to be applied
and commercialized.

(2) The transformation of CCUS technologies can be summarized in two steps. Firstly,
CCUS technologies gradually transform from the basic level of pipelines, electricity, coal,
and sensors to the technical level, such as CO, adsorption, water utilization, and reser-
voirs. Then, hydride production, biological carbon sequestration, CO,-EOR, and CO,
mineralization transform to the application level.

(3) The trend of the topic related to carbon capture technology is declining. The
trends of technologies for carbon dioxide storage and utilization technology and CCUS
management technology are on the rise. The topics of hydride production, biological
carbon sequestration, dynamic monitoring, geological utilization, geological storage, and
CO;, mineralization are relatively hot, and the related technologies are the key technologies
of CCUS.

(4) The key technologies, such as geological utilization, geological storage, and CO,
mineralization are matured. New technologies would merge to drive the development of
CCUS in the aforementioned fields. Technologies such as hydride production, biological
carbon sequestration, and dynamic monitoring are in the growth period, each with a bright
development prospect. Just as CCUS is coupled with hydrogen production to regener-
ate synthetic methane, CCUS is coupled with biomass to build a dynamic monitoring
safety system.
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