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Foreword

Foreword

Engineering science and technology is an important force to change the world, and engineering fronts
represent important directions for the future innovation of engineering science and technology. Currently,
changes of the world, of our times, and of history are unfolding in ways like never before. The new round of
scientific and technological revolution and industrial transformation continue to deepen. Human society is
facing unprecedented challenges. It has become the common choice of all countries to keep abreast of the
trends in world science and technology, accurately identify changes, respond to them scientifically, and
proactively seek changes.

To track the development trend of engineering science and technology, the Chinese Academy of
Engineering (CAE), the highest honorary and advisory academic institution in China, has been organizing
a project known as “Global Engineering Fronts” every year since 2017. The research identifies and releases
nearly two hundreds of engineering research fronts and engineering development fronts every year to
guide academic development and promote the innovation of engineering science and technology.

The 2023 Global Engineering Fronts research relies on the nine academic divisions and academic journals
of the CAE to identify 93 engineering research fronts and 94 engineering development fronts, collaborating
with Clarivate. This is done by paying equal attention to the engineering research and development
fronts, integrating quantitative analysis and qualitative research, and combining data mining and expert
argumentation. Among these, 28 key engineering research fronts and 28 key engineering development
fronts are selected for detailed interpretations.

In 2023, we continued to improve the technical system at the initial stage of the project to define the
technology boundary and structure of the nine fields and sort out the correlation among the branches of
technology. In the process of key engineering fronts interpretation, the development roadmap tool was
used to study the development directions of key engineering fronts in the next 5-10 years.

This report presents the results of the 2023 project and comprises two parts. Part A explains the data and
methodology. Part B presents the technology reports focusing on nine fields: (i) mechanical and vehicle
engineering; (ii) information and electronic engineering; (iii) chemical, metallurgical, and materials
engineering; (iv) energy and mining engineering; (v) civil, hydraulic, and architectural engineering; (vi)
environmental and light textile engineering; (vii) agriculture; (viii) medicine and health; and (ix) engineering
management. Each report describes and analyzes the engineering research and development fronts in the
respective field and explains the key fronts in detail.

Identifying engineering fronts is a complex and challenging task. For seven years, the research team
has been focusing on the development hotspots and challenges of the global engineering science and
technology and gradually explored a unique research path, that is, the research, forums, and journals were
closely integrated to promote each other. The project was supported by nearly a thousand of academicians
and experts from various fields and institutions. We are grateful to all of them!
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Part A Methodology

Part A Methodology

Engineering is the practical activity in which human beings transform the world with the help of science and technology. An
engineering front refers to the key direction that is forward looking, leading, and exploratory. It has a major influence and plays
a leading role in the future development of engineering science and technology and serves as an important guide for cultivating
the capabilities for innovation in the field of engineering science and technology. According to the innovation stage of the front,
engineering fronts are categorized into engineering research fronts which focuses on theoretical exploration and engineering
development fronts which focuses on the practical application of engineering science and technology.

The Global Engineering Fronts 2023 project has adopted multi-round interactions between experts and data for iterative research and
analysis, realizing a deep integration of judgments of experts and data analyses. In 2023, 93 engineering research fronts and 94 engineering
development fronts are selected, with 28 engineering research fronts and 28 engineering development fronts being listed as the key focus
of interpretation. The distribution of engineering research and engineering development fronts among the nine fields is shown in Table 1.1.

The research of fronts consists of three stages: data preparation, data analysis, and expert review. In the data preparation
stage, the domain, library, and information experts formulate the literature and patent search strategies according to the
technological systems to define the scope of data mining. In the data analysis stage, the co-citation clustering method is
used to obtain clustered literature topics and the co-word clustering method to obtain the ThemeScape patent maps. In the
expert review stage, the fronts are gradually selected and determined through front topic selection, front name revision,
expert panel discussions, and other methods. To address the lacking of novelty due to algorithm limitations or lags in data
mining, experts from different fields were encouraged to check the results of the data analysis to revise, combine, and
expand the engineering fronts. A flowchart of the operation procedure of the Global Engineering Fronts project is illustrated

Table 1.1 Distribution of engineering research and engineering development fronts among the nine fields

Number of engineering research fronts  Number of engineering development fronts

Mechanical and Vehicle Engineering 10 10
Information and Electronic Engineering 10 10
Chemical, Metallurgical, and Materials Engineering 11 11
Energy and Mining Engineering 12 12
Civil, Hydraulic, and Architectural Engineering 10 10
Environmental and Light Textile Engineering 10 10
Agriculture 10 11
Medicine and Health 10 10
Engineering Management 10 10
Total 93 94

Engineering research fronts Engineering development fronts

—

Initial review of journals and Technical system

Initial review of patent search strategy
conferences

Nomination of research fronts theme Revised literature and patent list

by experts theme by experts

Nomination of development fronts

[
Research topic e P ThemeScape patent
- -
Data mining of papers Data mining of patents maps
Pool of 50+ research fronts Iterative interactions between experts and data Pool of 50+ development fronts
| Nomination by experts |

Expert panel
discussions 10+ development fronts

10+ research fronts | Questionnaire survey |

Data analysls |

3+ key development fronts for

3+ key research fronts for deep
interpretation Roadmap deep interpretation

Figure 1.1 Operation procedure of the Global Engineering Fronts project
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Methodology

in Figure 1.1, in which the green, purple, and red boxes indicate the data analysis, expert research, and multi-round
iterative interactions between experts and data, respectively.

1 Identification of engineering research fronts

The identification of the engineering research fronts is performed using two methods. The first approach involves determining the
clustered literature topics through the co-citation clustering method according to the SCI journal papers and data of conference
proceedings collected from the Web of Science Core Collection. The second method is calling for the engineering research themes
through expert nomination. Candidate engineering research fronts that were identified through expert argumentation and
refinement went through questionnaire surveys and multiple rounds of expert discussions, yielding 93 engineering research fronts
in the nine fields.

1.1 Acquisition and preprocessing of paper data

Firstly, the mapping relationship between the technology systems of the nine academic divisions of the CAE and Web of
Science disciplines was constructed, and the lists of academic journals and academic conferences corresponding to each
field were obtained. After the correction and supplementation by domain experts, the sources for data analysis in the nine
fields were determined to be 12 696 journals and 54 389 conferences. In addition, for articles from 82 multidisciplinary
sciences journals, the field of each article was reassigned to the most relevant subject area according to the subjects cited

in its references.

Accordingly, the articles and conference papers published between 2017 and 2022 were retrieved (the cut-off date of the citations
was January 2023). For each field, the differences between journals and conferences, the publication year, and so on were
comprehensively considered. By processing journals and conference proceedings separately, high-impact papers that are ranked
among the top 10% of the citations were selected as the original dataset for the analysis of the research fronts, referring to the
highly cited papers in Web of Science, as shown in Table 1.1.1.

Table 1.1.1 Overview of data sources in each field

Number of Number of Number of top
journals conferences high-impact papers
1 Mechanical and Vehicle Engineering 547 3325 112 450
2 Information and Electronic Engineering 1010 22572 228672
3 Chemical, Meéil;:lr:giei?:],;nd Materials 1235 43850 310 860
4 Energy and Mining Engineering 946 2893 160920
5 Civil, Hydraulic, and Architectural Engineering 406 1428 104 330
6 Environmental and Light Textile Engineering 1371 1645 245146
7 Agriculture 1463 1282 190 750
8 Medicine and Health 4890 14 887 524174
9 Engineering Management 828 1507 60673
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Part A Methodology

1.2 Mining of clustered literature topics

Through the co-citation clustering analysis of the high-impact papers in the aforementioned nine data datasets, all the clustered
literature topics in the nine fields were obtained and each clustered topic consists of a certain amount of core papers. The topics
of the journal and conference papers published during 2017-2020 were selected according to the number of core papers, total
number of citations, mean publication year, and proportion of consistently cited papers. Consequently, 35 diverse literature topics
were extracted. The topics of the journal and conference papers published during 2021-2022 were selected according to the
number of core papers, total number of citations, and proportion of consistently cited papers. Thereafter, 25 different clustered
literature topics were obtained. Overlapping topics were replaced by topics that did not intersect with other fields. In addition,
subjects that were not covered by clustered topics were extracted separately by keywords. Finally, 756 clustered literature topics in
the nine fields were obtained (Table 1.2.1).

Table 1.2.1 Statistics of co-citation clustering results in each field

No. Field Number of_ Number of Number of candidate
clustered topics core papers research hotspots
1 Mechanical and Vehicle Engineering 12 404 49484 98
2 Information and Electronic Engineering 23529 101 924 68
3 Chemical, Me;lgltijr:g;?r:,gand Materials 30400 122129 66
4 Energy and Mining Engineering 17173 71528 89
5 Civil, Hydraulic, and Architectural Engineering 11051 46128 129
6 Environmental and Light Textile Engineering 25 517 101 630 89
7 Agriculture 19 645 76 697 76
8 Medicine and Health 52636 215909 66
9 Engineering Management 6137 23325 75

1.3 Determination and interpretation of research fronts

While processing and mining the paper data, domain experts put forward research front issues via a comprehensive analysis of
data pertaining to science and technology news and policies, and integrated them into each stage of front determination.

In the data preparation stage, the library and information experts transform the front research issues raised by domain experts into
search strategies, which are an important part of the initial data source. In the data analysis stage, for subjects that are not covered
by clustered literature topics, domain experts provide keywords, representative papers, or representative journals for customized
search and mining. In the expert review stage, domain experts will check for omissions based on the clustered literature results
and conduct the second round of nomination for fronts that do not exist in the data mining results but are considered important.
Library and information experts provide data support. Finally, the domain experts merge, revise, and refine the engineering
research front topics obtained through data mining and expert nomination. Subsequent to questionnaire surveys and multiple
rounds of conference discussions, approximately 10 engineering research fronts were selected for each field.

In each field, three or four key research fronts were selected according to the development prospects and the significance.
Authoritative experts in the front direction were invited to interpret the fronts in detail from the perspectives of national and
institutional layout, cooperation networks, development trends, and R&D priorities.
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2 Identification of engineering development fronts

The identification of the engineering development fronts is primarily performed using two methods. First, based on the Derwent
Innovation patent database, the top 10 000 patent families of 53 subjects in the nine fields with highest citations were clustered,
and 53 ThemeScape maps were obtained. The domain experts interpreted the candidate engineering development fronts from
these maps. The second approach involves nomination by experts. The candidate development fronts obtained through these
two methods went through multiple rounds of expert discussion and questionnaire surveys. Consequently, approximately 10
engineering development fronts were identified in each field.

2.1 Acquisition and preprocessing of patent data

In the data preparation stage, based on the Derwent Innovation patent database, the initial patent data retrieval scope and search
strategies for the 53 disciplines of the nine fields were determined using the Derwent World Patents Index (DWPI) Manual Codes,
International Patent Classification numbers, United States Patent Classification numbers, and other patent classification numbers
and specific technical keywords. Domain experts deleted, supplemented, and improved the patent search strategies to determine
the patent retrieval criteria and nominated candidate front topics, which were then transformed into patent search strategies
by library and information experts. The above two parts of the search strategies were integrated to determine the patent search
strategies of the 53 disciplines, searched in the enhanced patent data—DWPI and Derwent Patent Citation Index (DPCI) collection,
and obtained the patent literature of the corresponding disciplines. The retrieved patents were published between 2017 and 2022;
the cut-off date of the citations was January 2023. To further concentrate patent literature, the millions of patent documents were
screened according to the “annual average number of citations” and “technical coverage width” indicators, thereby obtaining the
top 10 000 patent families in each discipline.

2.2 Mining of patent topics

Semantic similarity analysis of patent texts were conducted for the top 10 000 highly cited patents on 53 disciplines in the nine
fields. Based on literature topic clustering using DWPI titles and abstracts, 53 ThemeScape patent maps were obtained, which
effectively display the distribution of the engineering development techniques and show the overall technical information of the
collected patents in the form of keywords.

Experts from various fields, with the assistance of library and information experts, selected the engineering development fronts
from ThemeScape maps, merged similar fronts, and determined the final development fronts. Finally, they selected the candidate
engineering development fronts of each specialty group. To avoid missing emerging or interdisciplinary fronts, domain experts
interpreted the data from patents with few citations and poor correlation in the ThemeScape maps.

2.3 Determination and interpretation of development fronts

While processing and mining the patent data, domain experts identified issues on development fronts based on a comprehensive
analysis of other data, such as science and technology news and policies, and integrated them into each stage of front
determination.

In the data preparation stage, the library and information experts transformed the key front issues raised by domain experts into
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Part A Methodology

patent search strategies as an important part of the basic dataset. In the data analysis stage, domain experts conducted the second
round of front nomination to supplement the emerging technology points that are significant but have been submerged in data
mining with few patents. In the expert review stage, domain experts studied highly cited patents, and library and information
experts assisted them in interpreting patent maps from multiple perspectives, such as “peaks”, “blue oceans”, and “islands”.
Finally, domain experts merged, revised, and refined the interpreted results of the patent maps and fronts nominated by experts
to obtain candidate engineering development fronts, and then selected approximately 10 engineering development fronts in each

field through questionnaire surveys or multiple rounds of seminars.

In each field, three or four key development fronts were selected according to the development prospects and the significance.
Authoritative experts in the front directions were invited to interpret the fronts in detail from the perspectives of national and
institutional layout, cooperation networks, development trends, and R&D priorities.

3 Development roadmap

Technology roadmaps are an important tool to depict the development trend of technologies. To strengthen the academic leading
role of the engineering fronts, the Global Engineering Fronts 2023 project conducted detailed analysis on the development focuses
and trends of key engineering research fronts and key engineering development fronts for each field, and drew a development
roadmap in a visual way for each front in the next five to ten years.

4 Terminologies

Literature/Papers: This includes peer-reviewed and published journal articles, reviews, and conference papers retrieved from
Web of Science.

High-impact papers: Papers that rank in the top 10% in terms of citation frequency are considered to be of high impact, taking
into account the year of publication and journal subject category.

Clustered literature topic: A combination of topics and keywords obtained through a co-citation clustering analysis of high-
impact papers.

Core papers: Depending on how the research front is obtained, core papers have two meanings. If it originates from a front that
is obtained from data mining and revised by experts, the core paper is considered as a high-impact paper. If it comes from a front
nominated by domain experts, the core paper is included in the top 10% of papers in terms of citation frequency obtained using the

corresponding search strategy.

Percentage of core papers: The proportion of core papers in which a country or institution participates among the total number of
core papers produced by all countries or institutions.

Citing papers: Collection of papers that have cited core papers.

Citation number: The number of times the paper has been cited by the Web of Science Core Collection.
Mean publication year: Average publication years for all papers among the clustered literature topics.
Consistently cited papers: Papers included in the top 10% in terms of citation velocity.

Citation velocity: An indicator used to measure the growth rate of the cumulative number of citations for a certain period. In this
study, the citation velocity of each paper begins with the month of publication, and the cumulative number of citations per month

was recorded.
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Methodology

Highly cited patents: The top 10 000 DWPI families ranked by the average annual DPCI citations.

Core patents: According to the different ways of obtaining a development front, core patents have two meanings. If they come
from the fronts of the patent map, core patents refer to highly cited patents. If they are from the fronts nominated by domain
experts, core patents refer to all patents obtained by topic search.

Percentage of published patents: The proportion of core patents in which a country (priority country) or institution participates
among the total number of core patents produced by all countries or institutions.

ThemeScape map: A themed landscape representing the overall outlook of a specific industry or technical field. It is a visual
presentation in the form of a map obtained by analyzing the semantic similarity of value added DWPI information of patents to
gather the patents of related technologies.

Technical coverage width: It is measured by the number of DWPI Classes to which each DWPI patent family covers. This indicator
can reflect the breadth of the technology coverage of each patent.

Specialty division criteria system of the academic divisions of the CAE: This is specified in the Specialty Division Criteria of the
Academic Divisions of the Chinese Academy of Engineering for Member Election (Trial). It refers to 53 specialized disciplines covered
by the nine academic divisions of engineering science and technology, including mechanical and vehicle engineering; information
and electronic engineering; chemical, metallurgical, and materials engineering; energy and mining engineering; civil, hydraulic,
and architectural engineering; environmental and light textile engineering; agriculture; medicine and health; and engineering
management.
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Part B Reports in Different Fields

|. Mechanical and Vehicle Engineering

1 Engineering research fronts

1.1 Trends in Top 10 engineering research fronts

The ten most-researched engineering topics in the field of mechanical and vehicle engineering include mechanical, transportation,
ship and marine engineering; weapon science and technology; aeronautical and astronautical science and technology; and power
and electrical equipment engineering and technology (as listed in Table 1.1.1). Among these, “low-carbon and zero-carbon fuel
engine technologies”, “flexible self-powered wearable sensors”, “multi-material 4D printing”, “state-of-the-art vascular robotic
system development”, “transfer learning-based machine fault diagnosis”, and “robot-assisted milling and polishing” are extensively
studied traditional topics. “Dynamically reconfigurable mobile micro-robot swarms”, “intelligent performance test for automatic
driving in an adversarial environment”, and “wireless charging system for underwater autonomous vehicles” are considered as

emerging topics. The annual number of core papers published during the years 2017-2022 is listed in Table 1.1.2.
(1) Hypersonic flight vehicle technology

Hypersonic aircraft refer to aircraft that can fly in the atmosphere at speeds exceeding Mach 5. Compared with traditional
subsonic, supersonic, and supersonic aircraft, hypersonic aircraft have high speeds, fast response capabilities, and high
penetration success rates. They are also hard to intercept. Moreover, hypersonic aircrafts have tremendous military and
potential economic value. The development of a hypersonic vehicle technique involves multiple disciplines, such as high-
speed aerodynamics, computational fluid dynamics, high-temperature gas dynamics, chemical dynamics, guidance and
control, electronics, and material and structure fabrication. In their more than half a century of development, hypersonic

Table 1.1.1 Top 10 engineering research fronts in mechanical and vehicle engineering

Engineering research front Core papers Citations  Citations per paper Mean year
1 Hypersonic flight vehicle technology 50 4930 98.60 2018.7
2 Low-carbon and zero-carbon fuel engine technologies 47 4429 94.23 2018.8
3 Dynamically reconfigurable mobile micro-robot swarms 11 870 79.09 2019.1
4 Flexible self-powered wearable sensors 30 2218 73.93 2019.8

Intelligent performance test for automatic driving in an adversarial

5 environment 11 337 30.64 2019.7
6 Multi-material 4D printing 32 736 23.00 2020.4
7 Wireless charging system for underwater autonomous vehicles 13 337 25.92 2020.2
8 State-of-the-art vascular robotic system development 18 377 20.94 2020.3
9 Transfer learning-based machine fault diagnosis 12 328 27.33 2021.0
10 Robot-assisted milling and polishing 41 1717 41.88 2019.9
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Table 1.1.2 Annual number of core papers published for the Top 10 engineering research fronts in mechanical and vehicle engineering

Engineering research front 2017 2018 2019 2020 2021 2022
1 Hypersonic flight vehicle technology 13 13 9 9 4 2
2 Low-carbon and zero-carbon fuel engine technologies 5 19 7 12 3 1
3 Dynamically reconfigurable mobile micro-robot swarms 1 2 4 3 1 0
4 Flexible self-powered wearable sensors 2 4 8 4 9 3

Intelligent performance test for automatic driving in an

5 . . 1 2 2 1 4 1
adversarial environment
6 Multi-material 4D printing 4 1 1 4 16 6
7 Wireless charging system ft_)r underwater autonomous 1 3 0 1 5 3
vehicles
8 State-of-the-art vascular robotic system development 0 2 4 3 4 5
9 Transfer learning-based machine fault diagnosis 0 0 0 2 8 2
10 Robot-assisted milling and polishing 3 3 9 11 11 4

vehicle techniques have achieved great success in missile weaponry but slight progress in reusable launch vehicles and aircraft.
The major challenges focus on four aspects. The first aspect is the development of a new theory and technique to design new
configuration with a high lift-to-drag ratio and a high payload-to-structural weight fill-in ratio under a wide-speed band. The
second is to develop new propulsion system in addition to scramjet engines that work well in high-speed conditions. This
new system may be the new technology that combines aero-engines and ramjets. The third is to develop extremely high-
temperature resistant materials and thermal protection cooling systems and methodologies. The fourth aspect involves control
and navigation systems. The complicated environment and extremely hard work states demand cutting-edge techniques for
control and navigation systems. Analysis shows that the above four research directions are the key to developing reusable

hypersonic launch, hypersonic aircraft, and ground take-off for space flight vehicles.
(2) Low-carbon and zero-carbon fuel engine technologies

Low-carbon and zero-carbon fuel engine technologies refer to the use of fuels with low or zero carbon content to partially or fully
replace conventional high-carbon-content gasoline, diesel, and other fuels, with the goal of reducing the specific carbon dioxide
emissions of engines from the source. It involves the cross-integration of power engineering and engineering thermophysics,
energy science and technology, chemistry and chemical engineering, traffic and transportation engineering, materials science
and engineering, and other disciplines. Related research includes the manufacturing of various low-carbon and zero-carbon
fuels, their safe onboard storage and delivery, clean and effective utilization through novel engine combustion modes and
control, and the analysis and optimization of their full life cycle carbon emissions. At present low-carbon and zero-carbon fuels
that have received extensive public and research attention include natural gas, biomass-derived methanol, ethanol, dimethyl
ether and biodiesel, green hydrogen, green ammonia, and e-fuel, which are synthesized using renewable electricity. Significant
technological advancements of low-carbon and zero-carbon engines have been achieved in recent years. Various companies and
research institutions have developed prototype engines that can run using carbon-free fuels, including hydrogen and ammonia.
Future research directions will focus on the development of novel engine combustion and emission control technologies that can
further increase the thermal efficiency of engines running on low-carbon and zero-carbon fuels while approaching zero pollutant
emissions. Meanwhile, with the continuous development of renewable electricity, efficient and low-cost production of biofuel,

green hydrogen, ammonia, and other related technologies, the use of low- and zero-carbon fuels in engines will eventually become
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widespread.
(3) Dynamically reconfigurable mobile micro-robot swarms

A mobile micro-robot swarm refers to an autonomous task execution swarm in which a large number of dispersed, low-
cost isomorphic/heteromorphic autonomous mobile micro-robot individuals with local perception, decision-making, and
action capabilities are self-organized according to the task objectives in wide-area and complex task scenarios by means of
the mechanisms of information interaction, cooperation, and coordination among the individuals. A micro-robot swarm is
characterized by a stable and orderly topology, individual coordination and collaboration, a consistent behavioral goal, and
mutually complementary functions. Dynamic reconfigurability indicates the ability of a mobile micro-robot swarm to dynamically
change its composition, topology, coordination relationships, and individual task loads according to changes in mission objectives,
capability requirements, mission execution states and situations, environmental events, individual robots’ capabilities and others
uncertainties to quickly respond to changes in the swarm and in the environment. A dynamically reconfigurable mobile micro-
robot swarm is a vivid reflection and physical embodiment of a multiagent system with self-organization, self-adaption, and
intelligence emergence characteristics, involving not only individual intelligence (autonomous control, autonomous perception,
autonomous planning, and autonomous decision making) but also a swarm-level architecture, communication network,
coordination mechanism, information fusion, state estimation, task allocation, path planning, formation control, multiagent
consistency, and other multilevel, multifaceted theories and technologies. A dynamically reconfigurable mobile micro-robot
swarm is also an advanced form of multi-robot system collaborative control technology. Traditional multi-robot cooperative
control is usually realized through the use of a centralized control and global coordination mode, incurring difficulties in swarm
scale, coordination efficacy, and expandability. Dynamically reconfigurable mobile micro-robot swarms are significantly different
from traditional multi-robot cooperative control technology in terms of the number of robots involved, complexity of tasks,
environment, and division of labor and collaboration as well as self-adaptation and robustness to tasks, environmental events,
and so on. Furthermore, adapting existing technology to the development requirements of dynamically reconfigurable mobile
micro-robot swarms is difficult. The swarming behaviors of many swarming animals in nature can serve as an inspiration for
the development of dynamically reconfigurable mobile micro-robot swarms. Exploring the emergence mechanisms of swarm
intelligence in swarming animals and mapping it into the field of control of dynamically reconfigurable mobile micro-robot swarms
and constructing a task-oriented self-organization-based dynamically reconfigurable architecture and self-organized collaboration
mechanism based on localized information propagation under complex and restricted communication conditions. Control of
key technologies such as the wide-area, distributed collaborative dynamic allocation of large-scale swarm multimodal tasks;
large-scale multisource heterogeneous information fusion and decentralized situational awareness under weak communication
conditions; path planning and replanning, considering dynamics; formation dynamic control, including motion uncertainty
information and event-triggered multi-robot coherent tracking; and so on is the key direction and a research hotspot for the
development of dynamically reconfigurable mobile micro-robot swarms.

(4) Flexible self-powered wearable sensors

A flexible self-powered wearable sensor refers to a specialized device that can be attached to the surface of the human body. Its
main function is to collect and monitor physiological parameters or environmental information relevant to the human body. A
distinguishing characteristic of this sensor is its inherent capability to generate power autonomously, eliminating the need for
an external power source. This self-powering feature contributes significantly to the sensor’s capacity to ensure wearer comfort
and convenience during usage. Typically, such sensors are fabricated using flexible materials, enabling them to accommodate
various body shapes and movements effectively. The key innovation lies in the incorporation of energy harvesting technology,
which empowers the sensor to derive power from bodily motions or alternative ambient energy sources, such as light or
temperature gradients. This self-sustaining mechanism obviates the reliance on conventional batteries or external power
supplies, enhancing the overall efficiency and practicality of the wearable sensor. Flexible self-powered technology enables
the conversion of micro-energy from the human body and the surrounding environment into electric energy. This technology
provides active wearable sensors for human physiological and motion monitoring or prolonged working life for wearable

#&[ Engineering

" Fronts
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sensors. Energy harvesting and conversion methods for flexible self-powered wearable sensors primarily encompass
electromagnetic, piezoelectric, triboelectric, photovoltaic, thermoelectric, and others. Relevant research principally involves
three aspects. The first one is the study of mechanisms, materials, structures, and performance enhancement for energy
conversion. This study includes the development of energy harvesting devices that can be flexibly attached to the human body
to enhance energy conversion efficiency. The second aspect is the combination of various environmental energy collection
methods to design and fabricate flexible composite energy harvesting systems, thereby optimizing the environmental energy
utilization efficiency. The third one is the energy management and signal processing technologies used to develop integrated
flexible circuits to improve the utilization rate of electric energy, including the sensitivity and accuracy of active wearable
sensors. Flexible self-powered wearable sensors provide an attractive direction for the development of wearable electronics
with their capabilities for environmental energy harvesting, active sensing, and miniature integration. These capabilities
represent the development trend of self-powered technology and body area networks, with broad application prospects in
fields such as motion sensing, health monitoring, and personalized medicine.

(5) Intelligent performance test for automatic driving in an adversarial environment

An intelligent performance test for automatic driving in an adversarial environment is the key technology and means for
solving the intelligent research and development, training, evaluation, rating, and verification of vehicles, ships, and other
modes of transportation. Virtual simulation, scaled model, scenario test, and real vehicle/ship test are the basic methods
for traditional autonomous driving testing. However, with the enhancement of digital twin technology and the evolution
of sensor communication technology, a single-mode test method can no longer meet the requirements of intelligent
performance testing in terms of environmental consistency, effectiveness, and repeatability. Virtual-real fusion testing that
emphasizes mapping, interaction, linkage, and complementarity between digital space and physical space has become a
research hotspot in intelligent performance testing. In particular, under the premise of ensuring safety and efficiency in
intelligence testing, determining how to reflect game, confrontation, and cooperation between agents and between agents
and humans and building an adversarial test environment are extremely important fundamental problems that are worthy
of attention. Theories and methods of testing and evaluation, driving performance test and evaluation, safety test and
evaluation, reliability test and evaluation, comprehensive tests, test tool chain design, and other issues are currently the
major research hotspots in this field. Systems engineering concepts (e.g., model-based systems engineering, model-based
design, digital twins, and cyber-physical systems), modeling and simulation technologies that are relevant to intelligent
performance test are also receiving increasing attention.

(6) Multi-material 4D printing

Multi-material 4D printing is a technology that utilizes additive manufacturing processes to create intelligent components
with “stimulus-response” characteristics. The stimuli mainly originate from external energy fields, such as heat, electricity,
magnetism and light, and the response manifests as controllable changes in the shape, properties, or functionalities of the
components over time. Traditional single-material additive manufacturing has encountered significant challenges in meeting
the demands of high-end manufacturing industries for property, functionality, and their dynamic variations. Consequently, the
integration of materials, structures, and functionalities in multi-material 4D printing has become a cutting-edge technology.
This involves distributing different materials to designated regions and achieving predetermined changes in structures and
properties through external stimuli. The inherent self-sensing and self-driven qualities of such components hold immense
potential for aerospace deployable structures, biomedical scaffolds, and other critical applications. The current research focus
in this field includes intelligent component design and topology optimization, the development of new 4D printing processes,
numerical simulations and path planning for the printing process, micro/nano-level multi-material 4D printing, metamaterial
printing, characterization methods for intelligent component property and its variations, and the regulation and optimization of
multi-material interface properties. There is also increasing interest in designing intelligent components with various responses
under multiple energy fields and their multi-material 4D printing, alongside high-precision and high-efficiency multi-material
printing.
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(7) Wireless charging system for underwater autonomous vehicles

Power endurance and sustainability are important indices for measuring the performance of underwater autonomous vehicles,
mainly depending on the energy storage capacity of the onboard energy system. The method of recovering vehicles and quickly
replacing their modular energy system suffers from high cost, inefficiency, and poor concealment. Underwater wireless charging
technology has become a key landmark technology for enhancing the power endurance and sustainability of underwater
autonomous vehicles because it achieves energy transmission through a non-contact method, which has the advantages of
high safety and strong environmental adaptability. Wireless charging technology can be classified into magnetic field, electric
field, microwave, laser, and ultrasonic modes according to the power transfer mechanism. Considering the complexity of the
underwater environment and the particularity of the transmission medium, the magnetic field mode is considered as one of the
optimal schemes for underwater charging due to its unique advantages in the principle and structure of power transmission,
with significant advantages in the wireless charging process of underwater autonomous vehicles. In the principle design and
engineering practice of underwater charging systems, the design of the magnetic coupling mechanism, seawater medium
energy transmission and eddy current loss characteristics, bidirectional energy transmission circuit topology and control
strategy, underwater bidirectional energy, and information synchronous transmission technology are the popular topics on

underwater wireless charging technology.
(8) State-of-the-art vascular robotic system development

Vascular diseases have emerged as a primary threat to human health. Vascular robotic systems can offer valuable support to
interventionalists during vascular interventions, such as enhancing precision, minimizing radiation exposure, and reducing
workload. However, most existing vascular robotic systems use a master-slave control paradigm, where tool delivery at the slave
end relies entirely on the master’s instructions. These systems lack expert-level capabilities in intelligent analysis, decision-
making, and manipulation, and thus, they fail to provide effective intelligent assistance to interventionalists and restrict their
widespread application. To enhance the intelligence of vascular robotic systems, key challenges, such as autonomous image
navigation, active force perception, and expert skill learning, must be addressed. These challenges encompass frontier issues,
such as vessel segmentation in surgical images, detection and localization of interventional tools, preoperative/intraoperative
multimodal image registration, modelling tool-vessel interaction, tactile perception and feedback, manipulation skill modeling
and learning, and human-robot intelligent collaboration. Moreover, focus has been increasing on the mechanism design for
collaborative multi-tool delivery, intelligent multi-tool control, and precise quantitative delivery in robot-assisted intervention for

complex vascular lesions.
(9) Transfer learning-based machine fault diagnosis

Transfer learning refers to the process of applying knowledge learned in one field to another. In the context of fault diagnosis,
transfer learning involves using diagnostic methods validated in simulations or laboratory settings. This means that insights
gained in a digital or semi-physical space can be leveraged in the actual physical space. Transfer learning can be accomplished
through feature- and model-based transfer, which involve techniques, such as enhancement and fine-tuning. These methods
aim to enhance the consistency of samples between the source domain and the target domain, thus reducing the disparity
during the transfer process. Consequently, they improve the decision accuracy and scene generalization performance of fault
diagnosis models, particularly when working with limited data and varying operating conditions. Transfer learning proves
especially crucial in fault diagnosis for large complex equipment, such as aircraft engines, aerospace engines, nuclear power
equipment, and space station operation equipment. In such cases, obtaining real fault samples is difficult due to the destructive
nature of the faults. Transfer learning is expected to offer substantial benefits in these scenarios. Research on the theory and
application of transfer learning to fault diagnosis represents the current hotspots and challenges in this field. Similar to how
jade can be polished using stones from other hills, transfer learning has the potential to enhance the effectiveness of fault
diagnosis for major equipment.
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(10) Robot-assisted milling and polishing

Robot-assisted milling and polishing is a method of using the flexibility and reconfigurability of robots to achieve high-efficiency,
high-quality, and stable machining of large and complex components in the major equipment of strategic industries, including
aviation, aerospace, and navigation. Large and complex components have characteristics such as large size, complex surface, and
strict requirements of shapes and dimensions, and the high-performance manufacturing of these components is a recognized
international problem. Traditional manufacturing mostly uses equipment such as machine tools and machining centres, which
have small travel distance and insufficient mobility. The machining of large structural parts requires multiple segmentations and
slicing, which result in low manufacturing efficiency. At the same time, the process of polishing relies heavily on manual operations,
resulting in inconsistent machining accuracy. Moreover, the generation of polishing dust damages the operators’ health. Robot-
assisted machining has the characteristics of flexible large-space manufacturing, good reconfigurability, and easy integration and
coordination. It can transform the manufacturing mode for large and complex structures and shows great application potentials
in fields such as aircraft structural parts milling, large wind turbine blades, and high-speed rail body polishing. The main research
hotspots in this field are the precision control of large components, the machining mechanism of robot-assisted milling and
polishing, the innovative design of machining robot system, and the integration of multi-robot collaborative measurement-

modeling-machining.

1.2 Interpretations for three key engineering research fronts

1.2.1 Hypersonic flight vehicle technology

The research on hypersonic flight vehicle technology can be traced back to the development of hypersonic gliders in the 1950s.
Since the late 1990s, hypersonic flight vehicle techniques have become the research focus in several science and technology
powerhouses as the scramjet technology matures. Several nations have successfully conducted experiments and flight tests, and

some have used hypersonic missiles in practical missions.

The next generation of flight vehicles calls for the capability to reach any corner on earth within an hour, fast penetration ability,
and launch vehicle reusability from ground to space. The hypersonic vehicle technology facilitates the objectives. Compared
with traditional aircraft, hypersonic vehicles work in extremely complex environments, flights with wide speed bands, and
large altitude ranges. They experience an extremely complicated flow field, and aerodynamic heating produces extremely high
temperatures in the boundary layer. The combined effects make designing aerodynamic configurations and vehicle structure
layouts extremely difficult. Moreover, cutting-edge propulsion techniques are required. The vehicle body structure is strongly
coupled with the propulsion system. High nonlinearity and big uncertainty exist in the flight vehicle model. Thus, high accuracy
in control and terminal guidance is very hard to obtain. Hypersonic aircraft technology has become a hot research frontier in
the 21st century. The major challenges focus on four aspects. The first aspect involves studying the principle combining the
wave rider and lift body theory to develop a configuration with a high lift-to-drag ratio. This aspect also involves studying Al-
based optimization methods for lightweight structures and structures with high payload-to-vehicle fill-in ratios. The second
aspect includes developing a new propulsion engine, investigating new methods to utilize the advantages of aero-engines and
ram jets, studying techniques for variable sizes of engine burners, and developing adjustable flame stabilization devices. The
third aspect involves studying extremely high-temperature-resistant composite material systems and ablative heat protection
methods, constructing high-accuracy flow models in ablation and detachment processes, and developing accurate simulation
methods and experimental test approaches. The fourth aspect includes studying the methodology for an accurate flight
control dynamic model, deriving a robust intelligent control strategy to handle strong interferences and big uncertainties, and
developing high-accuracy terminal guidance techniques in the hypersonic flight phase. The study in above aspects lays the
foundation for developing hypersonic flight vehicle theory and technology, and is of great practical significance for China to
achieve a strong aerospace force and move toward an aerospace powerhouse.
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The country with the highest number of core papers published in this front is China, and the countries with the highest citations
per paper are USA, Canada, and Singapore, as shown in Table 1.2.1. Among the Top 10 countries with the most published papers,
China has the most collaboration with UK, Canada, and Singapore, as shown in Figure 1.2.1. Institution with the highest number
of core papers published is Northwestern Polytechnical University. The institutions with the highest citations per paper are
Concordia University, National University of Singapore, and Tsinghua University, as shown in Table 1.2.2. As shown in Figure 1.2.2,
Northwestern Polytechnical University and Tsinghua University have the most collaboration. The top country for citing papers is
China, as shown in Table 1.2.3. The Top 3 output institutions for citing papers are Northwestern Polytechnical University, Harbin
Institute of Technology, and Beihang University, as shown in Table 1.2.4. Figure 1.2.3 shows the roadmap of the engineering
research front of “hypersonic flight vehicle technology”.

Table 1.2.1 Countries with the greatest output of core papers on “hypersonic flight vehicle technology”

Percentage of core Citations

Country Core papers papers/% Citations per paper Mean year
1 China 43 86.00 4183 97.28 2018.6
2 USA 4 8.00 609 152.25 2018.2
3 UK 4 8.00 384 96.00 2019.2
4 Canada 3 6.00 439 146.33 2017.7
5 Singapore 3 6.00 436 145.33 2017.3
6 Iran 3 6.00 217 72.33 2019.3
7 Republic of Korea 3 6.00 183 61.00 2020.0
8 Azerbaijan 2 4.00 159 79.50 2018.5
9 India 1 2.00 125 125.00 2020.0
10 Australia 1 2.00 63 63.00 2021.0
Singapore

Iran

/@ Republic of Korea
L

Azerbaijan

.India

Australia

Figure 1.2.1 Collaboration network among major countries in the engineering research front of “hypersonic flight vehicle technology”

pr] 1 H H
14 :'g!,,, Engineering

" Fronts



Mechanical and Vehicle Engineering

Table 1.2.2 Institutions with the greatest output of core papers on “hypersonic flight vehicle technology”

Institution Core papers Perczg;as; /g/f) cOre Citations [g:a;i;;:r Mean year
1 Northwestern Polytechnical University 12 24.00 1166 97.17 2018.8
2 National University of Defense Technology 7 14.00 761 108.71 2018.7
3 Harbin Institute of Technology 6 12.00 601 100.17 2019.0
4 Beihang University 6 12.00 422 70.33 2018.0
5 Tsinghua University 5 10.00 602 120.40 2018.4
6 Chinese Academy of Sciences 5 10.00 537 107.40 2020.0
7 Air Force Engineering University 5 10.00 374 74.80 2018.8
8 Beijing Institute of Technology 3 6.00 192 64.00 2019.7
9 Concordia University 2 4.00 353 176.50 2017.5
10 National University of Singapore 2 4.00 257 128.50 2017.5

Tsinghua University

Beihang University‘_,.. Chinese Academy of Sciences
f

£ Air Force Engineering University

Harbin Institute of Technology .
National University of Defense Technology .

'/‘ \ . Beijing Institute of Technology

Concordia University

Northwestern Polytechnical University National University of Singapore

Figure 1.2.2 Collaboration network among maijor institutions in the engineering research front of “hypersonic flight vehicle technology”

Table 1.2.3 Countries with the greatest output of citing papers on “hypersonic flight vehicle technology”

Citing papers Percentage of citing papers/% Mean year
1 China 4978 70.63 2020.7
2 USA 485 6.88 2020.6
3 India 311 4.41 2021.0
4 UK 258 3.66 2020.6
5 Iran 222 3.15 2020.7
6 Republic of Korea 192 2.72 2020.9
7 Australia 141 2.00 2020.7
8 Canada 135 1.92 2020.5
9 Russia 128 1.82 2020.6
10 Italy 106 1.50 2020.9
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Table 1.2.4 Institutions with the greatest output of citing papers on “hypersonic flight vehicle technology”

Institution Citing papers Percentage of citing papers/% Mean year
1 Northwestern Polytechnical University 615 20.56 2020.6
2 Harbin Institute of Technology 450 15.05 2020.6
3 Beihang University 356 11.90 2020.8
4 Nanjing University of Aeronautics and Astronautics 319 10.67 2020.6
5 National University of Defense Technology 308 10.30 2020.7
6 Chinese Academy of Sciences 272 9.09 2020.6
7 Beijing Institute of Technology 186 6.22 2020.9
8 Southeast University 132 4.41 2020.3
9 Tianjin University 126 4.21 2020.1
10 Xi’an Jiaotong University 115 3.84 2021.0

Development of offensive hypersonic missile weapon ] [ Civil hypersonic vehicle development

,_.
b

Target

[ Four challenges to the development of hypersonic technology, including thermal, advanced materials, mobility, and J

communications

Hypersonic transition Hypersonic experimental Aerodynamic Thermal properties
process measurements characteristics il
Key common
technologies
High control precision Terminal guidance Heat protection system Communication control

Figure 1.2.3 Roadmap of the engineering research front of “hypersonic flight vehicle technology”

1.2.2 Low-carbon and zero-carbon fuel engine technologies

Combustion engines are the primary power sources for road and maritime transport, off-road construction, agricultural
machineries, and national defense equipment in our country. At present, most combustion engines use petroleum
gasoline and diesel as fuel. While providing the necessary power, these engines emit a considerable amount of CO, into
the atmosphere. Statistics indicate that carbon emissions from the transportation industry accounts for 10% of all carbon
emissions in the country. Under the background of the “dual carbon” strategy, reducing and finally achieving zero engine
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carbon emissions through technological innovations is an imperative task. This goal is a prerequisite for the existence and
sustainable development of combustion engines and related industries. Two technological routes are available for low-carbon
engines: (D further increasing the thermal efficiency of conventional engines to reduce their specific fuel consumption, and @
partially or fully substituting conventional high-carbon-content gasoline and diesel fuels with new low-carbon-content fuels
to stop carbon emissions from the source. Zero-carbon engines can only be realized through the full adoption of carbon-free
or carbon-neutral fuels.

Increasing the thermal efficiency of conventional gasoline and diesel engines cannot only reduce specific carbon emissions
but also help increase fuel economy. Therefore, this issue has always been the focus of research and development. For
diesel engines, technological pathways for increasing thermal efficiency include boosting fuel injection pressure, compound
turbocharging, exhaust heat recovery, and smart control. For gasoline engines, gasoline direction injection, variable
compression ratio, stratified lean burn, gasoline compression ignition, electrification, and novel thermodynamic cycle are
potential technologies for high-efficiency enablers. Zero-carbon fuels that can be used in engines are mostly hydrogen and
ammonia, while life cycle carbon-neutral fuels include biomass-derived methanol, ethanol, dimethyl ether and biodiesel, and
e-fuel, the latter of which are synthesized using renewable electricity combined with CO, captured from the air. Although carbon
element is present in many carbon-neutral fuels and its combustion in engines will surely emit CO,, its synthesis consumes CO,,
such that carbon neutrality can be achieved through the whole life cycle of these fuels. Future research is expected to focus
on two aspects: (D the development of high-efficiency and low-cost techniques for the large-scale manufacturing of various
carbon-neutral fuels; and (@ fuel design based on the complementary combustion features of various carbon-neutral fuels,
which will support the realization of zero-carbon emission engines when combined with the development of novel combustion
and emission control techniques.

The combustion of hydrogen and ammonia does not produce any CO, emissions, and engines powered by these carbon-
free fuels have been a research focus in recent years. Hydrogen engines mostly employed a spark ignition mode, and major
research directions include techniques to avoid flashback and knocking, NO, emission mitigation techniques, and safe and
efficient onboard hydrogen storage methods. Considering the low reactivity and low flame speed of ammonia, achieving its
stable combustion across all engine conditions is challenging. Current strategies primarily include mixing ammonia with more
reactive fuels, such as natural gas, gasoline, and diesel. The co-combustion of ammonia and hydrogen is also possible, with the
potential of obtaining the required hydrogen from the onboard cracking of ammonia. Future research is expected to focus on
high-efficiency and clean combustion modes for ammonia, highly effective onboard selective catalytic reduction, and ammonia
cracking systems.

Low-carbon and zero-carbon fuel engine technology involves the fields of power engineering and engineering thermophysics,
energy science and technology, chemistry and chemical engineering, traffic and transportation engineering, materials science and
engineering, and other related disciplines. It is a key technology for ensuring the achievement of the “dual carbon” strategy in the
transportation industry and promoting the sustainable development of combustion engines and other related industries under the

“dual carbon” background. It is an area of high research value and societal impact.

The top countries with the maximum number of core papers published in this front are China, UK, and India, and the
countries with the highest citations per paper are Saudi Arabia, UK, and Canada, as shown in Table 1.2.5. China has the
most collaboration with UK and with Ireland, as shown in Figure 1.2.4. Institutions with the maximum number of highest
citations per paper are University of Oxford, Tsinghua University, and National Institute of Technology, as shown in Table
1.2.6. There is cooperation between Dalian Maritime University and Trinity College Dublin, as well as between Xi’an
Jiaotong University and Beijing Institute of Technology. Cooperation also exists between Tsinghua University and the
University of Oxford, as shown in Figure 1.2.5. The top country for citing papers is China, as shown in Table 1.2.7. The Top
3 output institutions for citing papers are Xi’an Jiaotong University, Chinese Academy of Sciences, and Beijing Institute of
Technology, as shown in Table 1.2.8. Figure 1.2.6 shows the roadmap of the engineering research front of “low-carbon and
zero-carbon fuel engine technologies”.
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Table 1.2.5 Countries with the greatest output of core papers on “low-carbon and zero-carbon fuel engine technologies”

Country Core papers Percf)gt;g; /?/Z cOre Citations ;:eiﬁa;i;:esr Mean year

1 China 16 34.04 1755 109.69 2019.2
2 UK 10 21.28 1294 129.40 2019.1
3 India 6 12.77 565 94.17 2019.2
4 USA 5 10.64 505 101.00 2019.8

Turkey 5 10.64 471 94.20 2019.0
6 Canada 4 8.51 462 115.50 2018.2
7 Norway 3 6.38 248 82.67 2020.0
8 Malaysia 3 6.38 215 71.67 2018.0
9 Ireland 3 6.38 184 61.33 2019.7
10 Saudi Arabia 2 4.26 326 163.00 2018.0

Germany

India porway

. Malaysia

UK

Ireland

China Saudi Arabia

Figure 1.2.4 Collaboration network among major countries in the engineering research front of “low-carbon and zero-carbon fuel engine
technologies”

Table 1.2.6 Institutions with the greatest output of core papers on “low-carbon and zero-carbon fuel engine technologies”

Institution Core papers Perczr;t;tgre; /S/Z cOIE Citations g:a;:;; Mean year
1 University of Oxford 2 4.26 741 370.50 2018.5
2 Tsinghua University 2 4.26 722 361.00 2018.0
3 National Institute of Technology 2 4.26 229 114.50 2018.5
4 sathyabamaT'gsE;‘;tlig SR 2 4.26 178 89.00 2019.5
5 Xi’an Jiaotong University 2 4.26 155 77.50 2021.0
6 Dalian Maritime University 2 4.26 135 69.50 2020.5
7 Trinity College Dublin 2 4.26 139 69.50 2020.5
8 Beijing Institute of Technology 2 4.26 111 55.50 2020.0
9 Brunel University London 2 4.26 110 55.00 2017.5
10 University of Malaya 2 4.26 91 45.50 2018.0

pr] 1 H H
18 :'g!,,, Engineering

" Fronts



Mechanical and Vehicle Engineering

Xi'an Jiaotong University Dalian Maritime University

Sathyabama Institute of Science and Technology@ ! /@Trinit}' College Dublin
: -
National Institute of Technology . . Beijing Institute of Technology

Tsinghua University. . Brunel University London

University of Oxford University of Malaya

Figure 1.2.5 Collaboration network among major institutions in the engineering research front of “low-carbon and zero-carbon fuel engine
technologies”

Table 1.2.7 Countries with the greatest output of citing papers on “low-carbon and zero-carbon fuel engine technologies”

Country Citing papers Percentage of citing papers/% Mean year
1 China 1357 36.82 2021.2
2 India 545 14.79 2021.1
3 USA 356 9.66 2021.1
4 UK 304 8.25 2021.2
5 Italy 200 5.43 2021.0
6 Turkey 174 4.72 2021.1
7 Germany 171 4.64 2021.3
8 Republic of Korea 150 4.07 2021.5
9 Malaysia 146 3.96 2021.1
10 Saudi Arabia 142 3.85 2021.4

Table 1.2.8 Institutions with the greatest output of citing papers on “low-carbon and zero-carbon fuel engine technologies”

Institution Citing papers Percentage of citing papers/% Mean year
1 Xi’an Jiaotong University 102 12.59 2021.4
2 Chinese Academy of Sciences 96 11.85 2021.2
3 Beijing Institute of Technology 91 11.23 2021.1
4 Tianjin University 89 10.99 2021.2
5 Tsinghua University 88 10.86 2021.1
6 Shanghai Jiao Tong University 78 9.63 2021.3
7 Beijing University of Technology 69 8.52 2021.1
8 Jiangsu University 68 8.40 2020.8
9 Zhejiang University 46 5.68 2021.1
10 Sathyabama Institute of Science and Technology 42 5.19 2021.0
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. Sub
[ Milestone ] [ milestone ] [ 2023 ] [ 2024 ] [ 2025 ] [ 2026 ] [ 2027 ] [ 2028 ] [ 2029 ] [ 2030 ] [ 2031 ] [ 2032 ]
Realize zero- ; . T ) . . . . X X X
i ——— Further increasing th_e thermal efflue_nues of conven_tlopal engines Developing new engine technologies suitable for the physical and chemical
R — to reduce their fuel consumption and CO, emissions properties of new low-carbon and zero-carbon fuels
Target pollutant
o the. CEUETTSIN @S0 SYAIEEES, S ik (e e Optimizing low-carbon and zero-carbon fuel engine emission control
from the technologies for various low-carbon and zero-carbon P 9 ; 9 L
engine engine fuels technology to achieve zero-carbon and near-zero pollutant emissions
Strategic The development of low-carbon and zero-carbon engine technologies is the basic requirement of the current dual-carbon strategic goal
dermand and an important way to meet the increasingly stringent emission regulations
BEERG Energy The development of low-carbon and zero-carbon energy is conducive to optimizing our energy structure, reducing dependence on fossil energy,
demand and providing new development opportunities for engines and related industries in the carbon-neutral energy track
Industrial Low-carbon and zero-carbon fuel engine technology is an important technical guarantee for the engine industry to enhance its
demand competitiveness in the context of carbon neutrality goals and electrification
Carbon reduction at. | Substitute, partially or fully, the conventional high-carbon content gasoline and diesel fuels with new low-carbon content
the source of fuel fuels so as to cut carbon emissions from the source
Far gasoline engines, the technologies of gasoline direction injection, variable
Low-carbon S i i ifi i ion ianiti ificati
£ Efficient . . compression ratio, stratified lean burn, gasoline compression ignition, electrification
engine combustion for UGS TSRS (G (Emie] and novel thermodynamic cycle are potential high efficiency enablers
technology efficiency of conventional engine
lower carbon to reduce its fuel consumption " " " . -
co nsumpticn T o). CEes For diesel engines, technological pathways to increase thermal efficiency
2 include boosting fuel injection pressure, compound turbocharging, exhaust
heat recovery, and smart control
Preparation and Fuel design based on the complementary . P . Optimal design of engine system
Key application of combustion features of the various briomass ?rlllal!%/sm aTd optl;mlzathn ‘,)f it based on biomass fuel
products biomass fuel fuels ull lite-cycle carbon emissions physicochemical properties
Preparation and Technology to produce green electricity and On-board hydrogen Techniques to avoid flashback and knocking, NOx
application of green hydrogen from renewable energy such > | fuelfilling and safe emission mitigation techniques as well as safe and
Zero-carbon | hydrogen fuel as photovoltaic power and hydropower storage technology efficient on-board hydrogen storage methods
engine
technology Preparation and Efficient green ammonia synthesis Mixing ammonia High efficiency and clean combustion modes
application of technology based on green electricity with more reactive for ammonia, highly effective on-board SCR
ammonia fuel and green hydrogen zero-carbon fuels and ammonia cracking systems
Preparation and Liquid fuel synthesis technology based on f L )

e A YT Technologies for Carbon-neutral monitoring of fuel life cycle, fuel
application of electric: | green electricity, green hydrogen and CO. - : ) ’
synthetic fuels e 2 efficient CO, capture effcient and low-cost synthesis technology

Technologies for green hydrogen production and safe and efficient Carbon emission control technology for the full life cycle of carbon-neutral
hydrogen storage and transportation synthetic fuel
Key common
technologies - e : -
Engine structu_re optlmlzatl_on design technology bas_ed on fuels with Engine combustion and emission control technology
different physical and chemical properties
Strengthen overall coordination, clarify task boundaries and R&D priorities, and establish links between basic research, development of key common technologies,
and transformation of engineering applications
Safeguard
measures
Improve industry standards and system specifcations, form a low-carbon and zero-carbon engine technology industry chain, and promote the healthy and
sustainable development of engines and related industries

1.2.3 Dynamically reconfigurable mobile micro-robot swarms

As the application requirements of intelligent mobile robots expand toward the direction of complex multimodal
tasks, three-dimensional wide-area operation, complex and changeable working environments, and interference and
confrontation, meeting the functional and performance requirements of single complex and expensive robots has become

difficult. The use of a large number of dynamically reconfigurable, and relatively low-cost isomorphic/heterogeneous

'/."m
H-

Engineering
Fronts

Figure 1.2.6 Roadmap of the engineering research front of “low-carbon and zero-carbon fuel engine technologies”
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autonomous mobile micro-robots to form a task execution swarm, giving full play to the advantages of group division of
labor, can not only improve the efficiency and robustness of task completion in complex environments but also reduce the
cost of developing special complex system equipment and obtain significant economic benefits. Dynamically reconfigurable
mobile micro-robot swarms have become an important development direction in the field of intelligent mobile robots and
have broad application prospects in intelligent manufacturing factories, area coverage exploration, wide-area target search,

and military operations.

Dynamically reconfigurable mobile micro-robot swarms include aerial intelligent unmanned aerial vehicle swarms, ground
mobile robot swarms, water surface and underwater unmanned vehicles, and other forms, as well as the mixed swarms of
the aforementioned forms. The individual robots in a swarm can be isomorphic or heterogeneous. The overall behavior of a
dynamically reconfigurable mobile micro-robot swarm derives from the mutual coordination and cooperation of the individual
robots with autonomous abilities based on the task goal, which is a vivid reflection and physical embodiment of the self-
organization, self-adaptability, and intelligence emergence of a multiagent system and an advanced form of the collaborative

control technology of a multi-robot system.

Dynamically reconfigurable mobile micro-robot swarm technology involves not only individual intelligence (autonomous control,
autonomous perception, autonomous planning, and autonomous decision-making) but also multilevel and multifaceted theories
and technologies such as a swarm architecture, communication network, coordination mechanism, information fusion, state
estimation, task assignment, path planning, formation control, and multiagent consistency at the swarm level. Traditional multi-
robot cooperative control mainly involves a hierarchical control architecture, strongly connected communication network,
collaboration and coordination based on global information, centralized task allocation and scheduling, and pilot-following
formation control. Improving a swarm’s scale, collaborative efficiency, and scalability is difficult, and a swarm’s scale is generally
limited to several dozens of individuals. A dynamically reconfigurable mobile micro-robot swarm usually has a number of
individuals reaching several hundred or several thousand or more, and the requirements for complex tasks, environments, division
of labor and cooperation as well as adaptability and robustness to tasks and environmental events are significantly different
from those of traditional multi-robot cooperative control technology. Meeting the development requirements of dynamically
reconfigurable mobile micro-robot swarms is difficult for existing collaborative technology; thus, swarm theory and technology

breakthroughs are urgently needed.

Modern biological studies revealed that some typical swarming animals, such as birds, fish, ants, wolves, and so on, can
perceive the situation of and changes in the swarm and make decisions that are consistent with the behavioral goals of
the swarm by using only the local information of the swarm and information of several neighboring individuals, thereby
facilitating the emergence of the overall behavior of the swarm. Animal swarm behavior can serve as an inspiration and
reference for the development of dynamically reconfigurable mobile micro-robot swarms. The intelligence emergence
mechanism of swarm animals should be explored and mapped in the field of swarm control of dynamically reconfigurable
mobile micro-robots, and a task-oriented dynamically reconfigurable architecture based on self-organization and a self-
organization cooperation mechanism based on local information propagation under complex limited communication
conditions should be built. Control of key technologies such as the dynamic assignment of large-scale distributed
cooperative tasks in wide-area swarms; large-scale multisource heterogeneous information fusion and decentralized
situation awareness under weak communication conditions; path planning and replanning, considering dynamic
characteristics; dynamic formation control, including motion uncertainty information and event-based multi-robot
consistency tracking; and so on has become a research hotspot for the development of dynamically reconfigurable mobile

micro-robot swarms.
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The top country with the maximum number of core papers published in this front is China, and the country with the highest
citations per paper is USA, as shown in Table 1.2.9. Collaboration exist between China and USA, as well as between China and
Switzerland. Collaboration can also be found between Germany and Turkey, as shown in Figure 1.2.7. Institution with the
maximum number of highest citations per paper is the Chinese University of Hong Kong, and the top three institutions with the
highest citations per paper are Beijing Institute of Technology, Michigan State University, and Harbin Institute of Technology, as
shown in Table 1.2.10. Collaboration exists between Harbin Institute of Technology, Beijing Institute of Technology, and Michigan
State University. Kog University and Max Planck Institute for Intelligent Systems also have a collaboration. The Chinese University
of Hong Kong has collaboration with Chinese Academy of Sciences, University of Missouri, the Hong Kong Polytechnic University,
and Shenzhen Institute of Artificial Intelligence and Robotics Society (wherein Chinese Academy of Sciences collaborates with
University of Missouri), as shown in Figure 1.2.8. The top country for citing papers is China, as shown in Table 1.2.11. The Top 3
output institutions for citing papers are the Chinese University of Hong Kong, Chinese Academy of Sciences, and Harbin Institute
of Technology, as shown in Table 1.2.12. Figure 1.2.9 shows the roadmap of the engineering research front of “dynamically

reconfigurable mobile micro-robot swarms”.

Table 1.2.9 Countries with the greatest output of core papers on “dynamically reconfigurable mobile micro-robot swarms”

Country Core papers Percir;t;lgrz /(0)/2 COrE Citations ;;i:egi:;esr Mean year
1 China 10 90.91 803 80.30 2019.1
2 USA 2 18.18 330 165.00 2018.0
3 Germany 1 9.09 67 67.00 2019.0
4 Turkey 1 9.09 67 67.00 2019.0
5 Switzerland 1 9.09 10 10.00 2021.0
Germany
USA

=%
1_\_#_ ) Turkey

China .

Switzerland

Figure 1.2.7 Collaboration network among major countries in the engineering research front of “dynamically reconfigurable mobile micro-
robot swarms”
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Table 1.2.10 Institutions with the greatest output of core papers on “dynamically reconfigurable mobile micro-robot swarms”

Institution Core papers Percle;r;tslgre; /(0)/2 COIE Citations g:ﬁ;gj‘;‘; WEEURYCE
1 The Chinese University of Hong Kong 8 72.73 516 64.50 2019.1
2 Harbin Institute of Technology 2 18.18 287 143.50 2019.0
3 Beijing Institute of Technology 1 9.09 262 262.00 2019.0
4 Michigan State University 1 9.09 262 262.00 2019.0
5 Chinese Academy of Sciences 1 9.09 68 68.00 2017.0
6 University of Missouri 1 9.09 68 68.00 2017.0
7 Kog University 1 9.09 67 67.00 2019.0
8 Max Planck Institute for Intelligent Systems 1 9.09 67 67.00 2019.0
9 The Hong Kong Polytechnic University 1 9.09 40 40.00 2020.0

Shenzhen Institute of Artificial Intelligence

10 and Robotics Society

1 9.09 10 10.00 2021.0

Chinese Academy of Sciences
University of Missouri

Michigan State University . . ,
(:‘\ @ Kog University
Beijing Institute of Technology ._ |

/ . Max Planck Institute for Intelligent Systems
Harbin Institute of Technology ./

.The Hong Kong Polytechnic University
The Chinese University of Hong Kong Shenzhen Institute of Artificial Intelligence and Robotics Society

Figure 1.2.8 Collaboration network among major institutions in the engineering research front of “dynamically reconfigurable mobile
micro-robot swarms”

Table 1.2.11 Countries with the greatest output of citing papers on “dynamically reconfigurable mobile micro-robot swarms”

Country Citing papers Percentage of citing papers/% Mean year
1 China 323 51.52 2020.8
2 USA 90 14.35 2020.8
3 Germany 42 6.70 2020.5
4 Republic of Korea 41 6.54 2020.8
5 Switzerland 24 3.83 2021.0
6 Japan 20 3.19 2021.0
7 Canada 19 3.03 2020.9
8 Italy 19 3.03 2020.7
9 UK 19 3.03 2020.7
10 Netherlands 15 2.39 2020.9
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Table 1.2.12 Institutions with the greatest output of citing papers on “dynamically reconfigurable mobile micro-robot swarms”

. Institution Citing papers Percentage of citing papers/% Mean year

1 The Chinese University of Hong Kong 102 32.28 2020.5
2 Chinese Academy of Sciences 47 14.87 2020.8
3 Harbin Institute of Technology 40 12.66 2021.0
4 Swiss Federal Institute of Technology 21 6.65 2021.1
5 Max Planck Institute for Intelligent Systems 20 6.33 2020.4
6 Tsinghua University 17 5.38 2020.9

Shenzhen Institute of Anslzilizlt;/ntelllgence and Robotics 15 475 2021.1
8 City University of Hong Kong 14 4.43 2021.1
9 Beihang University 14 4.43 2021.1
10 Beijing Institute of Technology 13 4.11 2020.9

Figure 1.2.9 Roadmap of the engineering research front of “dynamically reconfigurable mobile micro-robot swarms”
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2 Engineering development fronts

2.1 Trends in Top 10 engineering development fronts

Top ten development (as opposed to research) fronts in mechanical and vehicle engineering are listed in Table 2.1.1. Some of
these fronts are characterized by in-depth traditional research: “multi-robot collaborative operation optimization technology”,

» o«

“unmanned aerial vehicle path planning technology”, “precision guidance technology for MUAV”*, “Al-based precise target

recognition”, “multi-functional high-performance aerospace composites technology”, “micro high-performance combinational
sensing technology”, and “control and perception system of intelligent mobile robot”. There are also other fronts that are

newly emerging: “low-cost reusable spacecraft”, “underwater unmanned rescue vehicle”, “energy integration and propellant
management technology for space transportation systems”. Table 2.1.2 shows the annual number of core patents published from

Table 2.1.1 Top 10 engineering development fronts in mechanical and vehicle engineering

Engineering development front Published patents  Citations Citations per patent Mean year

1 Multi-robot collaborative operation optimization technology 465 1943 4.18 2020.4
2 Low-cost reusable spacecraft 142 612 4.31 2019.9
3 Underwater unmanned rescue vehicle 185 512 2.77 2020.0
4 Unmanned aerial vehicle path planning technology 911 6525 7.16 2020.5
5 Precision guidance technology for MUAV 483 1932 4.00 2019.9
6 Al-based precise target recognition 615 1340 2.18 2021.1

Multi-functional high-performance aerospace composites 1102 5777 5.4 2019.8

technology

8 Energy integratiosnpzrc\:te;zzgl(l)e;;tﬁzir;gfeﬁesnt technology for 363 2135 5.88 2019.8
9 Micro high-performance combinational sensing technology 205 245 1.20 2019.6
10 Control and perception system of intelligent mobile robot 569 6729 11.83 2019.8

Table 2.1.2 Annual number of core patents published for the Top 10 engineering development fronts in mechanical and vehicle

engineering
Engineering development front 2017 2018 2019 2020 2021
1 Multi-robot collaborative operation optimization technology 32 35 52 78 126 142
2 Low-cost reusable spacecraft 18 18 21 24 30 31
3 Underwater unmanned rescue vehicle 11 25 39 34 32 44
4 Unmanned aerial vehicle path planning technology 52 75 108 157 203 316
5 Precision guidance technology for MUAV 46 73 79 89 93 103
6 Al-based precise target recognition 4 14 39 112 168 278
7 Multi-functional high-performance aerospace composites 177 148 147 163 211 256
technology
8 Energy integratiosnpzzs g;zzl;i:atﬁn;sr;?g:er:;int technology for 39 65 4 64 87 64
9 Micro high-performance combinational sensing technology 35 32 31 28 38 41
10 Control and perception system of intelligent mobile robot 58 93 82 119 108 109

1 MUAV: miniature unmanned aerial vehicle.
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2017 to 2022. “Multi-robot collaborative operation optimization technology”, “unmanned aerial vehicle path planning technology”,
and “Al-based precise target recognition” are the most significant directions of patent disclosure in recent years.

(1) Multi-robot collaborative operation optimization technology

Multi-robot collaborative operation optimization technology refers to a technique that enhances overall efficiency and
performance by coordinating the actions and decisions of multiple robots within a given task or work scenario. This technology
is primarily applied in the fields of manufacturing, warehousing logistics, surveillance and reconnaissance, environmental
sensing, and emergency search and rescue. It also covers several aspects, such as communication, cooperation, planning, and
decision-making among multiple robots. Research in this area mainly focus on three aspects: (D cooperative transmission
computing, wherein multiple robots share and transmit computing resources to enhance overall computational capabilities; 2@
distributed sensing, wherein multiple robots simultaneously engage in data collection and measurement within a work
scenario to obtain accurate information about the environment or task status; and 3 cooperative control, which involves the
development of control strategies and methods enabling multiple robots to cooperate and work together towards achieving
common goals. In the future, multi-robot collaborative operation optimization technology is expected to evolve toward
intelligence, cross-domain applications, multimodal sensing, human-machine collaboration, and learning. This development
will promote the extensive utilization of robot systems across various domains, thus facilitating more efficient, secure, and
intelligent cooperative operations.

(2) Low-cost reusable spacecraft

Given the increasing frequency of human space exploration and development activities, the current single-use spacecraft cannot
easily meet the demand because of the high-cost and long preparation cycle. Therefore, reusable spacecraft, which can adapt to
convenient and low-cost exploration, development, and utilization of space resources, has been receiving increasing attention.
Reusable spacecraft is an advanced spacecraft application model that can effectively prolong the life, reduce the operation cost,
and improve the reliability and convenience of spacecraft. All major space powers have taken reusable spacecraft as the key
breakthrough direction for the sustainable development of space technology. Reusable manned spacecraft and cargo spacecraft,
space shuttles, and reusable orbital maneuvering vehicles are typical reusable spacecraft. Reusable spacecraft is not a new
concept, but it is extremely difficult to develop because of its huge difference from the traditional single-use spacecraft in design
concepts and methods, posing a great challenge to the human science and technology development level. Recently, the key
research directions in reusable spacecraft have included reusable design theory and method, reusable spacecraft integrated
design, reliable and accurate return and landing technology, long-term on-orbit precise orbit/attitude/thermal control and
maintenance technology, highly reliable and reusable high-temperature and ablative resistance thermal protection technology,
structure life assessment, and health management technology.

(3) Underwater unmanned rescue vehicle

Underwater unmanned rescue vehicle (UURV) refers to a type of underwater vehicle equipped with underwater detection
equipment and operation devices to perform emergency rescue tasks in the water. At present, typical UURVs are mainly developed
from remotely operated vehicles (ROV). Compared with traditional underwater vehicles, the working environment of UURV is quite
complicated and changeable, especially given the higher time requirements of task execution. To cope with the variety of rescue
tasks, the configuration, operation mode, and control strategy of ROVs need to be optimized and upgraded.

At present, the main research highlights in this field include functional structure optimization of UURVs, multisource data fusion
processing based on acoustic-optic sensors, integrated high-precision navigation and localization technology, and nonlinear model
predictive control for the pose of UURVs. The multi-mode autonomous and remote UURV will be the future development trend in
this field. It combines the advantages of remotely operated ROVs in local areas with the advantages of autonomous underwater
vehicles (AUVs) that can navigate autonomously over a wide area. Specifically, the technology development trend includes the
optimized design of variable configuration functional structure based on the bionic structure, the autonomous detection and
recognition technology of underwater rescue targets based on multisource sensor data, and the autonomous decision technology
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of target rescue based on deep learning.
(4) Unmanned aerial vehicle path planning technology

Unmanned aerial vehicle (UAV) path planning technology aims to autonomously propose a secure and smooth trajectory
from the starting point to the target by comprehensively considering task, environmental, and UAV dynamic constraints.
Traditionally, path planning algorithms are commonly based on sampling, numerical optimization, and heuristic search
methods, such as A*, rapid-exploration random tree, artificial potential field, dynamic programming, Bézier curve, genetic,
and particle swarm optimization algorithms. Nevertheless, with the tremendous progresses in the maneuverability of UAVs
and the increasingly severe and complex operating environments, the aforementioned routine algorithms face challenges
in effectively addressing the requirements of real-time responsiveness, smoothness and security. Additionally, the existing
methods are apt to fall into local optima, thus rendering the final destination unreachable. With the development of
artificial intelligence (Al) technology represented by deep reinforcement learning, path planning using both Q-network
and deep deterministic policy gradient has become a critical research topic. The merit of such a kind of algorithms lies in
the elimination of prior knowledge and allowing for direct iterative training. They optimize decisions merely according to
environmental feedback information, demonstrating superb generality and transferability. However, it is still arduous to
design the reward function and to tune the parameters so as to guarantee convergence of the iterative learning procedures.
Therefore, an inevitable tendency in this research field is to design fusion path planning algorithms that combine the
virtues of traditional and novel Al-inspired algorithms. More precisely, through using traditional heuristic search algorithms
for real-time planning of optimal paths and simultaneously integrating deep reinforcement learning algorithms to achieve
autonomous collision avoidance in complex environments, it becomes tractable to break through the technical bottlenecks
of both kinds of methods. Furthermore, lightweight path planning techniques, such as the dimensional reduction of UAV
parameter space and high-quality modeling of feasible regions, have also received increasing research attentions. In
recent years, given its unique self-attention mechanism, a promising Transformer architecture has been used in auto drive
systems such as environmental perception and segmentation, target detection, tracking and positioning, path planning
and decision-making modules. Accordingly, the Transformer architecture can be expected to become a new path planning
paradigm for unmanned aerial vehicles.

(5) Precision guidance technology for MUAV

A miniature unmanned aerial vehicle (MUAV) is generally considered as a type of unmanned aerial vehicle (UAV) that is
characterized by a typical size ranging from several centimeters to tens of centimeters and a maximum take-off weight
ranging from several grams to dozens of kilograms. In addition, it typically possesses the following features: small volume,
light weight, and super maneuverability. MUAV precision guidance technology refers to the use of MUAV as the application
carrier for controlling guidance weapons and accurately hitting the target in a complex battlefield environment. The
realization of MUAV precision guidance relies on the functions provided by MUAV, including target identification and
tracking with characteristics from the target (e.g., reflection, scattering, and radiation), and the navigation information
of the MUAV that leverages inertial and information support technologies. In a complex environment with terrain
constraints, precision guidance technology can effectively improve the guidance accuracy of MUAVs, reduce the risk of
accidental injuries, and expand war results, which are significant for anti-terrorism actions and military attacks. At present,
research on MUAV precision guidance technology focuses on the fields of precision detection, comprehensive utilization
of information support, and high-precision guidance control. As the emergence of novel models of manned/unmanned
collaborative combat imposes the requirements of high stealth in air confrontation, high density in cluster confrontation,
and high intelligence in attack-defense confrontation, the development direction of MUAVs in the future includes the
following fields: ) compound guidance technology that improves the hit accuracy of MUAVs, (2 intelligent recognition and
cluster algorithm that improve the ability of collaborative combat in intelligent combat scenes, and 3 novel microstructure
and materials that improve the stealth penetration ability of MUAVs.
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(6) Al-based precise target recognition

The precise target recognition technology based on Al refers to utilizing the powerful learning and fitting capabilities of machine
learning and pattern recognition to achieve accurate analysis of scene semantic information, including environmental perception,
target extraction, segmentation, and tracking. It is often based on single sensors or their combinations, such as cameras, infrared
EDM instruments, LIDAR, navigation radars, and millimeter wave radars, as information sources. In recent application scenes,
the abruptly increasing complexities include abundant scene information, multiple target overlaps, and pose diversities, which
are accompanied by severe limitations, such as occlusion, viewpoint distortion, sparkling lights, rains, fogs, vibrations, and other
conditions. These adverse factors inevitably constrain the comprehensiveness and precision improvement of modern recognition
systems. For example, unmanned surface vehicles (USVs) often face sudden marine accidents. The challenge lies in rapidly and
accurately capturing and tracking tasks of emergent targets, which could not be fulfilled by traditional recognition algorithms.
As a result, researchers turn to seek assistance from the superb feature extraction and spatial mapping capabilities of Al, with
deep learning as a representative, to address the performance degradation problem caused by the abovementioned severe
limitations. In previous years, such a promising Transformer architecture has been revolutionarily introduced into the field of
target recognition. Its unique self-attention mechanism allows adaptively establishing multilevel, cross-space, and cross-temporal
correlations in information, significantly improving recognition accuracy. Transformer architecture has replaced convolutions of
deep learning and thus becomes a mainstream framework for new generation target recognition systems. Recently, the emergence
of large language models has also shed new insights into target recognition. Researchers have begun to explore large models in
the specified field of target recognition, which is no longer confined to specific tasks or scenarios. In brief, Al is the essential driving
force for achieving precise target recognition. Current research focuses on various missions, including the application of instance
segmentation based on the Transformer framework, the development of universal large models for target recognition scenarios,
the construction of panoramic semantic recognition systems in complex environments, and the advancement of spatiotemporal
alignment and fusion algorithms for multisource information. Transformer has even become a new environment perception
paradigm for auto driving, which has profoundly changed the modern human life. In the future, in consideration of the increasing
complexity of application scenes, new advanced Al technology will be developed to fulfill the upgrading mission for environmental

perception and situational awareness.
(7) Multi-functional high-performance aerospace composites technology

Multi-functional composites offer not only excellent mechanical properties for aerospace vehicles but also bestow them with a
range of functional properties, including wave-absorption, wave-transmission, thermal protection, conductivity, electromagnetic
shielding, vibration reduction, and energy absorption. Moreover, the next generation of aerospace equipment designed and
manufactured using these multi-functional composites demonstrates remarkable adaptability to complex flight environments,
encompassing air, space, land, and sea integration, even in the face of drastic changes in temperature, humidity, and salinity.
Consequently, this disruptive technology has garnered significant attention from major aerospace powers worldwide. The current
research in high-performance multi-functional aerospace composite technology primarily centers around various aspects,
including multi-scale and multi-physics analysis theory and modeling methods, the absorption mechanism of radar/infrared
multi-spectrum composites, integrated design and additive manufacturing of function-material-structure composite systems,
repairing mechanisms and manufacturing methods for self-diagnosing/self-repairing composites, and high-performance assembly
techniques for multi-functional composite structures. Looking ahead, the development of high-performance multi-functional
composites is anticipated to achieve breakthroughs in the following directions: (1) leveraging machine learning approaches for
multi-physics performance modeling and design methods of multi-functional composites; @ developing intelligent sensor-
control-actuation integrated composite systems derived from environmentally sensitive materials; and 3 exploring high-
performance and cost-effective natural materials for manufacturing lightweight, high-strength, and environmentally friendly multi-

functional composites.
(8) Energy integration and propellant management technology for space transportation systems
The energy integration and propellant management technology for space shuttle transportation systems is a general term for
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a class of technologies that integrate and optimize multiple energy systems in space vehicles that travel between the Earth’s
surface and orbit, and manage propellants safely and efficiently. Energy integration refers to the comprehensive consideration
of the four links of energy supply, transmission and storage, terminal consumption and recovery, and the adoption of
interrelated technologies and management measures in each link to achieve system optimization in the entire energy system
as a whole. In-situ energy technology and equipment use extraterrestrial water ice resources and space hydrogen energy power
integration technology for the precise matching, regulation, and efficient utilization of energy consumption in the space-to-
space round-trip process, energy storage, distribution, dynamic organization, and production of energy. The main research
direction of system energy integration is accurate prediction technology. Moreover, the main research directions of propellant
management technology are the long-term on-orbit position management and heat management technology of cryogenic
propellant, the space on-orbit cross-transfer technology of cryogenic propellant, and the modeling and simulation technology
of the integrated fluid management (IVF) system. With the ever-increasing requirements for round-trip transport between the
Earth and low Earth orbit, heavy-duty launch vehicles built with large-thrust engines and large-diameter structure technologies,
new power, high-precision return control, and other technologies are used to develop reusable vehicles. In addition, energy
integration and low-temperature propellant long-term technologies, such as on-orbit management, are receiving increasing
attention.

(9) Micro high-performance combinational sensing technology

As the only functional device for information acquisition and data collection, sensing technology is one of the core technologies
in the era of digital economy and one of the cornerstones of intelligent manufacturing and information technology. At present,
robots, smart manufacturing, smart transportation, smart cities, and wearable technology are developing rapidly, requiring
sensing technology to develop in the direction of miniaturization, high performance, low power consumption, intelligence,
integration, and low cost. Micro high-performance combinational sensing technology integrates various miniature high-
performance sensing functions to achieve accurate measurement of multiple-type and/or multi-dimensional physical signals on
a small chip. Combinational sensing technology can be realized by micro-machining technology through the integration of multi-
functional micro-sensing chips with different functions. This technology has the characteristics of high integration level, small size,
and mutual compensation and correction between different sensing functions, which allow highly accurate data acquisition with
great completeness. With the rapid development of micro-nano manufacturing, multi-functional composite, precision packaging,
and digital compensation technologies, new sensing principles, materials, and processes are constantly emerging, enabling
the development of new types of sensing elements with new principles and effects. This development trend also continuously
promotes the integration of more sensor units/functions, which has become the main research hotspot and development direction
of the current miniature high-performance compound sensor technology.

(10) Control and perception systems of intelligent mobile robots

Control and perception systems are crucial for intelligent mobile robots to achieve environmental awareness, dynamic decision
making and planning, and behavior execution. These systems primarily consist of sensory modules and computation and decision-
making modules. For successful navigation in unknown or dynamic environments, robots need to have accurate perception of their
surroundings. This perceptual information is further used for the robot’s decision making and action execution. As mobile robots
find widespread applications, the demand for their intelligence grows. Deep learning and perception, simultaneous localization
and mapping (SLAM), reinforcement learning and control, multi-modal perception and sensor fusion, human-robot interaction
and collaboration, robotic swarm coordination, edge computing and perception, and bio-inspired methods are currently the
major research hotspots in this field. Considering the uncertainty and dynamism of real-world environments, ensuring that robots
maintain stable and effective operations in complex and changing settings is a significant research direction. As robots become
more prevalent in public spaces and homes, concerns about their operational safety and ethical issues are increasingly gaining
attention.
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2.2 Interpretations for three key engineering development fronts

2.2.1 Multi-robot collaborative operation optimization technology

Multi-robot collaborative operation optimization technology refers to the methodologies and techniques employed to enhance
overall work efficiency and performance in scenarios involving the use of multiple robots. The primary objective of this technology
is to facilitate effective coordination and cooperation among robots through efficient task planning, resource allocation, decision-
making, and coordination mechanisms, among others. Furthermore, this kind of optimization technology aims to enable multiple
robots to collaborate more efficiently and accomplish complex tasks together through the application of rational algorithms and
strategies. This technology finds its principal applications within various sectors, including manufacturing, warehousing logistics,
surveillance and reconnaissance, environmental sensing, and emergency search and rescue. It also encompasses various aspects
involving communication, cooperation, planning, and decision-making among multiple robots.

Multi-robot collaborative operation is a multidisciplinary cross-cutting technology at the scientific frontier. It combines
interdisciplinary frontier technologies and covers categories, such as game theory and operations research in artificial intelligence.
It is also closely related to numerous disciplines, such as complex systems, information theory, and control theory. Thus, it is
also recognized as an international challenge. In particular, the optimization of multi-robot collaborative operation urgently
needs to address three scientific and technological challenges. The first set of challenges deals with the integration of efficient
transmission-computation collaborative mechanisms for multiple robots. This involves research on low-latency, high-reliability
communication network theory for multi-robot collaborative operation in complex tasks, efficient cross-layer heterogeneous
data communication and sharing methods, as well as the establishment of an integrated communication network for multi-robot
collaborative operation to guarantee high real-time and reliable information transmission and computation.

The second set of challenges deals with mechanisms for large-scale precise perception and distributed feature recognition. It involves
exploring quantitative descriptions and coupled transmission mechanisms of temporal-spatial perception errors of multiple robots;
clarifying the mechanisms of large-scale autonomous collaborative measurement and information fusion of heterogeneous sensors;
establishing task-driven multiscale, multi-objective identification general models, and continuous cognitive learning architectures for
complex tasks; and forming multi-robot embodied perception and embodied intelligence for complex tasks.

The final set of challenges deals with perception-cognition-decision-control collaborative operation mechanism. In particular,
it involves building system models that integrate task data and mechanistic knowledge; establishing safe, efficient, robust, and
scalable task scheduling and dynamic programming systems to ensure orderly operation of large-scale complex tasks; establishing
mechanisms for multi-robot autonomous decision-making to adapt to the strong time-varying dynamic interaction demands
between multiple robots and complex environments; constructing a multi-process full-link collaborative operation model;
exploring self-optimization mechanisms for parameters of multi-robot collaborative operation systems; and finally, improving the
accuracy, stability, and safety of multi-robot system operations.

In summary, the optimization technology for multi-robot collaborative operation can improve production efficiency and product
quality, reduce operation costs, and minimize personnel risks. Therefore, it has broad application prospects in the fields of
industrial production, agriculture, logistics, healthcare, and others. Furthermore, it is one of the important underlying technologies
that can help promote intelligent manufacturing and smart societies.

Currently, the country with the largest number of core patents published in this field is China, and the top country with the
highest average citations per paper is Republic of Korea, as shown in Table 2.2.1. Cooperation can be observed between India,
Peru, and Malaysia. And cooperation can also be observed between India and Sweden, as shown in Figure 2.2.1. The top three
institutions with the largest number of core patents are Beijing Institute of Technology, Guangzhou Institute of Advanced
Technology, Chinese Academy of Sciences, and 3MTOP Company Limited, respectively, as shown in Table 2.2.2. No cooperation
can be observed between the institutions with core patent disclosures. Figure 2.2.2 shows the roadmap of the engineering
development front of “multi-robot collaborative operation optimization technology”.
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Table 2.2.1 Countries with the greatest output of core patents on “multi-robot collaborative operation optimization technology”

Published Percentage of published

Percentage of  Citations

Country Citations

patents patents/% citations/% per patent
1 China 416 89.46 1518 78.13 3.65
2 USA 26 5.59 207 10.65 7.96
3 Republic of Korea 14 3.01 197 10.14 14.07
4 India 6 1.29 g 0.46 1.50
5 Colombia 2 0.43 12 0.62 6.00
6 Switzerland 1 0.22 0 0.00 0.00
7 Malaysia 1 0.22 0 0.00 0.00
8 Peru 1 0.22 0 0.00 0.00
9 Sweden 1 0.22 0 0.00 0.00
ndia Colombia

! .Switzerland

. Malaysia

Republic of Korea .

usa (0

e
.Peru

China Sweden

Figure 2.2.1 Collaboration network among major countries in the engineering development front of “multi-robot collaborative operation
optimization technology”

Table 2.2.2 Institutions with the greatest output of core patents on “multi-robot collaborative operation optimization technology”

Published Percentage of published

Percentage of  Citations

Institution Citations

patents patents/% citations per patent

1 Beijing Institute of Technology 19 4.09 46 2.37 2.42

Techilcj)?:gg;hcol:ji r:r;j:t/}\jct:doefnﬁs\ffnscc?:nces 12 2.58 44 2.26 3.67
3 3MTOP Company Limited 12 2.58 3 0.15 0.25
4 The Boeing Company 11 2.37 66 3.40 6.00
5 Hunan University 10 2.15 21 1.08 2.10
6 Nanjing University ofAferonautics and 10 215 7 0.36 0.70

Astronautics

7 Southeast University 9 1.94 107 5.51 11.89
8 Harbin Institute of Technology 8 1.72 91 4.68 11.38
9 Xidian University 8 1.72 42 2.16 5.25
10 Harbin Engineering University 8 1.72 34 L7 4.25
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Establishment of an integrated communication network for multi-robot collaborative operation to guarantee
More high real-time and reliable information transmission and computation
efficient,
Target S;ﬁ:{"eé:l?td C Form multi-robot embodied perception and embodied intelligence for complex tasks )

coop ve

operations Safe, efficient, robust, and scalable task scheduling and Construct a multi-process full-link collaborative

dynamic programming systems, to ensure orderly operation model, and improve the accuracy, stability,
operation of complex tasks and safety of multi-robot system operations

Figure 2.2.2 Roadmap of the engineering development front of “multi-robot collaborative operation optimization technology”

2.2.2 Low-cost reusable spacecraft

With the continuous expansion of space activities and the steady increase in launch frequency, the high cost of traditional
expendable spacecraft has become a key factor restricting the development of space exploration. To overcome this
challenge, reusable technology is considered one of the main approaches to reducing operational costs and enhancing the
sustainability of space technology. In recent years, various spacefaring nations have actively explored the development of
reusable spacecraft and proposed corresponding development roadmaps, achieving significant accomplishments in this
field. Notable examples include USA’s SpaceX Dragon spacecraft and Boeing CST-100, China’s Shenzhou spacecraft, Russia’s
Soyuz MS spacecraft, and Blue Origin’s New Shepard suborbital spacecraft. These spacecrafts emphasize the concept of
reusability, making breakthroughs in design principles and methodologies, such as streamlined structures, autonomous
control, vertical landings, and optimized materials. Consequently, they have successfully undergone recovery and reuse

after completing their missions.
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In the future, reusable space vehicles will primarily be applied to near-earth orbital missions and interplanetary transport missions.
Compared with traditional disposable space vehicles, these spacecrafts undergo significant paradigm shifts in design concepts
and methodologies. Currently, the focus of reusable technology remains on component-level reuse, where certain functional units
undergo reusability assessments and continue to serve their original purposes after direct or minor repairs on new space vehicles.
However, achieving spacecraft-level reusability still presents challenges. Therefore, considering the developmental trajectories
of leading spacefaring nations, the advancement of reusable space vehicles across different mission levels requires concentrated
breakthroughs in a set of common key technologies.

The primary focus lies in the key technology of overall design, where it is essential to establish a technical theoretical
system for reusable space vehicles. This task involves optimizing and demonstrating the overall scheme from aspects
such as technical risks, reliability, safety, and economic benefits. Specific areas of research encompass mission planning,
overall layout, health management, system and subsystem reliability modeling and assessment, and experimental
verification. Next, the hardware components critical for achieving spacecraft reusability consist of the propulsion system,
the shock-resistant structure, lightweight ablative materials, and precise non-destructive landing and recovery technology.
The development of the propulsion system will address degradation reduction, the thermal protection of combustion
chambers, and power adjustment techniques. Advancements in structures and materials will focus on efficient load-
bearing, integrated and sealed structures, and lightweight ablative materials. For precise non-destructive landing,
challenges such as coordinating multiple engines for retro-thrust deceleration, vector control, non-destructive testing,
and designing reusable buffers with anti-fatigue and durability properties must be overcome. Furthermore, intelligent
measurement and automation decision control technology will be of utmost importance during mission execution because
it will determine the precision of orbital maneuver control and re-entry guidance, ensuring compliance with environmental
adaptability requirements throughout the entire lifecycle.

The countries with the largest number of core patents published in this field are China, USA, and Russia; the top country with the
highest citations per paper is France, as shown in Table 2.2.3. No cooperation can be observed between the countries with core
patents. The top two institutions with the highest number of patents are Aerospace Research Institute of Special Materials and
Processing Technology and Boeing Company, as shown in Table 2.2.4. Cooperation can be observed between Johann Haltermann
Limited and Monument Chemical Houston Limited Liability Company, as shown in Figure 2.2.3. Figure 2.2.4 shows the roadmap of
the engineering development front of “low-cost reusable spacecraft”.

Table 2.2.3 Countries with the greatest output of core patents in the engineering development front of “low-cost reusable spacecraft”

Published Percentage of published

Percentage of  Citations

Country Citations

patents patents/% citations/% per patent
1 China 72 50.70 327 53.43 4.54
2 USA 30 21.13 81 13.24 2.70
3 Russia 14 9.86 7 1.14 0.50
4 France 12 8.45 170 27.78 14.17
5 Spain 6 4.23 23 3.76 3.83
6 Germany 4 2.82 0 0.00 0.00
7 Colombia 2 1.41 0 0.00 0.00
8 India 1 0.70 0 0.00 0.00
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Table 2.2.4 Institutions with the greatest output of core patents in the engineering development front of “low-cost reusable spacecraft”

Published Percentage of published

Citations Percentage of  Citations

institution patents patents/% citations/% per patent

Aerospace Research Institute of

1 Special Materials and Processing 24 16.90 170 27.78 7.08
Technology
2 Boeing Company 11 7.75 4 0.65 0.36

European Aeronautic Defence and
Space Company

8 5.63 160 26.14 20.00
4 Johann Haltermann Limited 8 5.63 0 0.00 0.00

Monument Chemical Houston
> Limited Liability Company 8 563 0 0.00 0.00

6 Pangea Aerospace 7 4.93 27 441 3.86

Beijing Xingji Rongyao Space

! Technology Company Limited 5 3.52 35 5.72 7.00
8 Beijing Space Vehicle General 3 257 A . o
Design Department
9 Nanjing University ofA.eronautlcs 4 -~ 2 . o
and Astronautics
10 ArianeGroup SAS 4 2.82 10 1.63 2.50

Monument Chemical Houston Limited Liability Company

Pangea Aerospace

Johann Haltermann Limited .

Beijing Xingji Rongyao Space Technology Company Limited
European Aeronautic Defence and Space Company .

. Beijing Space Vehicle General Design Department

Boeing Company .

.Nanjing University of Aeronautics and Astronautics

Aerospace Research Institute of Special ArianeGroup SAS
Materials and Processing Technology

Figure 2.2.3 Collaboration network among maijor institutions in the engineering development front of “low-cost reusable spacecraft”
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Multi-disciplinary technological breakthroughs: impact-
Establishing the design concept and overall design resistant structures, thermal protection technology, reusable
approach for reusability and recyclability propulsion systems with thrust control, and fully automated

Spacecraft precision control systems throughout the entire mission

L i Multiple mission-level I ing thi li
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Figure 2.2.4 Roadmap of the engineering development front of “low-cost reusable spacecraft”

2.2.3 Underwater unmanned rescue vehicle

With the growth of human activities such as offshore trade, marine surveys, and marine resources exploitation, the occurrence of
accidents in the ocean has increased in frequency. These accidents have caused great losses to the economic development of the
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country. Utilizing advanced emergency rescue equipment to carry out rescue activities is of great significance in improving the
effectiveness of rescue missions, reducing losses in accidents, and saving lives. As the complexity and variability of the underwater
operating environment, the executive efficiency and actual effect of underwater emergency rescue missions are not as expected.
Underwater unmanned rescue vehicles (UURVs) have progressively played a major role in the underwater emergency rescue
equipment system owing to their advantages of strong operational capability and high autonomy. From the 1970s when the first
UURV appeared to the present, with the development of sensors and intelligent control technology, the autonomy and operational

capabilities of UURVS have been remarkably improved. Their roles in underwater emergency rescue missions have become vital.

To cope with diversified rescue demands and strict environments, the intelligent control strategy, environment perception, and
self-learning of UURVs have become the current research hot topics in underwater robotics. The research on UURVs in China
started relatively later but has been developing rapidly in recent years. The related research is mainly in three aspects. First is
the structural aspect, particularly the application of new types of mechanisms, new materials, and new drives to the mechanism
design of UURVs. The optimized design of bionic-structure-based variable configuration functional structure, multi-mode function
fusion, and reconfigurable modular design are the development trends in this aspect. Second is the environmental adaptability
aspect. Through multi-sensor fusion technology, high-efficiency information acquisition and processing technology, and multi-
task parallelism dynamic analysis, accurate environmental sensing in the complex marine environment is realized. Multi-source
data fusion processing technology based on acoustic and optical sensors and multi-source sensor data-based target detection and
recognition technology are the development trends in this aspect. Third is the intelligent development aspect. Through related
technologies such as dynamic probabilistic network decision-making methods and reinforcement learning methods, efficient
autonomous decision-making control under complex tasks is achieved. The nonlinear model predictive control for the pose
and the autonomous decision technology of target rescue based on deep learning are the trends in this aspect. In conclusion,
UURV technology has important research value in control engineering, sensors, artificial intelligence, and other multidisciplinary
fields. Exploring it also has great practical meaning for guaranteeing the safety of maritime activities and improving the level of
underwater emergency rescue in China.

The country with the largest number of core patents published in this field is China, and the top country with the highest
citations per paper is USA, as shown in Table 2.2.5. No cooperation can be observed between the countries with core patents.
The top institution with the highest number of patent is Yuhong (Nanjing) Technology Company Limited, as shown in Table 2.2.6.
Cooperation can be observed between Beibu Gulf University, Guangzhou Shunhai Shipbuilding Company Limited, and South
China University of Technology, as shown in Figure 2.2.5. Figure 2.2.6 shows the roadmap of the engineering development front of
“underwater unmanned rescue vehicle”.

Table 2.2.5 Countries with the greatest output of core patents in the engineering development front of “underwater unmanned rescue
vehicle”

Published Percentage of published

Percentage of  Citations

Country Citations

patents patents/% citations/% per patent
1 China 178 96.22 454 88.67 2.55
2 USA 2 1.08 58 11.33 29.00
3 Republic of Korea 2 1.08 0 0.00 0.00
4 Poland 1 0.54 0 0.00 0.00
5 Russia 1 0.54 0 0.00 0.00
6 Turkey 1 0.54 0 0.00 0.00
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Table 2.2.6 Institutions with the greatest output of core patents in the engineering development front of “underwater unmanned rescue
vehicle”

Percentage of published Citations Percentage of  Citations
patents/% citations/% per patent

Institution Published patents

Yuhong (Nanjing) Technology

! Company Limited 5 2.70 0 0.00 0.00

) Wenzhou Ymuoweljce Technology h 516 16 a1 400
Company Limited

3 Jiangsu University of Science 4 516 s 03 as

and Technology

Shenzhen Gaodu Innovation
4 Technology Company Limited 4 2.16 = 2.34 3.00

Zhejiang Chuangzhiguo
5 Enterprise Management 4 2.16 8 1.56 2.00
Consulting Company Limited

& Techmology Company Lmied g = e = 92
7 Guilin Un_i_\;ecrhsri]tglzgslectronic 3 162 17 332 5.67
8 Beibu Gulf University 3 1.62 13 2.54 4.33
9 Shipb(tgjlijl?jri]ng é l:Z(:)L:nsphalJnr;hljiiimited 3 162 13 2.54 4.33
10 South China University of 3 1.62 13 254 433

Technology

Zhejiang Chuangzhiguo Enterprise Management Consulting Company Limited

Shenzhen Gaodu Innovation Technology Company Limited

. I .Bestway Marine & Energy Technology Company Limited

Jiangsu University of Science and Technology . . Guilin University of Electronic Technology

Beibu Gulf University

Wenzhou Yinuoweite Technology Company Limited .
Guangzhou Shunhai Shipbuilding Company Limited

Yuhong (Nanjing) Technology Company Limited South China University of Technology

Figure 2.2.5 Collaboration network among major institutions in the engineering development front of “underwater unmanned rescue
vehicle”
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Figure 2.2.6 Roadmap of the engineering development front of “underwater unmanned rescue vehicle”
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ll. Information and Electronic Engineering

1 Engineering research fronts

1.1 Trends in Top 10 engineering research fronts

Table 1.1.1 summarizes the Top 10 engineering research fronts in the information and electronic engineering field, which
encompasses the subfields of electronic science and technology, optical engineering and technology, instrument science and
technology, information and communication engineering, computer science and technology, and control science. “Optoelectronic
in-sensor computing devices and their integration” is the front of data mining. “Networking theories and key technologies of satellite
internet”, “ultra-large-scale silicon-based quantum chips”, “automatic development of software assisted by artificial intelligence”,
“systematized gaming and intelligent control for multiagent systems”, “cyber-physical security of industrial control systems”, and
“chip-based satellite laser communication terminal” are fronts of expert nomination. The remaining fronts are data mining & expert
nomination. Table 1.1.2 shows the number of core papers published from 2017 to 2022 related to each research front.

(1) Theory and technology of large models and their computing systems

Theory and technology of large models and their computing systems refer to the semi-supervised/unsupervised basic learning
theory of large-scale pretrained models and efficient computing technology composed of parameter fine-tuning, reinforcement
learning and other mechanisms, as well as model parallel computing and distributed systems based on this and their optimization
strategies and deployment scheme. Large models are pretrained on large-scale data based on learning mechanisms, such as self-
supervision, and have powerful representation and generalization capabilities, usually with a large number of parameters. Large
models eliminate the dependence on large amounts of labeled data and can serve downstream applications through model fine-
tuning, prompt fine-tuning, and context learning for specific tasks. They possess general intelligence capabilities for tasks in
multiple application scenarios. Research on the theory and technology of large models and their computing systems is currently
maintaining high-speed iterations, and has quickly penetrated applications such as natural language, smart medical care,
multimodal generation, and autonomous driving. The theory and technology of large models and their computing systems provide
an impetus and theoretical foundation for improving the performance, efficiency, and generalization capabilities of large models.
The main research directions include the theoretical framework of large models, large model structures, and training mechanisms,

Table 1.1.1 Top 10 engineering research fronts in information and electronic engineering

Engineering research front Core papers  Citations Citations per paper  Mean year

Theory and technology of large models and their computing

1 systems 34 2231 65.62 2020.2
2 Networking theories and key technologies of satellite internet 31 1354 43.68 2020.5
3 Ultra-large-scale silicon-based quantum chips 56 6779 121.05 2019.7
4 Photon-integrated lasers for quantum applications 63 4188 66.48 2019.5
5 Extra-large-scale and lt,lrl]t;-r\;vLd:db?:cdh?]r;tl(e)gi’\easarray communication 19 1417 74.58 2019.7
6 Optoelectronic in-sensor computing devices and their integration 56 5417 96.73 2020.8
7 Automatic development of software assisted by artificial intelligence 37 586 15.84 2019.8
8  Systematized gaming and intelligent control for multiagent systems 39 1636 41.95 2019.8
9 Cyber-physical security of industrial control systems 118 5816 49.29 2019.9
10 Chip-based satellite laser communication terminal 111 3047 27.45 2019.6
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Table 1.1.2 Annual number of core papers published for the Top 10 engineering research fronts in information and electronic engineering

Engineering research front 2017 2018 2019 2020 2021 2022
1 Theory and technology of large models and their computing 4 3 3 6 8 10
systems
2 Networking theories and key technologies of satellite internet 1 2 4 6 9 9
3 Ultra-large-scale silicon-based quantum chips 10 6 8 11 11 10
4 Photon-integrated lasers for quantum applications 10 11 11 11 9 11
Extra-large-scale and ultra-wideband antenna array
5 L . 2 3 4 3 3 4
communication theory and technologies
6 Optoelectronic m—sen_sor com.putmg devices and their 2 4 6 6 13 25
integration
7 Automatic developmept of ;oftware assisted by artificial 5 5 6 6 7 3
intelligence
8 Systematized gaming and intelligent control for multiagent 5 5 5 8 9 7
systems
9 Cyber-physical security of industrial control systems 10 17 22 22 22 25
10 Chip-based satellite laser communication terminal 9 25 22 18 14 23

and distributed training and deployment strategies. The theoretical framework of large models is based on information and over-
parameterization theories, and it studies the explanation theory of new characteristics such as emergence and homogeneity
while modeling the computational complexity of large models. Research on the structure and training mechanism optimizes
the computing system of the unified framework of “pretraining + generalization” for large models, designs more efficient self-
supervision mechanisms, and balances the fitting ability and complexity for large models. Distributed training and deployment
strategies study the scalability improvement scheme of large models, use methods such as serverless computing to distribute
training tasks to multiple computing nodes in the cloud, and use parallel training strategies to overcome the limitations of storage
and computing resources. The future development of the theory and technology of large models and their computing systems
still needs to address three issues: privacy and security, evaluation methods, and deployment efficiency. First, the training and
deployment of large models requires more efficient encryption and secure communication technologies. The development of
secure and trustworthy computing solutions is also urgent. Second, automated and general evaluation frameworks are required
to benchmark the capability bounds, robustness, and deviation correction capabilities of large models. Additionally, the real-time
performance and training energy consumption of large models must be further optimized.

(2) Networking theories and key technologies of satellite internet

Satellite internet is the third internet revolution, after fixed and mobile communication networks. Specifically, satellite internet
is a wireless network that is exploited as an access network. On one hand, the satellite internet has overcome the coverage range
of the ground internet and realizes seamless global coverage. Even though continents account for only 29% of the global area,
only partial urban and rural districts are covered by the ground internet, and efficient wireless coverage is unavailable in remote
areas, such as broad oceans, deserts, forests, and mountains. However, the construction of new ground networks in these areas
incurs significant costs and maintenance difficulties; therefore, a satellite internet that employs the satellite network as the
access network is required. The decrease in the costs of satellite manufacturing, launch, and communication makes it possible
to construct the satellite internet of things (loT) and achieve global coverage through satellite networks. On the other hand,
satellite internet has reformed the original network structure, shifting from a people-centered connection to the interconnection
of all things. In recent years, with economic and societal development, several wireless devices have been accessed via wireless
networks. Satellite internet offers a large access capacity, strong survivability, and low impacts on weather conditions, which can
provide interconnection of things in the global range.

Based on the different heights of satellite orbits, satellite networks are usually divided into three categories: low, medium,
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and high orbit. Low-orbit satellite networks are generally used as access networks for satellite internet because their low-orbit
characteristics contribute to low transmission delays and losses. For example, the “Starlink” project of the American company
SpaceX employs satellite networks with orbit heights of approximately 500 km. However, low-orbit satellites move quickly and
the visible duration of one satellite is short. Therefore, to realize seamless global coverage, several low-orbit satellites must be
deployed for networking, i.e., low-orbit satellite constellations. In recent years, both academia and industry have conducted
extensive research on networking theories and key technologies for satellite internet, and significant progress has been made,
which mainly includes inter-satellite communication technology, satellite network protocols, elastic routing protocols, and
mobility management. The introduction of mobile satellite communication without ground stations has further improved the
networking forms of the satellite internet and significantly enhanced its functionality. In conclusion, the advantages of satellite
internet can be summarized as follows: First, the satellite internet has eliminated dependence on ground devices, greatly enhanced
mobility, and truly achieved mobile access in a global range. Second, existing mobile phones can be directly connected to the
satellite internet, where downward compatibility can be achieved. In addition, the collaboration of satellite internet and ground
networks has enabled the integration of space and earth communication.

(3) Ultra-large-scale silicon-based quantum chips

Quantum computers are expected to surpass classical computers in bringing higher computational power to humanity with
quantum chips responsible for computation and information processing at their core. Quantum chips, which tightly integrate
quantum circuits onto a substrate, play a vital role in the development of quantum technologies. Unlike the binary chips in
classical chips, quantum chips use quantum properties to significantly increase computational parallelism and the ability to
handle complex problems. The fabrication of ultra-large-scale quantum chips has become a critical challenge in realizing universal
quantum computers because millions of quantum bits (qubits) are required for error correction. Considering that classical
computing chips can currently accommodate billions of transistors and that the integrated circuit (IC) industry possesses mature
manufacturing techniques and infrastructure, the realization of large-scale silicon-based quantum chips through complementary
metal-oxide semiconductor (CMOS) processes holds a natural advantage in terms of scalability and is gradually becoming an
international research hotspot in the field of quantum computing.

The development of silicon-based quantum chips involves diverse approaches. One approach involves encoding quantum
information onto electron (hole) spins within gate-defined silicon-based quantum dots or phosphorus nuclear spins embedded
in silicon. Presently, single-qubit and two-qubit gates have been realized with fidelity that surpasses error-correction thresholds,
and the successful construction of quantum processors containing six qubits has been achieved. In the future, the development
of silicon-based spin qubits will specifically address the challenges of long-range coupling and uniform high-fidelity in large-
scale setups. Additionally, leveraging silicon-based photonic integration processes can facilitate optical quantum computing and
communication. Substantial breakthroughs have already been achieved in areas such as high-dimensional quantum entanglement
states, quantum key distribution, and quantum teleportation. The evolution of silicon photonics technology requires the compact
integration of photon sources, quantum state manipulation, and single-photon detection onto a single chip while minimizing
device losses. These advancements have laid the foundation for the quantum computation and communication on silicon-based
materials. Consequently, the trajectory of silicon-based quantum chips is set to continue its progression toward large-scale
integration and practical applications.

(4) Photon-integrated lasers for quantum applications

Photon-integrated lasers for quantum applications are optical source devices based on technology of planar light waveguide
circuit photonic integration and used in fields of quantum optical detection, sensing, measurement, communication and so on.
In recent years, in the field of quantum optics, increasing attention has been paid to research on new methods and technologies
based on the interaction of lasers and atoms. Specifically, lasers of 509 nm, 633 nm, 780 nm, 795 nm, 852 nm, 976 nm, 1 064 nm,
1083 nm, 1310 nm, and 1 550 nm used in optical atomic clocks, Rydberg detection, quantum magnetic probes, gyroscopes,
and quantum communication have become mainstream. The traditional quantum light source devices used to generate laser
wavelengths are gas, solid, and fiber lasers. Because of their large volume, complex operation, low energy consumption ratio,
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and lack of reliability, it is difficult to meet the current needs of communication, sensing, and detection in space, air, Earth, sea,
and other complex environments. Semiconductor lasers with small size and high efficiency are suitable for these aforementioned
applications. Owing to the advantages of direct photoelectric conversion and compatibility with semiconductor processes, they

can be used to realize photonic integrated quantum light source devices.

However, because of the size limitations of the resonator and waveguide, semiconductor lasers have high phase noise and poor
beam quality, which makes it difficult to meet the requirements of quantum optics for laser spectral purity, wavelength accuracy,
and frequency stability. Therefore, it is necessary to use an external optical frequency selection element to induce an internal
laser resonator mode through appropriate optical feedback to achieve laser linewidth narrowing, noise suppression, and spectral
purification. For a multispectral quantum light source extending from visible light to near-infrared, it is important to solve not
only the epitaxial growth of semiconductor lasers with different materials, grating preparation, waveguide etching, cavity surface
coating, and other problems but also the structural design of an external optical frequency selective chip and the mode loss
control of optical feedback.

In addition, it is crucial to design a special current/temperature drive control circuit for semiconductor lasers with different
materials to ensure wavelength accuracy and frequency stability. In quantum optics, the laser frequency standard is the most
commonly used light source. To achieve higher frequency stability, it is feasible to use a high-precision drive control circuit and
an atomic gas chamber to build a feedback frequency stabilization system that locks the output frequency to the energy level of
the atomic or molecular transition. However, the volume of the gas chamber used to provide the transition atoms is large and
incompatible with the semiconductor process. Therefore, the realization of an integrated feedback frequency stabilization system
for semiconductor lasers is a key problem that must be solved.

(5) Extra-large-scale and ultra-wideband antenna array communication theory and technologies

Extra-large-scale and ultra-wideband antenna array communication is a technology that simultaneously uses an extra-large-
scale antenna array and ultra-wideband technology. It enhances the channel capacity and subsequently increases information
transmission rates by increasing the number of antennas and expanding the bandwidth. Centimeter waves, millimeter waves, and
terahertz frequency bands can provide hundreds of megahertz-level or even gigahertz-level ultra-wide bandwidths. Because of the
shorter wavelengths of the carriers within these frequency bands, the antenna sizes are smaller, enabling a significant increase in
the number of base station antennas, thus forming an extra-large-scale array. Extra-large-scale antenna array and ultra-wideband
technology complement each other, and both are effective means to meet the information transmission rate requirements of 6G.

The spectrum is an important resource in mobile communication systems. With the advancements in communication technology,
the bandwidth and frequency bands of communication systems have gradually increased. Research on millimeter-wave frequency
bands for 5G has led to the development of mature communication-system models and transmission schemes. Early research
on 6G focuses on the terahertz frequency bands above 100 GHz to provide an ultra-wide bandwidth. Because of characteristics
such as high path loss and nonstationary channel space, most studies have focused on reducing the complexity and improving
the accuracy of terahertz channel modeling. However, as the frequency increases, the path loss becomes more severe, limiting
the coverage performance. In 2022, the 3GPP RAN#96 Conference officially defined the 6 425-7 125 MHz band as the U6G licensed
spectrum and approved the Release 18 project for the full 6 GHz spectrum (5 925-7 125 MHz). In 2023, the Ministry of Industry and
Information Technology released a new version of the “Radio Frequency Allocation Regulations of the People’s Republic of China,”
which allocates the U6G frequency band to IMT (including 5G/6G) systems. This frequency band has relatively low path loss, strong
electromagnetic wave diffraction, penetration capabilities, and excellent wireless coverage performance. Because of the limited
attention paid to U6G, both academic and industrial communities have lacked substantial research on it. The channel model is
unclear and is the focus of attention at this stage.

The channel characteristics of extra-large-scale antenna array systems have not been fully explored in different frequency bands,
making channel measurement and modeling one of the primary research directions for extra-large-scale antenna array systems.
Extra-high-dimensional channels exhibit spatial nonstationarities. Specifically, when wireless signals emitted by users reach the

. Engineering
%" Fronts

43



A

-/

44

Part B Reports in Different Fields

extra-large-scale antenna array, they form spherical wavefronts. In addition, the channel energy is concentrated only in a portion
of the subarrays with significantly reduced dimensions. Most research on tasks, such as channel estimation, precoding techniques,
and transceiver design, is based on this property. Furthermore, because of the large number of antennas, radio frequency, power
consumption, and complexity in extra-large-scale antenna array systems cannot be ignored. Future research should focus on
exploring low-cost system architectures and low-complexity transmission solutions.

(6) Optoelectronic in-sensor computing devices and their integration

Optoelectronic in-sensor computing devices and their integration refers to the integration of sensing, memory, and computing
functions into optoelectronic devices and further large-scale integration. The optoelectronic in-sensor computing system
addressed the speed and power limitations caused by the traditional von Neumann architecture and integrated optoelectronic
sensing functions, thereby facilitating the development of more intelligent and energy-efficient computing systems. As a new
intelligent device, the all-in-one optoelectronic fusion memory device can mimic the working mode of the human retina and brain.
The device has highly adjustable conductivity and optical responsivity parameters because of the introduction of optoelectronic
materials and the use of photons to control the transport characteristics of the carriers and ions. Image data processing speed
and energy efficiency can be highly improved by integrating functions such as optical perception, information storage, and logical

computing.

Traditional machine vision systems have high energy consumption and latency owing to the repeated movement of data between
sensing, memory, and processing units, making it difficult to meet the real-time processing requirements for massive amounts
of visual information. With the background of cloud computing, Al, and IoT, optoelectronic in-sensor computing technology has
ushered in a huge development opportunity. It has a wide range of applications in automatic driving, wearable electronics, smart
homes, and other areas, allowing for more efficient machine vision and brain-like computing.

Although the application prospects of optoelectronic in-sensor computing technologies are broad, there are many challenges in
terms of performance, accuracy, and efficiency. For example, developing new functional composite materials to a achieve wide
spectral response and constructing high-quantum-efficiency sensing and memory devices, exploring wafer-level processing
techniques to achieve high-density integration of devices, and developing an intelligent optoelectronic in-sensor computing
system to complete high-level information tasks.

(7) Automatic development of software assisted by artificial intelligence

The automatic development of software aided by artificial intelligence (Al) is a cutting-edge research field that uses Al techniques
to assist, accelerate, and optimize the software development process. Its core objective is to reduce the workload of developers
and improve the efficiency and quality of software development using intelligent methods. In recent years, the main research
directions include the following:

1) Automated requirement analysis: This method uses machine learning and natural language processing techniques to
automatically transform and analyze natural language requirements provided by users into requirement models that computers
can directly understand and analyze. This can help developers more accurately understand and capture user requirements and
reduce errors in understanding requirements.

2) Automated design and coding: This method uses machine learning and natural language processing techniques to automatically
generate designs, or code fragments, functions, and even entire modules. This can help reduce the workload of manual design or
coding and accelerate the development process.

3) Automated testing: This method uses Al techniques to automatically generate test cases, defect detection capabilities, and
improve software testing coverage, thereby improving the software quality.

4) Automated integration and deployment: This method automatically integrates manually written code and automatically
generated code by developers, and deploys it into the production environment, thereby improving software delivery efficiency and
stability.
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5) Intelligent recommendation system: This method recommends code, tools, and techniques that are suitable for the current
development context based on the development-history data and project requirements of developers, thereby improving their
development efficiency.

Generally, there are several development trends:

1) Intelligent coding: Code generation will become more intelligent and in line with developer intentions, reducing subsequent
adjustments and modifications. It is also possible to automatically select the most suitable development strategy and tools
based on the characteristics and needs of different projects, thereby providing more flexible and efficient intelligent development

services.

2) Adaptive operation and maintenance: The ability to continuously optimize and improve the software operation process and
quality of operation based on user feedback and changes in operation and maintenance data.

3) Collaborative development: Natural language processing and intelligent dialog techniques enable real-time interaction and
communication with more developers, testers, and domain experts, promote cross-domain cooperation, provide a more friendly
and efficient development experience, and create more comprehensive and optimized solutions.

4) Concealment of ethical and security issues: With the improvement of development automation, developers must pay more
attention to the underlying ethical and security issues, ensuring that the automatically generated code and decisions are reliable
and secure.

(8) Systematized gaming and intelligent control for multiagent systems

Systematized gaming and intelligent control for multiagent systems refers to the process by which intelligent agents adjust
their behavior and optimize system parameters using game theory, interactive strategies, and intelligent control methods. This
technology balances individual and group interests within the system. This topic faces challenges of complex system structures,
uncertain game environments, incomplete decision-making information, and uninterpretable results. In this regard, current
research hotspots focus on the following. D) Multiagent institutionalized and systematized game theory model. This study explores
the game evolution law of multiagent systems by using and combining several Al learning algorithms. 2 Modeling of multilevel,
multiscale, multimode, nonlinear, and uncertain time-varying dynamic systems and analysis, simulation, prediction, optimization,
and control of multiagent systems. 3 Multiagent autonomous navigation and swarm cooperation. This study addresses the
issues of autonomy, intelligence, and scalability of multiagent systems, considering uncertain environments, incomplete decision
information, and limited communication. @ Decision-making processes in multiagent systems. This includes cooperative
negotiation, resource allocation, and task assignment. Achieve effective collaboration and decision making among
agents. (® Robustness analysis framework for multiagent algorithms and models. Reduce the complexity of cooperative decision-
making algorithms and address model biases between data-driven methods and real scenarios.

Overall, several problems require further investigation in the future. (O Enhance the interpretability and controllability of
multiagent systems. Make system behavior and decision making more understandable and adjustable and improve system
reliability and security. () Integrate game theory, multiagent learning, and control theory. Promote game theory and intelligent
control methods and improve overall system performance and intelligence. 3 Application of interdisciplinary research on game
theory, learning, and control in emerging fields, such as intelligent transportation and logistics management.

(9) Cyber-physical security of industrial control systems

An industrial control system (ICS) is composed of various automated acquisition, monitoring, and control components for the
automated operation and supervision of industrial infrastructure. ICSs include supervisory control and data acquisition (SCADA)
systems, distributed control systems (DCS), and programmable logic controller (PLC) systems. Currently, ICSs are the nerve and
operation center of national key infrastructure such as industrial production, smart grid, and smart transportation. The ICS has
become a top target of adversaries because of their importance and openness. With the continuous improvement of attackers’
vulnerability discovery capabilities and attack techniques, the cyber-physical security problem of ICS is becoming increasingly
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severe. It mainly refers to the security risks caused by attackers leveraging the characteristics of the tight integration of cyber
space and physical space of ICS to launch coordinated attacks in the cyber and physical domains, leading to unobservable and
uncontrollable dilemmas. For example, attackers can bypass defense methods to enhance cyber security, such as isolation
and intrusion detection, and breakthrough physical security protection mechanisms, such as device redundancy. With these
capabilities, attacks can penetrate across the ICS monitoring and control layers to destroy the physical process of the ICS. Such
cyber-physical threats can use the characteristics of the physical processes of ICS to design malicious data tampering mechanisms
that operate with strong collaboration and high concealment. This poses a significant challenge to ICS security.

Presently, studies related to the cyber-physical security of ICS have mainly focused on the following three aspects. (D Attacker
capability modeling/system vulnerability analysis. These studies designed attack strategies from the attacker’s perspective
based on the available knowledge of the ICS, such as its architecture, protocols, and control algorithms, thereby analyzing the
vulnerabilities of ICSs. (2) Attack detection. This method can detect malicious attacks by passively collecting dynamic data from the
system or actively adding dynamic authentication information and then building a normal mode of the system. 3 Attack defense.
This method includes defense strategies such as attack isolation, resilient control, and moving target defense. In the future,
researchers will conduct vulnerability analysis and defense strategy design while considering the characteristics of large-scale,
multilevel, and strong coupling of ICSs to enhance their cyber-physical security of ICSs.

(10) Chip-based satellite laser communication terminal

Satellite laser communication has the advantages of large bandwidth, high speed, concentrated emission energy, and strong
anti-interference and anti-interception capabilities. It is currently the dominant position in the field of space network technology
in which countries globally are vying for. The chip-based satellite laser communication terminal is a microdevice that realizes
the function of satellite laser communication through optoelectronic integration technology. It integrates or partially integrates
functional components, such as optoelectronic communication devices and electronic control units, into a single chip, resulting
in a small size, lightweight, and low-power consumption. It can satisfy the diverse requirements of high-speed communication,
data transmission, and satellite networking. In recent years, researchers have mainly focused on the following
aspects. (D Heterogeneous optoelectronic integration technology. To improve chip performance by optimizing integrated chip
design and manufacturing processes on silicon-on-insulator (SOI), silicon-based thin-film lithium niobate (LNOI), silicon nitride
(Si;N,), indium phosphide (InP), and other material platforms. @ High-speed laser communication technology to solve key
issues such as modulation, demodulation, codec, and signal processing of laser communication to improve the communication
rate and transmission distance. 3 Optimize the reliability of the laser terminal to improve the signal anti-interference ability
and environmental adaptability, such as temperature and radiation, and improve the stability and life. In the future, chip-based
satellite laser communication terminals will be further integrated to achieve higher transmission rates, longer communication
distances, higher reliability, and smaller and lighter terminals with lower power consumption. With the aim of multifunctional and
networked communication, the compatibility and interoperability of laser terminals will be improved to promote the application
and further development of chip-based satellite laser communication terminals in areas such as navigation, relay communication,
Earth observation, deep-space exploration, and low-orbit internet constellations.

1.2 Interpretations for three key engineering research fronts

1.2.1 Theory and technology of large models and their computing systems

Large models and their computing systems learn the feature representation of the data from large-scale unlabeled data and
pretrain the model with numerous parameters. It has the advantages of strong generalization, wide application scenarios, and low
dependence on labeled data. However, because of the poor explain ability of the current large model, high dependence on training
data, and high training and deployment costs, the theory and technology of large models and their computing systems urgently
require breakthroughs in three aspects: theoretical framework, model structure, and training and deployment strategies.
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First, there are two main trends in the theoretical framework of large models. One is to integrate information and over-
parameterization theories in the research of large models, and explore the theoretical limit of the representation ability of large
models such as generative pretrain transformers (GPT). Second, to introduce concepts involving graph theory into the theoretical
analysis of large model training processes, such as using hypergraphs to explain and improve the stability of large model
unsupervised bin-wise pretraining. The main research institutions in this direction include Harvard University, Tsinghua University,
Zhejiang University, Hikvision Digital Technology Co., Ltd., and Warsaw University.

Second, an important research trend in large model structure design is the cooperation of large model structures with transfer
learning strategies to solve the degradation and bias of large models caused by unfiltered data, thereby improving their predictive
ability of large models. The other is to introduce the concept of prompt programming into the model design to reduce the
overfitting phenomenon of large models in the bottom and middle layers, and to guide the model to better understand and
perform specific tasks through well-designed prompts. The main research institutions in this direction include the Facebook Al
Research Institute, Seoul National University, and the National Kaohsiung University of Applied Sciences.

In addition, in terms of training and deployment strategies for large models, the use of new hardware such as McDRAM to
accelerate the real-time performance of large model inference and the energy consumption ratio of the deployment process is
a potential technology for deploying large models on edge devices. In addition, using approximate computing technology to
accelerate the inference process or designing customized binarization strategies and quantization methods for large models
may effectively improve their inference speed and save computing resources in the future. Major research institutions in this
area include the University of Bremen, the National University of Singapore, Huawei Technologies Co., Ltd., and the University of
Sydney.

Table 1.2.1 shows the distribution of the main output countries of core papers in the engineering research front of “theory and
technology of large models and their computing systems”. The USA has the highest number of core papers globally, accounting
for approximately one-third of all papers. China is second only to the USA, but the average publication year of papers is newer,
indicating a state of rapid catching up. China’s international cooperation partners are mainly the USA and Australia (Figure 1.2.1).
Four of the Top 10 output institutions (Table 1.2.2) are from China, with the rest located in the USA, Australia, Singapore, and other
countries. In terms of institutional cooperation (Figure 1.2.2), the three Chinese institutions have relatively close cooperation with
the University of Sydney, while the three domestic institutions have relatively close cooperation. In terms of the number of citing
papers (Table 1.2.3), China ranked first (accounting for 44.56%), followed by the USA, and the remaining countries accounted for
less than 10%. Except for Harvard University, which ranks seventh, all the Top 10 institutions that produce citing papers are from
China (Table 1.2.4), reflecting the high attention of Chinese scientific research institutions to the theory and technology of large
models and their computing systems.

Over the past five years, many research results in the theory and technology of large models and their computing systems have
been achieved. However, in terms of the overall development process of the research field, their application and research are still
in their infancy, and many key bottlenecks must be resolved urgently. Figure 1.2.3 shows the key development directions for the
next 5-10 years.

First, model compression and distributed training. Currently, large models represented by ChatGPT contain more than 10 billion
parameters, necessitating huge computing and storage resources. Future development directions include more efficient model
compression and acceleration technologies to reduce the parameter scale and computational cost of the model, improve its
deployment efficiency on edge devices, such as laptops and mobile phones, and realize real-time inference and decision making
in various computing scenarios. Conversely, as the scale of models grows, distributed training and collaborative learning of large
models will be critical, and new distributed training strategies and techniques will help speed up model training while maintaining
model performance.

Second, automated and smarter model design. Currently, large enterprises such as Google and Microsoft rely on their powerful
computing resources to design multi-input multiple-output large-scale model structures, such as T5 and Kosmos. However,
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Table 1.2.1 Countries with the greatest output of core papers on “theory and technology of large models and their computing systems”

Percentage of core

Citations per

Country Core papers papers/% Citations paper Mean year
1 USA 11 32.35 1664 151.27 2019.0
2 China 9 26.47 419 46.56 2021.0
3 Australia 3 8.82 410 136.67 2019.3
4 Germany 3 8.82 129 43.00 2019.3
5 UK 3 8.82 14 4.67 2022.0
6 Poland 2 5.88 63 31.50 2021.0
7 Singapore 2 5.88 14 7.00 2020.0
8 India 2 5.88 11 5.50 2020.5
9 Saudi Arabia 1 2.94 51 51.00 2019.0
10 Republic of Korea 1 2.94 18 18.00 2020.0
UK

German.! . I Poland

Australia \ Q Singapore

\

. India
China
.Saudi Arabia

USA Republic of Korea

Figure 1.2.1 Collaboration network among major countries in the engineering research front of “theory and technology of large models
and their computing systems”

Table 1.2.2 Institutions with the greatest output of core papers on “theory and technology of large models and their computing systems”

Percentage of core

Citations per

Institution Core papers papersi% Citations paper \EEURYCE
1 Facebook Al Research 2 5.88 1320 660.00 2019.0
2 The University of Sydney 2 5.88 396 198.00 2019.0
3 Harvard University 2 5.88 118 59.00 2019.0
4 University of Warsaw 2 5.88 63 31.50 2021.0
5 Zhejiang University 2 5.88 18 9.00 2021.5
6 National University of Singapore 2 5.88 14 7.00 2020.0
7 Huawei Technologies Co., Ltd. 1 2.94 346 346.00 2021.0
8 Peking University 1 2.94 346 346.00 2021.0
9 Peng Cheng Laboratory 1 2.94 346 346.00 2021.0
10 Humboldt University of Berlin 1 2.94 113 113.00 2017.0
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Figure 1.2.2 Collaboration network among major institutions in the engineering research front of “theory and technology of large models
and their computing systems”

Table 1.2.3 Countries with the greatest output of citing papers on “theory and technology of large models and their computing systems”

Country Citing papers Percentage of citing papers/% Mean year
1 China 1089 44.56 2021.4
2 USA 557 22.79 2021.0
3 Republic of Korea 142 5.81 2021.3
4 UK 125 5.11 2021.2
5 Germany 106 4.34 2021.1
6 Canada 86 3.52 2020.9
7 Australia 83 3.40 2021.3
8 India 79 323 2021.6
9 Japan 76 3.11 2021.1
10 France 55 2.25 2021.0

Table 1.2.4 Institutions with the greatest output of citing papers on “theory and technology of large models and their computing systems”

Institution Citing papers Percentage of citing papers/% Mean year
1 Chinese Academy of Sciences 103 22.01 2021.3
2 Tsinghua University 54 11.54 2021.3
3 Peking University 43 9.19 2021.3
4 Shanghai Jiao Tong University 42 8.97 2021.3
5 Zhejiang University 37 7.91 2021.3
6 The Chinese University of Hong Kong 34 7.26 2020.5
7 Harvard University 34 7.26 2020.3
8 University of Electronic Science and Technology of China 33 7.05 2021.2
9 Wuhan University 33 7.05 2021.6
10 Harbin Institute of Technology 28 5.98 2021.7
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Figure 1.2.3 Roadmap of the engineering research front of “theory and technology of large models and their computing systems”

methods such as reinforcement learning and evolutionary algorithms can be used to automatically design efficient model
structures suitable for specific tasks. Therefore, automated neural architecture search and model optimization technologies will be
developed in the field of large models in the future. In addition to Huawei’s Pangu, Baidu’s ERNIE Bot, Zhiyuan’s WuDao, and other
general-purpose pretraining models, the future will inevitably require more pretraining models for specific fields such as medical

care and finance.

Third, privacy and security. With the increasing number of applications based on large models, such as ChatGPT and Dell-E, the
privacy of large models has gradually attracted more attention. Future research directions include maintaining high performance
of the model while protecting user data privacy. In terms of security, the robustness and fairness of large models will be the focus
of future research, including how to make the model perform well on diverse data while avoiding bias against different groups.

Fourth, modeling and reasoning of cross-modal knowledge. Existing technology has enabled the correlation and generation of
multimodal data such as images, texts, and audio. However, when faced with more complex and abstract reasoning scenarios,
such as protein structure, real-time automatic driving, and multiparty games, existing large models, such as BAI-Chem and Pangu,
can only answer questions based on inductive associations in a large amount of training data. To make large models closer to
human intelligence, future research will focus on the following: (D quantitative modeling and expression of knowledge in large
cross-modal models; @ exploring the relationship between reasoning decisions and knowledge representation in large models;
(3@ reasonability and interpretability of model multimodal knowledge.

1.2.2 Networking theories and key technologies of satellite internet

Satellite internet is a new revolution in the internet field with global coverage, on-demand access, on-demand service, secure
communication, and reliable communication. It provides strong support for the prospect of global interconnection; therefore, it
has attracted the interest of many countries. In the 1990s, Motorola Company in the US established the Iridium Satellite System,
which consists of 66 low-orbit satellites with inter-satellite links and onboard processing capabilities. Meanwhile, Laura and
Qualcomm Companies in the US have built a global satellite system that includes 48 low-orbit satellites, each of which employs
transparent forwarding. These two satellite internet systems have undergone bankruptcy restructuring for commercial reasons.
After a period of downtime, the satellite internet has recently set off its second craze on an even larger scale. In 2017, the British
company OneWeb proposed the OneWeb project, which plans to launch 1 980 satellites to constitute a low-orbit constellation
with global coverage. Furthermore, the American company SpaceX plans to launch 42 000 low-orbit satellites to form star links
capable of supporting high-speed mobile communication globally. In recent years, China has accelerated the construction of the
satellite internet. For example, the “Hongyan Constellation” designed by the China Aerospace Science and Technology Corporation
includes 324 satellites, whereas the “Hongyun Constellation” designed by the China Aerospace Science and Industry Corporation

includes 156 satellites.
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Although satellite internet has grown rapidly, many challenging issues still exist, including network architectures, routing
protocols, inter-satellite communication, and mobility management, which are presented as follows.

1) In terms of network architecture, there are currently two main architectures. The first type is the nonterrestrial network (NTN),
which is led by 3GPP, the international organization for the standardization of mobile communication. This open architecture is
compatible with existing terrestrial cellular networks and is an integral part of the entire 6G network. The other architecture was
specifically designed for the Starlink project by SpaceX Company, which has a closure property. The main research institutions in
this area include the Harbin Institute of Technology, the Chinese Academy of Sciences, and Waseda University, Huawei.

2) In terms of routing protocols, new elastic routing protocols must be developed because satellite networks are highly dynamic,
satellite positions constantly vary, and ground network routing protocols are inapplicable. The basic idea is to use the regularity
of the constellation motion to map real satellite nodes to virtual nodes. When satellites move or the ground terminal switches,
the routing table between virtual nodes is exchanged between physical nodes; thus, the routing information exchange can be
completed. The main research institutions in this direction include the University of Surrey, SpaceX, Beijing University of Posts and
Telecommunications, Xidian University, the National University of Defense Technology, and Beijing Institute of Technology.

3) In terms of inter-satellite communication, there are mainly two development trends. The first is inter-satellite microwave
communication, which is highly technologically mature and currently has broad applications. However, microwave communication
has difficulty meeting the requirements of high-speed communications and has limitations such as limited frequency band
capacity and severe co-frequency interference. The second is inter-satellite laser communication, which is widely used in the new-
generation satellite internet. Compared with microwave communication, laser communication has several advantages, including
large bandwidth, low communication payload, strong anti-interference ability, and good confidentiality. The main research
institutions in this direction include the University of Surrey, SpaceX, Chinese Academy of Sciences, Beijing University of Posts and
Telecommunications, University of Electronic Science and Technology, and Zhejiang University.

4) In terms of mobility management, one option is to use centralized mobility management, in which local agents manage
terminals. Each time a terminal initiates a location update, the messages are transmitted to local agents. Another option is to
use distributed mobility management, in which the Earth is divided into multiple zones, where terminals can register to a virtual
gateway composed of satellite clusters covering that zone. Therefore, large-scale satellite network mobility management can
be achieved. The main research institutions in this direction include Peng Cheng Laboratory, Southeast University, University of
Luxembourg, Huawei, and ZTE Corporation.

Table 1.2.5 shows the main countries that output core papers in this cutting-edge field. China has an obvious advantage, ranking
first in the world in terms of the number of core papers with over 67% proportion, and cooperates with Japan, the UK, Saudi
Arabia, Republic of Korea, Canada, Australia, and Norway (Figure 1.2.4). The Chinese Academy of Sciences, and Harbin Institute of
Technology jointly rank first among the Top 10 institutions that output core papers (Table 1.2.6). Seven institutions are from China,
and the rest are from Saudi Arabia, Japan, and Luxembourg. In terms of institutional cooperation (Figure 1.2.5), King Abdulaziz
University, Waseda University, and Xi’an University of Posts and Telecommunications have close cooperation. In terms of the
number of cited core papers (Table 1.2.7), China still ranks first, with more than 50%, while other countries account for less than
10%. The Top 10 institutions that output cited core papers (Table 1.2.8) were mostly from China, except Waseda University, which
ranked sixth, reflecting the strong research strength of China in this field.

Currently, satellite internet is highly valued by major countries and is developing at an unprecedented speed. The development
roadmap for this frontier is shown in Figure 1.2.6. The following paragraphs outline its development trends in four areas: network
architecture, routing protocols, inter-satellite communication, and mobility management. In terms of network architecture,
the NTN architecture is currently in the discussion and standard-setting stage and is expected to be fully developed and
commercialized by 2027. In terms of routing protocols, the currently used fixed routing protocols have inherent flaws that seriously
constrain the scale and performance of networks, whereas elastic network protocols are gradually improving and are expected
to mature by approximately 2026. In terms of inter-satellite communication, microwave communication currently used has low
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Table 1.2.5 Countries with the greatest output of core papers on “networking theories and key technologies of satellite internet”

Country o T Percentage of core

Citations Citations per paper Mean year

papers/%
1 China 21 67.74 1097 52.24 2020.4
2 Japan 4 12.90 350 87.50 2020.8
3 UK 4 12.90 139 34.75 2021.5
4 Saudi Arabia 3 9.68 141 47.00 2021.3
5 Italy 3 9.68 119 39.67 2020.7
6 Republic of Korea 3 9.68 57 19.00 2021.0
7 Canada 3 9.68 16 5.33 2022.0
8 Australia 2 6.45 72 36.00 2020.5
9 Luxembourg 2 6.45 49 24.50 2020.0
10 Norway 1 3.23 89 89.00 2020.0

Italy
Republic of Korea

Saudi Arabia

Canada
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_. Australia
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China Norway

Figure 1.2.4 Collaboration network among major countries in the engineering research front of “networking theories and key technologies
of satellite internet”

Table 1.2.6 Institutions with the greatest output of core papers on “networking theories and key technologies of satellite internet”

Percentage of core

Institution Core papers

Citations Citations per paper  Mean year

papers/%
1 Chinese Academy of Sciences 3 9.68 154 51.33 2019.0
2 Harbin Institute of Technology 3 9.68 91 30.33 2020.3
3 King Abdulaziz University 2 6.45 137 68.50 2021.0
4 Waseda University 2 6.45 137 68.50 2021.0
5 Xi‘an University of Posts and 2 6.45 137 68.50 2021.0
Telecommunications
6 Beijing Institute of Technology 2 6.45 102 51.00 2021.0
7 Peng Cheng Laboratory 2 6.45 87 43.50 2019.5
8 Xidian University 2 6.45 71 35.50 2020.5
9 Beijing University.of Ppsts and ) 6.45 63 31.50 2021.0
Telecommunications
10 University of Luxembourg 2 6.45 49 24.50 2020.0
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Figure 1.2.5 Collaboration network among major institutions in the engineering research front of “networking theories and key
technologies of satellite internet”

Table 1.2.7 Countries with the greatest output of citing papers on “networking theories and key technologies of satellite internet”

Country Citing papers Percentage of citing papers/% Mean year
1 China 667 51.91 2021.3
2 Canada 100 7.78 2021.5
3 USA 87 6.77 2021.3
4 UK 7 5.99 2021.3
5 Japan 67 5.21 2021.5
6 India 64 4.98 2021.6
7 Republic of Korea 53 4.12 2021.7
8 Saudi Arabia 48 3.74 2021.6
9 Australia 48 3.74 2021.4
10 Italy 41 3.19 2021.0

Table 1.2.8 Institutions with the greatest output of citing papers on “networking theories and key technologies of satellite internet”

Institution Citing papers Percentage of citing papers/% Mean year
1 Harbin Institute of Technology 70 16.09 2021.2
2 Beijing University of Posts and Telecommunications 63 14.48 2021.0
3 Xidian University 44 10.11 2021.5
4 Peng Cheng Laboratory 39 8.97 2021.4
5 Chinese Academy of Sciences 37 8.51 2021.2
6 Waseda University 34 7.82 2021.6
7 Southeast University 32 7.36 2021.2
8 Beijing Institute of Technology 30 6.90 2021.6
9 National University of Defense Technology 30 6.90 2021.1
10  University of Electronic Science and Technology of China 29 6.67 2021.4
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Figure 1.2.6 Roadmap of the engineering research front of “networking theories and key technologies of satellite internet”

communication rates and strong interference and is gradually being replaced by inter-satellite laser communication, which is
expected to be completed by 2026. In terms of mobility management, the existing centralized management is transitioning to
distributed management because of its high signaling overhead and transmission latency. The development trend of satellite
internet is summarized as follows. First, the satellite internet has shifted from focusing on communication to integrating
communication, navigation, and remote sensing, allowing for a multifunctional satellite internet. Second, satellite internet has
developed from ground-devices-assisted access to mobile satellite communication without a ground station, achieving the goal
of on-demand access. Third, has developed from satellite internet to satellite IoT to achieve the vision of the interconnection of
all things. In terms of the application scenarios of satellite internet, has been used in emergency communication, remote area
communication, and logistic communication. With the rapid development of the satellite internet, it will be widely used in various
fields such as the economy, society, and military in the future.

1.2.3 Ultra-large-scale silicon-based quantum chips

A quantum chip is a device designed and manufactured based on the principles of quantum mechanics for applications in quantum
computing and communications. Unlike classical chips, which use binary bits, quantum chips use quantum bits (qubits) as their
fundamental information units. Qubits can exist in superpositions 0 and 1, and they can share information among multiple qubits
through entanglement. This characteristic endows quantum chips with significant advantages in addressing specific problems,
allowing them to solve certain computationally challenging tasks, such as large-integer factorization, quantum simulation, and
optimization, at faster speeds than classical computers. Fabricating and manipulating quantum chips are a challenging because
of the fragility of quantum bits, which are susceptible to destruction by uncontrollable environmental influences. A universal
quantum computer often requires a substantial number of qubits to implement a quantum error correction and achieve the
desired quantum advantage. Nevertheless, in terms of the number of qubits alone, various physical implementations, including
superconducting circuits, diamond nitrogen-vacancy centers, and trapped ion technologies, are yet to meet these demands.
Consequently, the production of large-scale quantum chips containing millions of qubits has emerged as a critical challenge for
the realization of universal quantum computing. Given the successful manufacture of chips containing billions of transistors within
the traditional semiconductor industry, the integration of silicon-based electronics with quantum technology holds the promise
of establishing a quantum computing platform for the existing semiconductor manufacturing infrastructure. The compatibility
of silicon-based quantum chips with traditional semiconductor processes provides advantages in terms of production cost,
scalability, and integration. This has propelled large-scale silicon-based quantum chips into a focal point of research in the field of
quantum computing, offering a promising pathway for the feasibility and scalability of quantum computing.

Silicon-based quantum chips present various development routes. One approach involves encoding quantum information into
electron (hole) spins confined in gate-defined silicon quantum dots or implanted phosphorus nuclear spins embedded in silicon. In
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1998, theoretical physicists predicted that spin states within silicon nanostructures could serve as carriers of quantum information,
marking the inception of an experimental research race. Single-qubit operations can be achieved by manipulating and measuring
the individual electron spins. Leveraging the exchange interaction between the two spins enables the implementation of two-qubit
gate operations. Initial experiments used IlI-V semiconductor materials; however, unavoidable hyperfine interactions hindered
their further advancement. In 2013, several research groups simultaneously reported breakthroughs in silicon-based spin qubits.
This was facilitated by the isotopic purification of silicon to suppress hyperfine interactions, resulting in a significant enhancement
in fidelity. Currently, single-qubit and two-qubit gates with fidelity far exceeding the error-correction thresholds have been realized.
Furthermore, because of the nanoscale physical dimensions of silicon quantum dots and dopant atoms and their compatibility
with modern IC technology, they can be scaled up to large-scale qubit arrays with reasonable chip footprints. Quantum processors
comprising six qubits have already been demonstrated as larger quantum dot platforms in one-dimensional and two-dimensional
configurations.

Another approach is to use silicon-based photonic integration processes to achieve quantum entanglement between photons
and quantum-state manipulation, thereby enabling quantum computing and communications. Photonic quantum technology
stands out because of its advantages, such as longer decoherence time, multiple degrees of freedom, no need for vacuum, and
low temperature. In contrast to the bulky, unstable, and poorly scalable traditional optical instruments, silicon-based photonic
chips fabricated using CMOS nanomanufacturing techniques offer high integration, stability, controllability, and scalability.
Currently, integration of several hundred optical components on a single chip has been achieved, and it is expected that various
core photonic quantum functionalities, including quantum light sources, quantum control pathways, and single-photon detectors,
can be integrated on a single chip. In recent years, silicon-based photonic chips achieved made significant breakthroughs in the
fields of boson sampling, multiphoton high-dimensional quantum entangled states, quantum key distribution, and quantum
teleportation.

In recent years, there have been numerous significant achievements in the field of large-scale silicon-based quantum chips.
The countries and institutions contributing to the key research papers are outlined in Tables 1.2.9 and 1.2.10. The USA, the
UK, and Netherlands rank among the top three nations in terms of the number of key research papers published. Prominent
contributing institutions include Delft University of Technology, University of Bristol, and Peking University. Furthermore, many
of these key research papers resulted from collaborations between various research institutions across different countries, as
illustrated by the collaboration networks between leading countries and institutions in Figures 1.2.7 and 1.2.8. Tables 1.2.11 and
1.2.12 list the main countries and institutions responsible for citing key papers in this field. The Chinese Academy of Sciences
and University of Science and Technology of China rank the top two, reflecting China’s notable interest and engagement in this
direction.

From the perspective of the overall development trajectory within the field, ultra-large-scale silicon-based quantum chips are still
in their nascent stages and many key problems must be solved. As depicted in Figure 1.2.9, future development of ultra-large-scale

silicon-based quantum chips will focus on the following key directions:
(1) Silicon-based spin quantum chips

1) Large-scale arrays: The practical realization of spin quantum chips requires increasing the fidelity of the initialization,
manipulation, and readout modules for each qubit to sufficiently high levels. Large-scale fabrication of high-fidelity qubits using
CMOS technology is difficult because the properties of spin qubits, such as valley splitting, spin-orbit coupling, and tunneling
coupling between quantum dots, are very sensitive to atomic-level defects. Therefore, the quality of the material growth is crucial.
Rapid detection and automated control of each qubit’s parameters are also essential.

2) Long-range coupling: Currently, most silicon-based spin qubits rely on nearest-neighbor coupling, which requires proximity
between quantum dots or phosphorus-doped atoms, limiting the layout of the dense arrays. Developing methods for long-range
coupling can enable the separation of qubits to over larger distances. Several experimental approaches have been explored,
including floating gates, microwave cavities, superconducting resonators, and electron shuttling.
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Table 1.2.9 Countries with the greatest output of core papers on “ultra-large-scale silicon-based quantum chips”

Percentage of

Citations per

Country Core papers core papers/% Citations paper Mean year
1 USA 24 42.86 3059 127.46 2019.7
2 UK 15 26.79 2436 162.40 2018.7
3 Netherlands 13 23.21 2135 164.23 2019.5
4 Australia 12 21.43 1441 120.08 2019.7
5 China 11 19.64 1603 145.73 2019.5
6 Japan 11 19.64 1075 97.73 2020.1
7 Germany 9 16.07 1621 180.11 2019.8
8 Denmark 6 10.71 748 124.67 2020.3
9 Republic of Korea 4 7.14 542 135.50 2019.5
10 Switzerland 4 7.14 226 56.50 2021.2

Table 1.2.10 Institutions with the greatest output of core papers on “ultra-large-scale silicon-based quantum chips”

Percentage of

Citations per

Institution Core papers core papers/% Citations paper Mean year
1 Delft University of Technology 11 19.64 1940 176.36 2019.5
2 University of Bristol g 16.07 1319 146.56 2018.6
3 Peking University 6 10.71 753 125.50 2020.2
4 Technical University of Denmark 6 10.71 748 124.67 2020.3
5 Netherlands Organization for Applied Scientific Research 6 10.71 577 96.17 2020.0
6 QuTech 5 8.93 493 98.60 2019.8
7 The University of New South Wales 5 8.93 492 98.40 2019.6
8 University of Stuttgart 4 7.14 902 225.50 2020.0
9 Heriot-Watt University 4 7.14 741 185.25 2019.0
10 University of Electronic Science and Technology of China 4 7.14 693 173.25 2018.5

Netherlands ) Germany

Denmark

UK

Republic of Korea

Switzerland

Figure 1.2.7 Collaboration network among major countries in the engineering research front of “ultra-large-scale silicon-based quantum
chips”
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Figure 1.2.8 Collaboration network among major institutions in the engineering research front of “ultra-large-scale silicon-based quantum
chips”

Table 1.2.11 Countries with the greatest output of citing papers on “ultra-large-scale silicon-based quantum chips”

Percentage of citing

Country Citing papers papersi% Mean year
1 USA 1281 23.69 2020.6
2 China 1157 21.40 2020.8
3 Germany 558 10.32 2020.7
4 UK 461 8.53 2020.4
5 Australia 412 7.62 2020.4
6 Japan 325 6.01 2020.6
7 Canada 302 5.59 2020.4
8 France 273 5.05 2020.5
9 Italy 232 4.29 2020.6
10 Netherlands 207 3.83 2020.5

Table 1.2.12 Institutions with the greatest output of citing papers on “ultra-large-scale silicon-based quantum chips”

Percentage of citing

Institution Citing papers papers/% Mean year
1 Chinese Academy of Sciences 225 16.78 2020.6
2 University of Science and Technology of China 213 15.88 2020.7
3 Delft University of Technology 145 10.81 2020.4
4 The University of New South Wales 112 8.35 2020.5
5 Massachusetts Institute of Technology 111 8.28 2020.6
6 Harvard University 103 7.68 2020.2
7 University of Technology Sydney 93 6.94 2020.6
8 Université Grenoble Alpes 89 6.64 2020.8
9 University of Bristol 85 6.34 2019.9
10 The University of Maryland 84 6.26 2020.4
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Figure 1.2.9 Roadmap of the engineering research front of “ultra-large-scale silicon-based quantum chips”

(2) Silicon-based integrated photonic quantum chips

1) Large-scale integration: Integrating quantum light sources, quantum-state manipulation pathways, and single-photon detectors
on a single chip while meeting all the key performance metrics remains a challenge. It is critical to reduce the losses caused by
the interaction between photons and the surrounding medium within the chip. In addition, to realize practical applications, the
complexity of the multiphoton high-dimensional entangled states that photonic quantum chips can generate must be continuously
improved to achieve a sufficiently large state space.

2) Multichip interconnects: As the number of qubits increases, it becomes increasingly difficult to integrate more optical
components on a single chip. Future developments may leverage the advantages of optical communication to achieve
interconnectivity between multiple chips, thereby enabling the construction of large-scale quantum processors through
distributed quantum computing. However, achieving high performance interconnects between silicon-based integrated photonic
quantum chips remains a technical challenge, thereby necessitating the development of ultralow-loss interconnect technologies
to enhance the fidelity of quantum-state transmission between chips.

Ultra-large-scale silicon-based quantum chips have tremendous potential in various applications. Both silicon-based spin
quantum chips and silicon-based integrated photonic quantum chips are poised to become pivotal components of future quantum
technologies, with profound implications for solving complex problems and enhancing information security. In the future, silicon-
based quantum chips will continue to progress toward greater scalability and broader applications owing to their compatibility
with traditional CMOS technology.

2 Engineering development fronts

2.1 Trends in Top 10 engineering development fronts

The Top 10 engineering development fronts in the information and electronic engineering field are summarized in Table 2.1.1,
encompassing the subfields of electronic science and technology, optical engineering and technology, instrument science and
technology, information and communication engineering, computer science and technology, and control science. “Light-controlled
phased-array technology”, “control technology of unmanned systems based on brain-computer interface”, and “artificial-
intelligence-based fault diagnosis and detection” are fronts of data mining. The remaining fronts of expert nomination. The annual

number of core patents published for the Top 10 engineering development fronts from 2017 to 2022 is listed in Table 2.1.2.
(1) Light-controlled phased-array technology

A light-controlled phased-array antenna (LCPAA) mainly includes transmitting-receiving (TR) modules, an antenna array, light-
sensitive components, and a light-controlling module, in which the radiation characteristics of the LCPAA are engineered by
manipulating the electromagnetic response of light-sensitive materials (and/or components) in the space-/time-/frequency-/
spectrum-domains through light. Without loss of generality, the controlling parameters can be the intensity, wavelength, beam
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Table 2.1.1 Top 10 engineering development fronts in information and electronic engineering

Published Citations per

Engineering development front patents Citations patent

Mean year

1 Light-controlled phased-array technology 260 1063 4.09 2020.0

Control technology of unmanned systems based on brain-

2 T o 464 1344 2.90 2019.8
3 Computing power network constryction technology for diverse 638 3034 476 2019.9
computing
4 Flexible intelligent tactile sensor 616 5105 8.29 2019.1
5 High-speed free-space optical communication technology 1018 2061 2.02 2020.1
6 Terahertz solid-state phased-array integrated circuit 887 2022 2.28 2019.9
7 Artificial-intelligence-based fault diagnosis and detection 991 5736 5.79 2020.9
8 Large-size silicon carbide materials and power chips 232 366 1.58 2020.1
9 Naked eye 3D technology based on light-field technology 668 3379 5.06 2019.0
10 Augmented reality space operating system 420 1949 4.64 2019.9

Table 2.1.2 Annual number of core patents published for the Top 10 engineering development fronts in information and electronic

engineering
Engineering development front 2017 2018 2019 2020 2021 2022

1 Light-controlled phased-array technology 25 37 46 42 39 71
2 Control technology of unmanr?ed systems based on brain- 58 78 73 67 g8 100

computer interface
3 Computing power n.etwork constryction technology for 77 7 109 125 101 149

diverse computing
4 Flexible intelligent tactile sensor 127 136 96 107 82 68
5 High-speed free-space optical communication technology 115 138 127 128 214 296
6 Terahertz solid-state phased-array integrated circuit 94 112 162 133 176 210
7 Artificial-intelligence-based fault diagnosis and detection 18 38 99 151 293 392
8 Large-size silicon carbide materials and power chips 26 27 21 43 46 69
9 Naked eye 3D technology based on light-field technology 168 154 106 89 75 76
10 Augmented reality space operating system 47 61 72 63 79 98

direction, time light delay, or a combination of these. The LCPAA has been widely used in wireless communication, remote sensing,
positioning, precision detection, and other applications. Depending on the frequency at which the radiation occurs, LCPAA
technology mainly involves two categories: (D optical phased-array (OPA) for optical communication and optical sensing (such as
laser radars), which is also known as space-light modulation; 2) microwave-optical phased array for microwave communication,
detection, and sensing (such as microwave radars). Low cost, high efficiency, wide angular view, large bandwidth, and high space-
time resolution are highly desirable characteristics of the two types of LCPAAs.

To clarify, the microwave-optical phased array has two subcategories: ) microwave-photonic phased arrays (MPPA)
and (@ optically tuned microwave phased arrays (OTMPA). The MPPA uses time-delay light as a microwave carrier for wideband
low-loss microwave transmission, but it faces challenges such as the compact integration of a light-microwave converter, precision
time-delay of optical waveguides, scalable microwave-photonic transmission modules, and a compact yet high-power laser
source. However, OTMPA addresses the critical challenges of achieving multipolarized high gain at high frequency using light-
induced microwave modulation, thereby eliminating the need for complex feeding networks and high-cost precision fabrication in
conventional electrically tuned phased arrays. Further improvement in the performance of OTMPAs requires high-speed optical-
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microwave switches, high-contrast light-sensitive materials, and innovative architecture design for high-precision control of the
microwave phase by light. On the optical radiation side, the current research trend of OPA mainly focuses on the development
of light delay and light-modulators for multiple-light-beamforming, where various light-modulation mechanisms have been
proposed, such as heat, mechanical, electrical, liquid-crystal, and phase-changing modulations.

(2) Control technology of unmanned systems based on brain-computer interface

The brain-computer interface-based control technology of the unmanned system combines neurobiology, informatics, Al, and
unmanned systems to collect and analyze physiological signals generated by brain activity. It decodes human brain intentions and
converts them into control commands, which are then encoded to enable interaction and control between the human brain and
the unmanned systems. With this technology, users can directly control unmanned systems using physiological signals, such as
electroencephalography (EEG), without the need for traditional human-computer interaction.

The main technical directions are as follows:

1) Acquisition and transmission of brain signals: Different types of biosensors (such as electroencephalographs and eye trackers)
are used to capture physiological information from the human brain. The signals are amplified and converted into digital signals.

2) Processing and decoding of brain signals: To identify feature patterns in brain signals and decode human brain intentions,
complex and high-dimensional brain activity data are processed using signal processing methods such as noise reduction and
feature extraction.

3) Commands generation and control of unmanned systems: The identified feature patterns of human brain intentions are
converted into corresponding control commands using encoding techniques. These commands are used to control unmanned
systems such as drones, autonomous vehicles, robots, and exoskeletons. In addition, it is important to ensure the comfort,
convenience, stability, and real-time nature of human-computer interaction.

Traditional unmanned systems based on Al have limitations in responding to some abnormal states that are of low probability.
To address this issue, the integration of the brain-computer interface (BCl) into unmanned systems leverages the fusion of brain-
computer intelligence, fully leveraging the advantages of human and computer intelligence. This approach opens a new avenue
for enhancing the intelligence of unmanned systems. It is expected to have broad application prospects in fields such as aviation,
aerospace, navigation, autonomous driving, traffic safety, elderly and disability assistance, medical support, rescue operations,
industrial control, education, and entertainment.

(3) Computing power network construction technology for diverse computing

Computing power networks are technical concepts that connect cross-center computing power through networks. They rely on
high-speed, mobile, secure, and ubiquitous network connections that integrate multilevel computing resources, such as the net,
cloud, number, intelligence, security, edge, end, and chain. China was the first country to propose this new type of integrated
basic service that combines data sensing, transmission, storage, and computing. Its goal is to integrate multilevel computing
resources and build a new infrastructure system centered on computing and networking. Computing power network construction
technology for diverse computing refers to the use of high-performance and cloud computing, high-performance networks,
distributed storage, and other technical means to effectively integrate and schedule heterogeneous computing resources and
provide users with flexible, efficient, and scalable computing, storage, network, application, and data services. This technology
meets the demands for diversity and dynamism of computing resources in different application scenarios to support complex
computing tasks in Al, big data analysis, virtual reality, and other fields.

The main technical directions include heterogeneous resource integration and collaboration, computing resource and service
encapsulation, intelligent task scheduling, and dynamic metering and billing. Heterogeneous resource integration and
collaboration connect heterogeneous and network computer resources through unified interfaces and protocols to form a unified
computing resource pool and provide users with a flexible and scalable computing environment. Computing resources and service
encapsulation describe, encapsulate, and invoke the underlying cloud platform resources. Intelligent task scheduling designs
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reasonable scheduling algorithms and load-balancing strategies based on the characteristics of tasks and hardware platforms
and automatically selects the optimal execution environment and resource configuration. Dynamic metering and billing ensure
accurate metering and standardized billing for the resource usage of combined clusters across management domains.

With the development of Al, computing power network construction technology will become more intelligent, automatically
selecting the optimal combination of computing resources and allocation strategies based on factors such as task type, resource
characteristics, and user demand. Future development will focus on data privacy protection, network security protection, and
fault-tolerance mechanism design to ensure the stable operation of the computing resource network and security of user data.
With the popularity of 5G technology and the development of edge computing, a computing power network for diverse computing
will achieve closer integration with 5G networks and edge devices, and provide users with faster, real-time responsive computing
services using their computing power and low-latency characteristics.

(4) Flexible intelligent tactile sensor

The tactile sensor, as a key support technology for robots, is a bridge that connects the external environment and robot body
to imitate the tactile sensing ability of human skin and realize the robot’s sensitive and accurate perception of the physical
information of the external environment. Flexible intelligent tactile sensors combine flexible electronic technology and intelligent
perception algorithms with measurement adaptability and contact information intelligence, thereby allowing robots to perform
intelligent interaction and manipulation tasks on complex robot bodies and object surfaces in nonstructural environments.

At present, its main technical directions include (D flexible material and its manufacturing technology, @ perception mechanism
and algorithm, (3 tactile sensing simulation, and (4 multimodal perception integration and application in manipulation.

First, new flexible polymers, nanomaterials, and biomaterials with good electrical and mechanical properties must be used to
fabricate substrate, sensing layer, and electrode materials for flexible tactile sensors to enhance their flexibility, durability, and
adaptability. In addition, generalized intelligent sensing methods have been developed to enable sensors to achieve sensitive
and accurate sensing of multimodal parameters, such as contact force, shape, temperature, and position. To cope with the high
cost of obtaining large-scale data for tactile sensors, it is critical to develop high-quality tactile sensing simulation platforms and
the corresponding migration algorithms. Tacchi, a representative visual-based tactile sensor simulator, can provide rich tactile
information and improve tactile learning efficiency. It also combines various flexible tactile sensing mechanisms and large neural
networks to achieve multimodal sensory fusion of sensors, leading to a more comprehensive and in-depth understanding of the
environment and providing more complete, diverse, and accurate tactile sensory feedback, which is then applied to sophisticated
manipulation tasks and achieving the bioinspired process from tactile perception to operation.

(5) High-speed free-space optical communication technology

High-speed free-space optical communication technology uses laser beams as carriers for high-speed information transmission
in free-space. Compared to traditional microwave communication, it has advantages such as high speed (up to 100 Gb/s), strong
resistance to electromagnetic interference, and no spectrum restrictions. In addition, it has the benefits of a small terminal
size, lightweight, low-power consumption, and easy deployment. Based on these features, high-speed free-space optical
communication technology has significant strategic and practical applications in the military and civilian domains, including
planetary exploration, lunar exploration, Earth observation, navigation reconnaissance, low-Earth-orbit mobile communication,

and emergency rescue.

However, because of the long traveling distance of the laser in space, it is prone to divergence, and several factors, such as
atmospheric absorption, refraction, background light interference, and cloud particle scattering, may adversely affect ground
reception. Therefore, high-power light sources, high-spectral efficiency modulation, high-sensitivity interference-resistant optical
signal reception, precise and reliable high gain antenna design, fast and accurate acquisition, pointing, and tracking technology,
and dynamic and robust optical networking technology are just a few of the challenges that technology still faces in implementing
a high-speed, stable, reliable, and cost effective optical space information networks.
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In recent years, some countries have preliminarily acquired the capability of 100 Gb/s space laser communication because of the
global deployment of space information networks and relentless exploration of high-power semiconductor lasers, precise optical
filtering devices, highly sensitive optical detectors, and rapid, precise integrated optomechatronic technology. Currently, space
optical communication technology is gradually shifting from a point-to-point mode to relay forwarding and the establishment of
high-speed, intelligent, and integrated optical space information networks.

(6) Terahertz solid-state phased-array integrated circuit

Terahertz solid-state phased-array integrated circuit (IC) can steer the beam direction flexibly, implement fast tracking, and
precisely detect targets in terahertz communication and radar imaging systems through highly integrated transceiver, switching,
and amplitude-phase control devices, significantly reducing the system volume and cost. Terahertz waves are electromagnetic
waves with a frequency range of 100 GHz to 10 THz. Their electromagnetic spectrum is between the microwave frequency band
and the infrared spectrum, and is in a special position between the traditional electronics and photonics research frequency
bands, with large communication transmission capacity, high resolution, good penetration, and excellent spectral characteristics.
Because of the widespread installation of cellular communication and wireless sensing, the spectrum resources below 30 GHz
are already crowded, and it is highly desirable to develop a spectrum resource in the terahertz band. However, because of the
large propagation loss in the terahertz band and limited device power, it is necessary to use phased-array systems to provide high
antenna gain and dynamic beam tracking. Therefore, terahertz solid-state phased-array ICs based on advanced compounds and
silicon-based IC processes are the core technical solution of terahertz technology, and have become the focus of research in the
emerging generation of wireless communication and high-precision terahertz radar systems.

In recent years, the cut-off operating frequency and device performance of silicon-based terahertz IC technology have increased
rapidly because of the continuous improvement in compound- and silicon-based IC processes, particularly driven by Moore’s
law. Terahertz solid-state phased-array IC technology significantly improves the performance and reliability of terahertz systems
by improving system integration and reducing the physical size of the system, while also reducing system cost and application
technical requirements. Terahertz solid-state phased IC technology has become an important strategic direction in the field
of electronic information. In 2021, the USA Defense Advanced Research Projects Agency (DARPA) launched the “G-band Array
Electronics” (ELGAR) project, and China has also supported and financed similar research projects in this field. In the future,
terahertz solid-state phased-array IC technology will be further developed for higher frequencies, higher integration, and better
performance.

(7) Artificial-intelligence-based fault diagnosis and detection

Al-based fault diagnosis and detection processes data uses machine learning techniques (e.g., deep neural networks) to achieve
fault detection, diagnosis, and prediction of test objects. In recent years, research on Al-based fault diagnosis and detection
has received extensive attention globally. The main directions include: (1) generalized intelligent fault diagnosis and detection,
adaptability in complex environments, and transferability across different scenarios; (2 interpretable intelligent fault diagnosis
and detection, such as constructing interpretable network models and visualizing the semantic information embedded in features;
(@ intelligent fault diagnosis and detection with weak data quality, such as exploring generative models for data complementation,
and meta-learning-based diagnosis and detection algorithms; (4 information fusion-based intelligent fault diagnosis and
detection, including data-, feature-, and decision-level fusion; ® lightweight intelligent fault diagnosis and detection, such as deep
neural network compression and intelligent models for edge and mobile devices.

Despite the plethora of Al-based fault diagnosis and detection methods, several key bottlenecks remain rarely addressed,
including: (D significant data dependency and lack of mechanism analysis during data mining processes; (2) insufficient research
on boundaries and factors influencing model generalization; 3 lack of research on the mechanism and quantitative standards
for interpretability; @ credibility concerns underlying the deployment of Al models in risk-sensitive scenarios. Based on the
aforementioned issues, accelerating the advancement of intelligent fault diagnosis and detection technology in areas such as
technological innovation, engineering practices, and trustworthy safety will be an important direction for the future development
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of fault diagnosis and detection technology based on Al.
(8) Large-size silicon carbide materials and power chips

Large-size silicon carbide (SiC) materials are mainly SiC single-crystal substrates with a diameter of 6 inches (150 mm) or even
larger. They are used to obtain high-quality epitaxial films for the fabrication of high-performance power chips. Large-scale
deployment of semiconductor SiC materials and chips is emerging, targeting the goals of carbon peaking and carbon neutrality.
As an IV-IV compound semiconductor material, SiC has a wide bandgap, high thermal conductivity, high breakdown field strength,
high electron saturation drift rate, and excellent chemical and thermal stabilities. SiC is expected to be widely used in the field
of power electronics related to renewable energy due to the fact that SiC power devices can work at higher temperature, higher
breakdown voltage and faster switching speed, lower on-resistance, and better durability compared with silicon power devices.

For large-size SiC materials, the main direction of technological innovation is to increase the size and thickness of SiC single crystal
and reduce the defect density of SiC single crystal, enabling lower-cost and higher-quality SiC substrates. The size of SiC single
crystal has increased over the years. The mainstream SiC substrate size is now 6 inches. Research institutions and companies are
competing to develop technologies for 8-inch SiC single crystal and substrates. The thickness of a SiC single crystal is typically in
the range of 10-30 mm. There is still a long way to go in the development of meter-long SiC single-crystal-like silicon single crystal.
For SiC single crystal volume defects, such as micropipes have been almost eliminated. However, the density of other defects, such
as dislocations, remains high, generally on the order of magnitude of 10*/cm’, which needs to be significantly reduced.

SiC diodes have been well developed. In contrast, the performance of SiC metal-oxide-semiconductor field effect transistors
(MOSFETSs) needs to be improved. First, the activation of implanted ions in the injection region of MOSFETs should be improved,
which critically depends on ion implantation and subsequent high-temperature annealing during device fabrication. Second,
optimizing the key parameters for thermal oxidation and annealing to reduce the density of interface defects and oxide defects is
an important issue that should be addressed to enhance the electron mobility and gate-oxide reliability of MOSFETs. Finally, the
reliability of MOSFETs must be significantly improved in terms of gate-oxide growth and post-annealing techniques, short-circuit
robustness, anti-surge and anti-avalanche, and irradiation reinforcement.

(9) Naked eye 3D technology based on light-field technology

Naked eye three-dimensional (3D) technology based on light-field technology refers to a technology that uses light tracing to
construct 3D objects by reproducing elements such as the luminous position in the all-light equation, two luminous angles of the
direction of the observation position, wavelength of light A, and the observation time t, thereby allowing users to directly see “3D
objects in the real world” through their eyes. Compared with traditional naked eye 3D display technology, the light-field display
increases the displacement parallax based on binocular parallax to have ultra-high information density and spatial bandwidth,
providing the user with a retinal-level visual experience.

The concept of the light field was proposed in 1936, and it can be divided into two parts: light-field acquisition (imaging) and
light-field display. Light-field acquisition includes camera arrays, microlens arrays, and pinhole imaging. The light-field display
includes Magic Leap’s scanning type, multiprojection type, Stanford University’s multilayer screen technology, Ricoh’s multifocal
surface, and integrated imaging technology implementation types. The scanning type uses a high-speed projector and a rotating
directional scattering screen to produce a horizontal multiview; however, its equipment and site requirements are strict. The
multiprojection type uses a projection array and a rotating/directional scattering screen to generate a horizontal multiview. Its
equipment size and cost are limited. The multilayer screen type uses a multilayer LCD screen and directional backlight or ordinary
backlight, with the algorithm to achieve a continuous depth-of-field. The current technical bottleneck is focused on algorithm
research. A multifocal surface LCD screen or microdisplay with microlevel zoom lens design could achieve a continuous depth-of-
field with the support of certain algorithms. In addition, the optimal combination between different algorithms is also the most
concerned research content for this field, in order to achieve an ideal continuous depth-of-field finally. Integrated imaging uses a
panel and lens array to achieve a continuous depth-of-field, and a light-field camera to obtain the video source and then reproduce
it by the array lens.
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By using light-field display technology to reconstruct the light-field distribution of 3D objects in space, a 3D display effect that
is close to the natural world can be realized. Therefore, in the future, naked eye 3D technology based on light-field display
will be an important information interaction mode. Ultra-high resolution display panels, which benefit from the continuous
development of semiconductor display technology, expand the possibilities for optical field naked eye 3D display technology.
Combined with eye tracking and motion capture, intelligent interaction under pupillary-level dense viewing points will be
realized gradually.

The advancement of display technology will promote the advancement of the entire industrial chain, including display chips,
high-resolution panel materials, 3D content, and the development of upstream and downstream ecological linkages. With the
gradual improvement of the industrial chain, the naked eye 3D display based on light-field technology will soon achieve industrial
application breakthroughs in medical imaging, detection, and minimally invasive surgery. Additionally, it will enable electronic
industry design automation, online education model innovation, commercial exhibition display, culture, and entertainment.

(10) Augmented reality space operating system

The augmented reality space operating system is a 3D operating system designed for extended reality (XR) devices that enable the
interplay of virtual and real-time interactions and realistic presentations. The primary objective is to weave a virtual space into the
fabric of the real world using spatial perception technology. It supports 3D multimodal user interactions via recognition algorithms,
such as eye tracking and gestures, to construct a spatial application system that enables natural interactions, thereby realizing
multichannel, natural interactive operations within an immersive virtual-reality fusion space. Unlike traditional PC and mobile
operating systems, the augmented reality space operating system underscores the user’s immersive experience in 3D space. This
enables users to append virtual objects to the physical world, thereby enriching the blend of virtual and real presentations and
interactions. The spatial operating system, compared to screen interfaces, promotes more natural and intuitive operations and
interactions, forming the cornerstone of the meta-universe application ecosystem.

The research directions include the followings. (D Spatial application system: We should construct and manage spatial applications
running on XR devices by leveraging the high-performance 3D rendering engine at the system level. This involves defining a
new 3D application system and exploring the most effective ways to design, render, and use 3D applications in space. (2 Spatial
interaction system: Based on a human-centered design concept, we should research and develop a natural, intuitive, and efficient
user interaction mode based on the multimodal interactions of multiple recognition algorithms. (3 Spatial perception fusion: We
should develop efficient algorithms for spatial positioning, tracking, and environmental understanding, enabling XR devices to
better perceive their environment and achieve the seamless integration of virtual content and physical space.

In the future, the augmented reality space operating system may revolutionize the traditional operating system model with a new
spatial application system. Innovative interaction methods, such as eye tracking and gestures, can provide a more realistic and
natural human-machine interface, spatial understanding, perception capabilities, and stronger interactive applications. The final
goal is to achieve efficient acquisition and processing of hybrid and enhanced intelligent information, resulting in experiences that
transcend the real space.

2.2 Interpretations for three key engineering development fronts

2.2.1 Light-controlled phased-array technology

Since the 1890s, phased-array technology has been widely used in wireless communication, remote sensing, security checks,
medical instruments, and imaging systems for both defense and civil applications. As the 21st century witnessed the rapid growth
of the big data market due to the development of 5G/6G mobile networks, 10T, and Al, “optical transmission” started to replace
“electrical transmission” to achieve higher data transmission rates, from which the development of light-modulator, light-switches,
and optical waveguides greatly benefit the application of “optical-modulation concept” in microwave phased arrays to cater for

#&[ Engineering
" Fronts




Information and Electronic Engineering

the demand of low-cost high-performance phased arrays, such as the aforementioned MPPA and OTMPA.

MPPA focuses on the wideband low-cost transmission of phased microwave signal using light as the carrier, thereby improving
the scanning range and bandwidth of phased arrays by greatly reducing the heat emission and transmission loss caused by
large-scale microwave feeding networks and TR modules in conventional phased arrays. Meanwhile, MPPA is advantageous in
its native anti-radiation characteristic because of the different frequencies used for transmitting/receiving and wave guiding,
which is particularly useful in space applications. A recent technological trend is the development of highly integrated on-
chip microwave-photonic modulators with higher precision, dynamic range, scale time delay, and resolution to improve the
scanning ability of phased arrays. Representative research institutes in this technology include Zhejiang University, Tsinghua
University, University of Electronic Science and Technology of China, China Electronics Technology Group Corporation,
University of Ottawa, University College London, USA Naval Research Laboratory, University of Virginia, University of California,
and Osaka University.

OTMPA focuses on the use of light-sensitive materials or components to tune the amplitude/phase distribution over the antenna
aperture and waveguide structures through controllable light rather than a conductive medium such as conductive wires, which
significantly reduces the ohmic loss and surface-wave loss caused by massive complex passive microwave feeding networks and
the power loss caused by conventional active-phase shifters. Consequently, the optical-tuning microwave radiation principle offers
higher gain (owing to scalability), antenna efficiency (owing to simpler feeding), operating frequency (owing to lower ohmic loss
of wave-guiding structures), and degrees of freedom in polarization (owing to wireless optical tuning). Representative research
institutes in this technology include: (D Australian National University, which first proposed the concept and validation of light-
controlled metamaterials in 2012 by combining photonic diodes and varactors; (2) USA Naval Research Laboratory, which patented
the use of light-sensitive films for 1-bit optically tuned reflectarray antennas in 2020; 3 Southeast University and Xidian University,
which combine photon cells and varactors/phototon-resistors for optically tuned reflective metasurfaces of continuous phase
tuning in the C-band in 2020/2022; ) ShanghaiTech University, which first proposed the combination of photon resistors and PIN
diodes for optically tuned reflectarray antennas of 1024 elements and +60° scanning range without grating lobes in the X-band in
2022, represents the latest progress in this field.

Tables 2.2.1 and 2.2.2 summarize global patent applications and publications by different countries and institutes, respectively.
China outperformed all the listed countries in terms of the number of patents, although it ranked fifth in terms of citations per
patent. Conversely, the USA is ranked second in the number and citations of patents, showing higher quality and value of the
patents on average than China. Although the UK and Canada show a high citation per patent, the total number is much smaller
than that in China and the USA. Therefore, China and the USA led the research and development of light-controlled phased-array
technology, followed by Japan and Republic of Korea. In terms of institutions, the top three Chinese institutes that filed the largest
number of patents included Zhejiang University, China Electronics Technology Group Corporation, and Space Star Technology
Co., Ltd; however, the Analog Photonics Limited Liability Company had the highest citation rate, indicating better technology
transfer and industrialization. The important strategic value of this technology to a country, particularly in the area of aerospace,
is immediately seen by a simple glance at the name of the institutes, which may be the reason that little inter-country cooperation
has occurred except between China and Canada.

In the future, light-controlled phase array technology may have to address new market-driven challenges, such as frequency-
spectrum sparsity, increasing working frequency, increasing intelligence and bandwidth, higher integrity at lower cost, and
decreasing footprint. The roadmap of the engineering development front of “light-controlled phased-array technology” is shown
in Figure 2.2.2.

For MPPA, to meet the requirements of () lower power consumption of optical network for beamforming, (2 improved accuracy
of optical time delay, 3 higher space continuity, coverage, and space-time resolution, @ reduced frequency-conversion loss
in scalable systems, and (® high signal-to-noise ratio (SNR) and high gain transmission at low-power laser carrier, the forefront
research topics mainly focus on () the compact and low-power integration of functional components, 2 the exploration and
development of new optical-electrical converting mechanism and devices, 3 the development of high-precision and high
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Table 2.2.1 Countries with the greatest output of core patents on “light-controlled phased-array technology”

Country Published Rercentage of Citations Pe_rce_ntage of Citations per

patents published patents/% citations/% patent
1 China 184 70.77 529 49.76 2.88
2 USA 43 16.54 426 40.08 9.91
3 Republic of Korea 13 5.00 57 5.36 4.38
4 Japan 10 3.85 3 0.28 0.30
5 Russia 4 1.54 3 0.28 0.75
6 UK 2 0.77 42 3.95 21.00
7 Canada 1 0.38 8 0.75 8.00
8 Germany 1 0.38 0 0.00 0.00
9 Israel 1 0.38 0 0.00 0.00
10 India 1 0.38 0 0.00 0.00

Table 2.2.2 Institutions with the greatest output of core patents on “light-controlled phased-array technology”

Institution Published Percentage of Citations Percentage of Citations per

patents published patents/% citations/% patent

1 Zhejiang University 12 4.62 55 5.17 4.58

2 China Electronics Tec.hnology Group 1 462 2 207 1.83
Corporation

3 Analog Photonics Limited Liability Company 9 3.46 129 12.14 14.33

4 Space Star Technology Company Limited g 3.46 26 2.45 2.89

5 Korea Advanced Institute of Science and 6 231 29 273 483
Technology

6 Jilin University 6 2.31 14 1.32 2.33

7 Changchun University of Science and 5 1.92 39 367 7.80
Technology

8 Tsinghua University 5 1.92 34 3.20 6.80

9 National University of Defense Technology 5 1.92 5 0.47 1.00

10 Quanergy Systems Incorporated 4 1.54 33 3.10 8.25

Russia
UK

" ® O

. Canada
Republic of Korea .

. Germany
.Israel

vsa 0

China India

Figure 2.2.1 Collaboration network among major countries in the engineering development front of “light-controlled phased-array
technology”
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Figure 2.2.2 Roadmap of the engineering development front of “light-controlled phased-array technology”

resolution optical-delay components, and (@ the development of low-complexity low-cost and low-power microwave-photonic
transmission link or waveguides.

There are still many original innovative findings and research pending development for the cutting-edge technology of OTMPA,
which emerged in the early 2020s, such as (D increasing the speed and working frequency of optically microwave
switches, @ exploring new mechanisms and methods for light-induced microwave tuning, 3 improving the resolution and
continuity of optically controlled microwave-aperture tuning, @ increasing the contrast ratio of light-sensitive materials and
components, and ® exploring the application of the new technology in multiple contexts of various applications including
wireless communication, remote sensing, data storage, and over-the-air computing in different electromagnetic environment and
platforms.

Finally, the research topics for optical phased arrays mainly focus on the development of high performance optical delay and
modulators for compact, low-cost, low-power optical beamforming with high efficiency and a large field of view. Different types
of optical modulators include (D heat-light modulation for refractive-beam steering by heat-controlled refraction-changing
optical waveguides, @ mechanical-light modulations for reflective-beam steering by rotational micromirrors, 3 electric-light
modulations for refractive-beam steering by light-induced property-changing materials, @ liquid-crystal-light modulations
for refractive-beam steering by voltage-controlled polarization and refraction of liquid crystals, and & phase-changing-light
modulations for refractive-beam steering by phase-changing materials. The various light-modulating mechanisms can be further
leveraged to develop innovative components and devices such as ) wavelength-tunable integrated laser emitter of compact size,
low cost, high power, high speed, high stability against temperature, (2 stacked-lens-based light-splitter with high consistency,
yield rate, and low cost, 3 high performance light-phase-modulators of scalability, high power, high stability, low loss, low cost,
and low noise, and @ an optical-antenna-array with a large scanning range, high modulation efficiency, compact integration, high
space-time resolution, and high antenna efficiency.

In summary, light-controlled phased arrays have the advantages of low cost, high performance, and lower dependence on
precision-fabrication for numerous applications, including but not limited to wireless backhaul microwave communication,
cellular communication, space-terrestrial networks, space-light communication, autonomous driving, radar sensing and detection,
and biomedical health. Specifically, OTMPA may find extensive and promising applications in low-Earth-orbit communication
owing to their advantages of low cost, large bandwidth, high efficiency, and anti-interference characteristics over the coming 5-10
years. OTMPA can be readily adapted to reconfigurable intelligent surfaces for smart relay communication in the next generation of
wireless networks.

2.2.2 Control technology of unmanned systems based on brain—computer interface

In recent years, the rapid advancement of Al technology has accelerated the development of unmanned systems toward
intelligence. However, when faced with various unexpected and abnormal situations, Al-based unmanned systems often fall short
of expectations. Integrating “brain” and “machine” intelligence to fully leverage the advantages of these two forms of intelligence
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is an important direction for achieving intelligent unmanned systems. The development of BCI technology enabled the fusion of
“brain” and “machine” intelligence.

The concept of BCI was first proposed by Jacques Vidal in 1970. It mainly refers to the use of brain signals in human-computer
interactions to control computers or external devices. For a long time, the accuracy and reliability of decoding brain intentions
were relatively low because of limitations in software and hardware conditions that could not meet the control requirements of
unmanned systems. With the recent advancement of BCI technology, not only has it higher accuracy in recognizing active brain
intentions, also passive monitoring of specific brain states. As a result, researchers have begun to combine BCI technology with
unmanned system. Using specific experimental paradigms, such as event-related potentials, steady-state visual evoked potentials,
or motor imagery, accurate extraction of subjective intentions from subjects can be achieved through BCI technology to realize
process control of unmanned systems. However, this process control method is highly inefficient because of the low information
transfer rate of BCI. To address this issue, researchers transformed the recognition results of the BCl into predefined specific
instructions. Unmanned systems independently perform a specific series of actions based on these instructions to achieve brain-
machine collaborative control for multitasking. This improvement greatly enhances the control efficiency of unmanned systems.
However, the brain and machine are still two independent control systems and do not constitute a unified decision making
and control system. Recently, researchers have found that better task performance can be achieved by fusing the brain and
machine through decision or feature layers in tasks, such as target recognition and path planning for unmanned systems. This
transformation has shifted the BCl-based unmanned system technology from unidirectional control to bidirectional interaction and
integration of the brain and machine. In the future, BCI technology will not only provide commands or instructions for unmanned
systems, but will also be deeply integrated into daily tasks such as target recognition, path planning, and task management in
unmanned systems to achieve true human-computer fusion and intelligent enhancement.

Table 2.2.3 shows the distribution of patent outputs at the forefront of engineering development for BCl-based unmanned system
technology. China has an obvious advantage in that ranks first in both patent quantity and citation frequency globally. The number
of patents in China is approximately 15 times that in the second-ranked USA, but the average citation frequency is lower than that
in the USA. Germany is China’s main international cooperation partner, while India is the main international cooperation partner
for the USA; other countries conduct independent research (Figure 2.2.3). Among the Top 10 patent-producing institutions (Table
2.2.4), Beijing Institute of Technology and Academy of Military Medical Sciences affiliated with the Chinese People’s Liberation
Army produced the most patents, but only by a small margin compared with the other eight institutions. In terms of average
citation frequency, Southeast University ranks the highest, followed by Shanghai University, Tianjin University, and Beijing Institute
of Technology; their data are similar. Furthermore, all the Top 10 institutions are from China, demonstrating China’s high level of
attention and strong research and development capabilities in this field.

Figure 2.2.4 shows the development direction of the control technology of the unmanned system based on brain-computer
interfaces. In the future, portable, high-SNR, and high-throughput EEG signal acquisition equipment will enable more accurate
decoding of brain functions, including functional near-infrared spectroscopy, and eye movement information, because of the
development of brain-computer interface technology. Multimodal physiological signals are expected to be integrated to achieve
synchronous acquisition, which will enhance the reliability of brain-computer interfaces. Consequently, brain-computer
control methods will progress from discrete control methods with low degrees of freedom to continuous control methods with
high degrees of freedom. At this stage, the intelligence of the unmanned system will progress from a simple combination of the
brain and computer to a hybrid intelligence of brain-computer fusion. This marks a deep integration of the brain and machine
at the decision-making level, expanding unmanned systems to respond to unknown and unexpected situations and effectively
handle emergencies. As the brain-computer interface and Al technology continue to develop and integrate further, the brain-
computer control method will develop into task-level control. During this phase, the unmanned system itself becomes more
intelligent, and the brain is responsible for higher-level cognitive decision-making tasks. At this stage, “brain” and “machine”
will be deeply integrated at the information layer, and the two-way information perception and decision-making fusion will
eventually form an integrated intelligent system, which is characterized by the synergistic effect of “brain” and “machine,”
enabling them to jointly solve problems and expand cognitive abilities. Ultimately, this advancement will enable unmanned
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Table 2.2.3 Countries with the greatest output of core patents on “control technology of unmanned systems based on brain—computer

interface”
Country Published Rercentage of Citations Pe_rce_ntage Citations per

patents published patents/% of citations/% patent
1 China 370 79.74 1047 77.90 2.83
2 USA 25 5.3 129 9.60 5.16
3 Republic of Korea 20 4.31 64 4.76 3.20
4 India 19 4.09 12 0.89 0.63
5 Japan 11 2.37 24 1.79 2.18
6 Germany 5 1.08 10 0.74 2.00
7 France 4 0.86 23 1.71 5.75
8 Barbados 2 0.43 27 2.01 13.50
9 Russia 2 0.43 4 0.30 2.00
10 Brazil 2 0.43 0 0.00 0.00
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.Russia
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Figure 2.2.3 Collaboration network among major countries in the engineering development front of “control technology of unmanned
systems based on brain—computer interface”

Table 2.2.4 Institutions with the greatest output of core patents on “control technology of unmanned systems based on brain—computer
interface”

Published Percentage of

Citations Percentage Citations per

institution patents published patents/% of citations/% patent

1 Beijing Institute of Technology 8 1.72 51 3.79 6.38

Academy of Military Medical Sciences, PLA Academy

2 o7 Ny S 8 1.72 25 1.86 3.12
3 Tianjin University 7 1.51 45 3.35 6.43
4 Northwestern Polytechnical University 7 1.51 19 1.41 2.71
5 Shanghai University 6 1.29 39 2.90 6.50
6 Beihang University 6 1.29 30 2.23 5.00
7 Xi’an Jiaotong University 6 1.29 27 2.01 4.50
8 Southeast University 5 1.08 38 2.83 7.60
9 Zhejiang University 5 1.08 20 1.49 4.00
10  Beijing University of Posts and Telecommunications 5 1.08 9 0.67 1.80
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Figure 2.2.4 Roadmap of the engineering development front of “control technology of unmanned systems based on brain—computer
interface”

Degree of
intelligence

systems to handle complex problems better and complete difficult tasks. From a practical standpoint, the current unmanned
system technology based on brain-computer interfaces has undergone initial principle verification and entered the product
research and development stage. It is expected that within 10 years, it will progress from principle prototypes to small-scale
applications and eventually reach the multifield promotion and application stage. Brain-computer fusion is an inevitable trend
in the development of unmanned systems based on brain-computer interfaces. The integration of “brain” and “machine” dual
intelligence can bring many innovations and applications, and is expected to be used in traffic safety, aerospace, navigation,
assistance for the elderly and disabled, medical assistance, rescue and disaster relief, industrial control, and other fields to
produce more positive impacts.

2.2.3 Computing power network construction technology for diverse computing

With the rapid development of big data and Al technology, the demand for computing power and storage capacity in various
industries is increasing. The main goal of computing power network construction technology for diverse computing is to build
a computing power network that can meet the needs of heterogeneous computing to improve computational efficiency, reduce
energy consumption, and solve the problems of insufficient computing and resources encountered by the traditional computing
model when dealing with large-scale data and complex tasks. Computing power network construction technology for diverse
computing can combine various computing resources to form a powerful computing power network that can better meet the
computational needs of different application scenarios and realize efficient data computation and processing.

Computing power network construction technology for diverse computing has broad application prospects because it can
integrate and optimize computing resources to achieve efficient computing capabilities. Governments worldwide are implementing
several important plans for resource sharing between computing and data centers, and they have made some progress. The U.S.
government has launched XSEDE, a federal program for sharing high performance computing and data resources to connect
multiple high performance computing centers through a network to provide researchers and engineers with various computing
and data resources. The European Union promoted the European Supercomputer Program (EuroHPC) to establish a Europe-
wide supercomputing network to provide European research institutions and industry access to high performance computing
resources through the PRACE supercomputer consortium. In addition, technology giants such as Google, Microsoft, and Amazon
have launched their respective distributed cloud services or distributed computing engines to realize the cross-regional sharing
and scheduling of large-scale resources. In the research field, the Lawrence Berkeley National Laboratory and Los Alamos National
Laboratory in the USA have explored and experimented with large-scale scientific data sharing and the application of a unified
runtime framework.
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In China, research in this area is mainly conducted by scientific research institutions, universities, and telecommunication
operators. In the context of the construction of channel computing resources from east to west and the Supercomputing Internet,
the Computer Network Center of the Chinese Academy of Sciences has taken the lead in building a national high performance
computing environment, effectively integrating high performance computing resources, and providing high performance
computing services through a unified access portal. Emerging computing sharing platforms, such as the Integrated Computing
Power Network of Shandong Province and China Smart computing power network led by Jinan Supercomputing and Peng Cheng
Laboratory, are also developing, effectively promoting the interconnection and synergy of computing, data, software, and other
resources in various provinces and municipalities.

Globally, several countries and regions are conducting research in this field. As shown in Tables 2.2.5 and 2.2.6, the USA is the
country with the largest patent output in this field, accounting for 74.45%, indicating that the USA is a world leader in computing
power network construction technology for diverse computing, with representative organizations such as U.S.-based EMC IP
Holdings and International Business Machines Corporation. China has the second-largest patent output, accounting for 17.71%.

Computing power network construction technology for diverse computing usually requires close cooperation among multiple
institutions and enterprises to achieve data sharing, technology synergy, and resource optimization. There is little cooperation
among institutions and enterprises globally (Figure 2.2.5), and only the USA and India have cooperated, and the cooperation
network among institutions has yet to be formed. Therefore, there is an urgent need to create cooperation network among
countries and institutions to promote the development and application of this technology through joint scientific research,
technology exchange, and project cooperation.

As shown in Figure 2.2.6, computing power network construction technology for diverse computing has the following key
development directions in the next 5-10 years.

1) Computing power network architecture optimization: Perform computing power network architecture design and topology
optimization based on Y.2501 computing power network framework. Better scheduling and management of computing resources
will improve computing power and performance by establishing a more flexible and efficient basic communication network
structure.

2) Heterogeneous resource convergence: In computing power networks, the convergence of different types of computing resources,
such as central processing units, graphics processing units, and field-programmable gate arrays, will continue to evolve in-depth.
Computing power networks will better use these heterogeneous resources to provide more efficient computing capabilities as
computing resource innovations and performance improvements continue. For example, more powerful and efficient gas pedals,
new server architectures, and processor designs have emerged to drive the development of computing power networks.

3) Cross-domain resource management and task collaboration: The goal of cross-domain resource management and task
collaboration is to achieve the efficient use of computing resources and high performance in task execution. Computing power
networks can make full use of computational resources from different domains through cross-domain resource management
and task collaboration, improve resource utilization and performance, and collaborate in the execution of multiple tasks
simultaneously to achieve more efficient computation and data processing. This is critical for promoting the development and
application of diverse computing.

4) Computing operation and trading: computing trading is an important means of realizing spontaneous market regulation in
the computing power network system and coordinating the benefits of each service subject. To realize reasonable billing, it is
necessary to establish a spatiotemporal model of resource use through multidimensional and multigranular information collection
of computing resource usage and load indicators to realize reasonable billing.

5) Convergence of Al and computing power network: The rapid development of Al technology will converge with computing power
network to provide more powerful intelligence and learning capabilities for computing tasks. The computing power network
will realize intelligent resource management and automated decision making by integrating Al algorithms and technologies,
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Table 2.2.5 Countries with the greatest output of core patents on “computing power network construction technology for diverse
computing”

Country Published
patents

USA 475
China 113
Germany 9
Canada 7
Russia 7
UK 7
India 5
Netherlands 4
Japan 2
Ireland 1

Percentage of

Citations

published patents/%

74.45
17.71
1.41
1.10
1.10
1.10
0.78
0.63
0.31
0.16

2476
328
11
24

22

147

Percentage of
citations/%

81.61
10.81
0.36
0.79
0.73
0.26
0.16
0.00
0.13
4.85

Citations per
patent

521
2.90
1.22
3.43
3.14
1.14
1.00
0.00
2.00
147.00

Table 2.2.6 Institutions with the greatest output of core patents on “computing power network construction technology for diverse
computing”

10

Published
patents

EMC IP Holding Company 67

Institution

International Business Machines

. 4
Corporation 3
Bank of America Corporation 41
Nuance Communications Incorporated 25
ReliaQuest Holdings Limited Liability 18
Company

Microsoft Technology Licensing Limited

s 15
Liability Company
Gamalon Incorporated 11
Intel Corporation 10
Beijing University of Posts and 9
Telecommunications

Shandong Inspur Science and Technology 9

Academy Company Limited

Percentage of

Citations

published patents/%

10.50

6.74

6.43
3.92

2.82

235

1.72
1.57

1.41

1.41

168

208

142
110

26

49

49
12

53

Percentage of
citations/%

5.54
6.86

4.68
3.63

0.86

1.62
0.40

0.03

Citations per
patent

2.51

4.84

3.46
4.40

1.44

3.27

4.45
1.20

5.89

0.11
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Figure 2.2.5 Collaboration network among major countries in the engineering development front of “computing power network
construction technology for diverse computing”
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Figure 2.2.6 Roadmap of the engineering development front of “computing power network construction technology for diverse computing”

such as deep learning, machine learning, and natural language processing, to provide more intelligent and adaptive computing

capabilities.

6) Enhancement of security and privacy protection technologies: With the use of large-scale data and the distribution of computing
resources, protecting data security and privacy will become an important concern in the development of computing power
networks. Future computing power networks will enhance security techniques, such as data encryption, access control, and
authentication, to ensure the security of computational tasks and data, and the protection of privacy.

In the future, computing power network construction technology for diverse computing will gradually become the core technology
for data processing and analysis in various fields and will be widely used in cloud computing, big data analysis, Al, loT, and other fields
to promote the development and innovation of these fields. In addition, this technology has great development potential to provide
more efficient and intelligent solutions for public safety, smart cities, medical health, industrial manufacturing, and other fields.

é‘!,',’,’ Engineering
" Fronts

73



A

-/

74

Part B Reports in Different Fields

Participants of the Field Group

Review Members of the Expert Group
Leaders: PAN Yunhe, FEI Aiguo

Members (in alphabetical order):
Group 1: LIU Zejin, LUO Xiangang, LYU Yueguang, TAN Jiubin, ZHANG Guangjun
Group 2: DING Wenhua, DUAN Baoyan, HE You, WU Weiren, YU Shaohua

Group 3: CHAI Tianyou, CHEN Jie, FAN Bangkui, FEI Aiguo, LIAO Xiangke, LU Xicheng, PAN Yunhe, ZHAO Qinping

Subject Convenors (in alphabetical order)
CHEN Wenhua, CHENG Peng, LI Dongsheng, LIU Dong, LIU Jianguo, LIU Wei, LU Zhengang, Pl Xiaodong, XIN Bin, YANG Yi, ZHANG
Jianhua

Library and Information Specialists
Literature: LI Hong, ZHAO Huifang, XIONG Jinsu, WANG Kaifei, CHEN Zhenying

Patent: YANG Weigiang, LIANG Jianghai, LIU Shulei, HUO Ningkun, WU Ji, LIU Yi, YANG Zining

Report Writers (in alphabetical order)
For the engineering research fronts: CHEN Xiaoming, FANG Chongrong, GAO Fei, HAN Yahong, HAN Yu, HE Jianping, JIN Shi, LI
Ge, LIU Jianguo, LUO Junwei, WU Fei, XIE Tao, YU Haiyang, ZHANG Ying, ZHOU Ye, ZOU Canwen

For the engineering development fronts: CHEN Wenhua, FANG Bin, GAO Yang, HAO Aimin, HUANG Shanguo, LIN Fenghan, LIN
Jing, LIU Sha, LUO Huan, PI Xiaodong, TANG Zhuo, XIE Songyun

Working Group
Liaisons: GAO Xiang, ZHANG Jia, ZHANG Chunjie, DENG Huanghuang

Secretaries: ZHAI Ziyang, CHEN Qunfang, YANG Weigiang, HU Xiaonv

Assistant: HAN Yushan

#&[ Engineering
" Fronts




Chemical, Metallurgical, and Materials Engineering

lIl. Chemical, Metallurgical, and Materials
Engineering

1 Engineering research fronts

1.1 Trends in Top 11 engineering research fronts

The Top 11 engineering research fronts as assessed by the Field Group of Chemical, Metallurgical, and Materials Engineering
are shown in Tables 1.1.1 and 1.1.2. “Design and process optimization of low-carbon and energy-saving metallurgical reactors”,
“integrated monolithic electrodes for highly efficient electrochemical energy storage”, and “efficient preparation and catalytic
mechanism of super-dispersed single-atom alloy catalysts” were recommended by experts directly. The other fronts were chosen
by a panel of experts using core-paper statistics provided by Clarivate. Topics on “electrocatalysis, monoatomic catalysis and
intrinsically safe battery” are still hot topics, with more than 200.00 citations per paper (Table 1.1.1). However, the annual number

of core papers for all topics is decreasing (Table 1.1.2).
(1) Renewable energy-driven bioconversion of carbon dioxide to chemicals, fuels, and materials

Biological carbon dioxide (CO,) sequestration, which is a clean and highly efficient technique, is indispensable for realizing
carbon peak and carbon neutrality goals. Renewable energy-driven bioconversion of CO, takes full advantage of biological CO,
sequestration. In this technique, renewable energy, such as light or electricity, is used as a substitute for chemical energy to provide
energy and reducing equivalents for biological carbon sequestration pathways that produce chemicals, fuels, and materials. To
date, relevant research has focused on in vitro multi-enzyme-based CO, sequestration and whole cell-based CO, sequestration

Table 1.1.1 Top 11 engineering research fronts in chemical, metallurgical, and materials engineering

Engineering research front Core papers Citations Citations per paper Mean year

Renewable energy-driven bioconversion of carbon dioxide to chemicals,

1 . 92 13 644 148.30 2018.9
fuels, and materials
2 Chaotic nonlinear enhancement technology of metallurgical flow field 120 9337 77.81 2018.9
3 High-performance electrocaFalysts anq <.elec.troly5|s systems for CO, 107 25965 242,66 2018.8
conversion and utilization
4 In situ molecular/atomic scale chara.cterlzatlc.>r.1 of heterogeneous 76 9481 124.75 2018.7
catalysts under reaction conditions
5 Design and process optlmlzatlor.\ of low-carbon and energy-saving 82 3788 46.20 2018.5
metallurgical reactors
6 Rational design and fabrlcaFlon of special alloys for cryogenic 148 13642 92.18 2018.7
environments
7 Integrated monolithic electrodes for highly efficient electrochemical 109 14356 13171 2018.4
energy storage
8 Research on high-strength high-toughness and low-density steel 59 3246 55.02 2018.4
9 Efficient preparation and catalytic mechanism of super-dispersed single- 61 13197 215.20 2019.0
atom alloy catalysts
10 Selective confined mass transport membrane for ion separation 81 9394 115.98 2019.0
11 Intrinsically safe battery systems for renewable energy storage 131 31898 243.50 2018.6
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Table 1.1.2 Annual number of core papers published for each of the Top 11 engineering research fronts in chemical, metallurgical, and
materials engineering

Engineering research front 2017 2018 2019 2020 2021 2022

Renewable energy-driven bioconversion of carbon dioxide to chemicals,

! fuels, and materials 16 21 26 o 12 0
2 Chaotic nonlinear enhancement technology of metallurgical flow field 26 25 30 21 15 3
3 High-performance electrocatcalysts anc! glec.trolysw systems for CO, 20 % 29 2 8 )
conversion and utilization
4 In situ molecular/atomic scale chara.cterlzatler) of heterogeneous catalysts 20 18 17 12 6 3
under reaction conditions
5 Design and process optlmlzatlor} of low-carbon and energy-saving 23 28 13 9 7 )
metallurgical reactors
6 Rational design and fabrlcaFlon of special alloys for cryogenic 43 25 37 23 16 4
environments
7 Integrated monolithic electrodes for highly efficient electrochemical 37 21 28 16 7 0
energy storage
8 Research on high-strength high-toughness and low-density steel 23 10 13 6 7 0
9 Efficient preparation and catalytic mechanism of super-dispersed single- 8 13 17 14 9 0
atom alloy catalysts
10 Selective confined mass transport membrane for ion separation 10 20 22 22 6 1
11 Intrinsically safe battery systems for renewable energy storage 33 32 30 28 8 0

driven by light/electricity. The main goals have been (D the construction of new biological carbon sequestration pathways, @ the
design and preparation of new biocompatible photo- or electrocatalytic materials, and 3) the adaptation of biocatalytic modules
and photocatalytic modules. Bioconversion of CO, driven by renewable energy is a green process with a green raw material and
green product. However, the overall energy efficiency of this technology is unsatisfactory, and there are still some bottlenecks
in industrial applications. For future advances, the following directions are suggested: in situ characterization techniques for
clarification of energy exchange mechanisms between biocatalysts and artificial catalysts to deepen the understanding of the
coupling processes; core technologies for the rational design of enzymes and microbial cell factories to produce high-quality
biocatalysts with high efficiency and adaptability and to further increase productivity; and advanced reactors and separation
media to establish an integrated equipment and technology system for raw material supply, process intensification, and product
separation engineering.

(2) Chaotic nonlinear enhancement technology of metallurgical flow field

In metallurgical processes, the interplay of flow, heat/mass transfer, and reaction involves intricate nonlinear dynamic mechanisms
and multi-scale spatiotemporal characteristics. These features pose formidable challenges for the design, optimization, and
operation of metallurgical reactors. Chaotic nonlinear enhancement of metallurgical flow field integrates knowledge from fluid
dynamics, chaos theory, and nonlinear science. This aims to uncover the coupling and scale-up theory governing the interplay of
flow, heat/mass transfer, and reaction in metallurgical reactor processes. Inherent connections between chaotic characteristics
of the fluid phase, destabilization of intermediate steady flow structures, and enhancement through chemical chaos are
elucidated. By constructing a correlation model between chaotic flow and temperature field-flow uniformity, the relationship
between chaotic flow and temperature field-flow uniformity is precisely delineated. Leveraging the coupling mechanism between
chaotic mixing characteristics, field uniformity, and the formation, transport, and conversion of multi-scale flow structures, this
technology enhances heat and mass transfer efficiency by modulating the chaotic behavior of bubble clusters. This technique
offers a fresh regulatory approach for topological coupling of complex multiphase flow patterns in metallurgical furnaces, and
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effectively addresses the challenge of accurately describing the cooperative nature of the flow field-temperature field during the
enhancement process and intensified heat transfer via bubble cluster agitation. This theory is promising for further development
of extreme and unconventional metallurgy, large-scale equipment, and intelligent metallurgy.

(3) High-performance electrocatalysts and electrolysis systems for CO, conversion and utilization

In the overall energy and environmental system, green and efficient conversion and utilization of CO, is important for realizing
efficient conversion of low-carbon energy. Among the available methods, CO, capture, utilization, and storage technology has
gradually become the key technology to cope with climate change and achieve the goals of carbon peak and carbon neutrality.
Currently, green electricity provided by renewable energy sources such as solar energy and wind energy drives the catalytic
conversion of CO,. This solves the problem of excessive CO, emissions and realizes the direct conversion of intermittent electric
energy into chemical energy, which is important for achieving carbon balance and optimizing energy consumption. The
research on CO, electrocatalytic conversion has focused on the following aspects: (D the use of in situ spectroscopy to monitor
key intermediates in the CO, reduction reaction (CO,RR), and construction of the reaction network in the catalytic conversion
process of CO, using theoretical calculations; (2 design and development of high-performance electrocatalysts, regulation and
optimization of the catalyst structure, and study of the structure-activity relationship between the catalyst and CO,RR performance;
and @ design and optimization of the electrode structure and adjustment of the entire electrolytic reactor to control the operation
of the reaction system and use its modular characteristics to achieve regulation and optimization so that each index meets
the requirements of industrial application. Further development of CO,RR requires improvement of the long-term continuous
operation stability of the electrocatalyst and expansion of the scale of the CO, electrolyzer. Additionally, the target for practical
application, the economics of the product, market supply, and demand need to be determined. The final product separation and
recovery costs of excess CO, feedstock gas and electrolyte also require further design management.

(4) In situ molecular/atomic scale characterization of heterogeneous catalysts under reaction conditions

The structure and surface/interface properties of a catalyst are directly related to the catalytic performance and provide
direct evidence for modeling. The active sites of catalysts and coordination environment change dynamically during catalytic
reactions, and their spatiotemporal evolution provides vital information for the rational design of heterogeneous catalysts. The
characterization of these surface/interface structures and chemistry, especially in situ characterizations under relevant reaction
conditions, is important for elucidating the mechanisms. State-of-the-art in situ characterization techniques for heterogeneous
catalysts at the molecular/atomic scale under various reaction conditions include in situ electron/scanning probe microscopy, in
situ infrared/Raman spectroscopy, and X-ray photoelectron/absorption spectroscopy. Research has focused on (D revealing the
structural active sites of specific reactions through in situ atomic-scale observation of dynamic structure changes of heterogeneous
catalysts for rational design of atom-precise new catalysts; @ revealing the chemisorption and dissociation of molecules
at the catalyst surface and determining the intermediates and their spatiotemporal distributions to elucidate the entire
reaction route; and 3 combining multiple characterization methods and model catalysts to relate structural and chemical active
sites for critical chemical reactions.

(5) Design and process optimization of low-carbon and energy-saving metallurgical reactors

In the process of size amplification, structure adjustment, and process optimization of super-large or special smelting equipment,
a lack of a theoretical basis often leads to equipment amplification distortion, operation instability under changeable working
conditions, and amplification mismatch between the theoretical model and practical equipment. This can lead to high energy
consumption of the metallurgical reactor and smelting process. The operation process involves complex concentration-melt-
rich oxygen jets, electric-magnetic-flow-heat-particles-components multi-fields, cooperative coupling between microscopic
response, mesoscopic motion, and macroscopic operation, and requires size amplification in the design of low carbon smelting
equipment and fine optimization for processes of dynamic test and simulation methods. Future research should focus on
developing new methods for quantitative visual characterization of the flow field in a cold simulated multiphase system. For the
cold state test model of large equipment using similarity theory, visual analysis techniques such as high-speed dynamic recording
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of flow field characteristics and PIV (particle image velocimetry), quantitative measurement techniques such as image analytical
processing, mixing time determination, and chaos mathematical analysis can be used to realize quantitative characterization of
the mixing degree of the nonlinear flow field. Furthermore, studies should look at the multi-field coupling mechanism of electric-
magnetic-flow-heat-particles-components in gas-liquid-solid multiphase systems, including various transfer processes and
metallurgical chemical reaction rules in actual metallurgical reactors. The results could be used to simulate and analyze the
cooperative coupling laws of single and multiple associated reactors to optimize and improve the existing process and develop

new carbon energy-conserving metallurgical processes and reactors.
(6) Rational design and fabrication of special alloys for cryogenic environments

Governments around the world are focusing on innovation and development of equipment in clean energy, aerospace, and other
areas. Key components in the equipment often experience cryogenic environments, such as superconducting coils of magnetic
confinement fusion reactors (~4 K), aerospace liquid oxygen/liquid hydrogen engines (~20 K), and wind tunnels with high Reynolds
numbers (~77 K). This results in the need for exceptionally stringent requirements for the involved special alloys. Currently, special
alloys in cryogenic environments face various challenges including inferior performance, ambiguous regulation mechanisms
for their microstructures and properties, and immature preparation processes. These challenges largely limit improvements in
aircraft manufacturing technology and the utilization of clean energy. There are many scientific problems that need to be solved
in the rational design and preparation of special alloys for cryogenic environments. First, precise control of phase stability is
required during cryogenic service. This mainly includes the mechanism of the austenite stacking fault energy in special alloys
under cryogenic conditions, the effective control of phase stability, and the role of their interactions in different cryogenic
properties, which in turn guides the alloy composition design and fabrication process. Second, systematic study is required for the
multiphase microstructure evolution behavior and the strengthening and toughening mechanism during the integrated processing
of melting-forging/rolling-heat treatment-welding for cryogenic special alloys. This includes the principle of forward/reverse
phase transformation, alloy element partitioning, precipitation control, and cryogenic deformation. The microstructure-property
relationships need to be determined among typical processing routes, multiphase microstructure components, and mechanical
properties. Third, in complex cryogenic environments, it is necessary to study the failure modes and mechanisms under multi-
field coupled service conditions with highly corrosive media over wide temperature ranges and under cyclic loading. This should
include the mutual matching mechanism of multiple mechanical and physical properties at low temperatures, cryogenic failure
behaviors under the coupling of thermal fatigue, wear, and corrosion, and the relationship between service performance and
failure mechanisms. The results could be used to provide guidance for alloy design and fabrication process optimization of the
cryogenic special alloys.

(7) Integrated monolithic electrodes for highly efficient electrochemical energy storage

Lithium-ion batteries occupy the majority of the market in the field of electrochemical energy storage. However, their present
energy densities and power densities still need to be improved to meet growing social development. It is important to develop
a new generation of lithium batteries with high specific energy, high power density, high stability, long life spans, high safety,
and low cost. The key to achieving this goal is to have a clear understanding of the electrochemical energy storage mechanism
of each involved active electrode material, and to carry out system design at the level of cell components and the overall
electrode architecture. Therefore, research has focused on the design and fabrication of integrated monolithic electrodes with
various compositions and structures. The developed electrodes will have excellent ion-electron mixed conductivities and could
eliminate the use of inactive components such as binders. They will also have a suitable pore structure to maintain high structural
stability during the charge-discharge process. To date, the research in this area has focused on the following aspects: advanced
electrode structure design, simple electrode fabrication strategies, design and selection of current collectors and loading of
active components, increasing the loading mass of active materials in area and volume, improving the conductivity of the
overall electrode, matching of cathodes and anodes (construction of a full cell), development of flexible or thick electrodes, and
determining the working or electrochemical reaction mechanism of the electrode. The structural design and simple fabrication of
integrated monolithic electrodes with high active material loads are technical bottlenecks that need to be solved in this field.
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(8) Research on high-strength high-toughness and low-density steel

Low-density steel, also known as lightweight alloy steel, is a lightweight material that reduces the density of the alloy by adding
lightweight elements such as Al, Mn, and C. Research has shown that adding Al at a mass fraction of 1% can reduce the density of
the steel by 1.3%. Low-density steel has broad application prospects in lightweight and safe service in vehicles, ships, aerospace
and military fields. At the beginning of the 21st century, a study by the Max Planck Society in Germany showed that Fe-Mn-A1-C
high-strength, high-toughness, and low-density steel had excellent potential for mass reduction, which was a driver for research on
the use of low-density steel in automobiles. In 2015, POSCO in Republic of Korea trialed industrial production of rolling low-density
steel, and in 2022, Xingcheng Special Steel in China trialed industrial production of high-strength, high-toughness, and low-density
steel plates. Additionally, companies such as JFE and Nippon Steel in Japan, ThyssenKrupp in Germany, and Baowu and Ansteel in
China have conducted research on and trialed production of low-density steel. However, further development and application of
high-strength, high-toughness and low-density steel are restricted, due to factors such as manufacturing costs, surface quality and
application technology. To date, research on high-strength, high-toughness, and low-density steel has focused on Fe-Mn-Al-C low-
density steel. The main research directions include single ferrite steel, ferrite-based dual-phase steel, austenite-based dual-phase
steel, and austenitic steel. There are still many scientific issues that need to be studied for the composition design, microstructure
control, and service performance of Fe-Mn-Al-C low-density steel.

(9) Efficient preparation and catalytic mechanism of super-dispersed single-atom alloy catalysts

Single-atom alloy catalysts (SAACs) are usually prepared by dispersing a single atom of an active metal (typically a precious metal)
in a second metal support (commonly a non-precious metal). SAACs have attracted attention in recent years because they have
high utilization efficiency of noble metal atoms, high catalytic activity, and high selectivity. Since Sykes and colleagues proposed
the concept of SAACs [Pd;/Cu(111)] in 2012, scientists worldwide have explored various preparation methods of SAACs and
gradually applied them to catalytic reactions such as fuel cells, electrolytic water, selective hydrogenation, and CO oxidation. To
date, research on SAACs has focused on three aspects. First, exploring facile and efficient strategies to prepare SAACs with high
atom pairing ratios and to precisely adjust the interactions between the active site and surrounding atoms. Second, revealing
the structure-activity relationship between single-atom alloy structures and catalytic performance and the catalytic mechanism
at the atomic level using in situ fine structure analysis and theoretical calculations. This could be used to provide a theoretical
basis for the rational design of functional SAACs. Third, developing macro-preparation process for SAACs with adjustable noble
metal loading, which will bridge the gap between fundamental research and industrial application. Because of their low noble
metal loading and excellent catalytic activity, selectivity, and stability, super-dispersed SAACs will be key for the development of
industrial catalysis.

(10) Selective confined mass transport membrane for ion separation

lon-selective separation is an important area of membrane separation technology. This technique has been applied to lithium
extraction from salt lakes, saltwater purification, high-salinity wastewater resource recovery, and flow batteries. The performance
of traditional polymer membrane materials is restricted by the trade-off effect, where flux and selectivity cannot be improved
simultaneously. Confined mass transfer membranes, which can be constructed using artificially engineered channels at the sub-
nanometer scale, have unique mass transfer characteristics and are promising for use in this area. Currently, research on selective
ion-transport membranes is divided into two areas. The first involves the fundamental exploration of separation mechanisms to
explore the factors influencing mass transfer dynamics and selectivity at the microscale, such as the channel geometric structure
and interfacial physicochemical properties. The results from this could aid in membrane design. The second involves the design
of membrane materials to achieve ultrafast mass transfer using materials with different sizes, functional groups, and interfacial
charges, such as COFs and MOFs. Future research will look at in situ visualization of confined channels to establish an effective
connection between ideal mass transfer models and the actual performance of separation membranes. This will be achieved
through the manufacture of confined transport membranes with high mass transfer rates and selectivity, the transition from
laboratory-scale specifications to large-scale production, and realization of industrial development.
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(11) Intrinsically safe battery systems for renewable energy storage

Large-scale energy storage stations have strict requirements for battery safety. An intrinsically safe battery is one with an inner safety
mechanism, which can improve the safety performance in the internal structure, and materials that can effectively prevent and control
dangerous situations such as thermal runaway, explosion, and leakage. Current research in the field of intrinsically safe batteries is
creating new breakthroughs. Scientists are committed to developing new materials and optimizing the battery structure to improve
the intrinsic safety performance and electrochemical performance of batteries, for example, by the addition of flame retardants to
effectively inhibit the combustion of electrolytes, development of intrinsic flame-retardant polymer electrolytes to improve the safety
of solid-state batteries, and suppression of lithium dendrite to improve the safety of lithium metal anodes. Research on intrinsically
safe batteries has focused on the following aspects: improving the electrochemical stability to prevent side reactions, electrolyte
decomposition, or instability of electrode materials during charging and discharging; improving the thermal safety of batteries in high-
temperature environments by developing non-flammable (or flame-retarding) battery materials and upgrading the battery thermal
management system to prevent overheating from causing battery runaway, combustion, or explosion; improving the mechanical
stability of the battery by addressing external impact and internal stress of the battery to avoid safety hazards such as battery rupture
or an internal short circuit; and replacing the traditional organic electrolytes with solid electrolytes or aqueous electrolytes to improve
the safety and stability of the battery and solve the problems of combustion and leakage of organic electrolytes.

1.2 Interpretations for three key engineering research fronts

1.2.1 Renewable energy-driven bioconversion of carbon dioxide to chemicals, fuels, and materials

Many countries and regions have development strategies for green biorefineries. The 14th Five-Year Plan in China highlights
that deep integration of the energy and manufacturing industries with biotechnology will be required to establish a green, low-
carbon, and non-toxic circular economy. The Bold Goals for U.S. Biotechnology and Biomanufacturing plan is to achieve gigaton-
level CO, fixation through bioconversion within the next 9 years at a cost of less than $100 per metric ton. The use of renewable
energy to drive the process of bioconversion of CO, to chemicals, fuels, and materials reduces carbon emissions, which is a focus
for biorefineries. This will lower human dependence on fossil energy to trigger a change in industrial patterns and facilitate
the transition to a green economy. Since third-generation biorefineries were proposed in 2020, research on biological carbon
sequestration coupled with photocatalysis and electrocatalysis has developed rapidly to achieve carbon peak and carbon
neutrality goals. Various pathways and mechanisms have been developed. Biocatalysts can directly take up electrons provided
by photo- and electrocatalysts for CO, sequestration, and use formic acid, acetic acid, methanol, and other primary products of
CO, reduction for fermentation. Enzyme engineering and synthetic biology has rapidly progressed and expanded the product
spectrum of biological carbon sequestration driven by renewable energy. A series of products, including raw material chemicals
such as L-lactic acid, dihydroxyacetone, glycolic acid, and biodegradable plastics such as PLA and PHA, can be produced with CO,
as the only carbon source. However, compared with traditional methods conducted under high temperature and pressure, there
is an efficiency bottleneck for the use of renewable energy to drive biological carbon sequestration. The main solutions to this are
development of highly active enzymes and strains and rational design of efficient biological pathways for carbon sequestration;
improvement of the utilization of renewable energy and development of photo- and electrocatalysts with bioaffinity and low
toxicity; and optimization of the thermodynamic and kinetic adaptation of artificial modules and biocatalytic modules, or
decoupling of these modules to ensure optimum efficiency.

The main countries with the greatest output of core papers in recent years on “bioconversion of carbon dioxide to chemicals, fuels,
and materials driven by renewable energy” are shown in Table 1.2.1, and the main institutions are shown in Table 1.2.2. The main
contributor to these core papers is China (41.3% of the total), followed by the USA, India, Republic of Korea, and Germany (all >
10% of the total). The main institutions in China are Chinese Academy of Sciences and Tianjin University. Figures 1.2.1 and 1.2.2
show the collaboration network among major countries and among major institutions. Scientists have established extensive global
collaborations in this field. China’s largest collaborator is the USA. Among the cited core papers, China accounted for 52.02% of
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the total (Table 1.2.3 and 1.2.4). Among the top ten major producing institutions of the citing papers, all, except for King Abdulaziz
University, were Chinese universities or institutes. These institutions included Chinese Academy of Sciences, Jiangsu University,

and Tsinghua University.

Renewable energy-driven bioconversion of CO, to chemicals, fuels, and materials has developed rapidly in recent years. A roadmap
for the engineering research front of “renewable energy-driven bioconversion of carbon dioxide to chemicals, fuels, and materials”
is shown in Figure 1.2.3. The key problem with coupling artificial devices that transform renewable energy with biocatalysts is
the coupling mechanism. In future studies, it is important to develop techniques to identify the interaction mechanism between
artificial devices and biological components. This will promote the development of new and efficient systems and new models.
Biocatalysts are central to this process. Progress in the development of robust and efficient industrial enzymes and industrial

strains will determine the industrialization process for biological carbon sequestration driven by renewable energy. This will speed

Table 1.2.1 Countries with the greatest output of core papers on “renewable energy-driven bioconversion of carbon dioxide to chemicals,
fuels, and materials”

Core papers Percentage of core papers/% Citations  Citations per paper Mean year

1 China 38 41.30 5087 133.87 2019.0
2 USA 24 26.09 3911 162.96 2018.7
3 India 16 17.39 2676 167.25 2019.3
4 Republic of Korea 10 10.87 1708 170.80 2018.4
5 Germany 10 10.87 1114 111.40 2019.2
6 Australia 9 9.78 1480 164.44 2019.0
7 UK 8 8.70 922 115.25 2019.0
8 Saudi Arabia 5 5.43 871 174.20 2019.0
9 Israel 4 4.35 635 158.75 2019.0
10 Canada 4 4.35 538 134.50 2018.0

Table 1.2.2 Institutions with the greatest output of core papers on “renewable energy-driven bioconversion of carbon dioxide to chemicals,
fuels, and materials”

Institution Core papers Percentage of core papers/% Citations Citations per paper Mean year
1 Shoolini University 5 5.43 707 141.40 2020.0
2 Chinese Academy of Sciences 5 5.43 536 107.20 2019.4
3 Harvard University 4 4.35 780 195.00 2018.5
4 University of California, Berkeley 4 4.35 635 158.75 2019.0
5 University of Cambridge 4 4.35 520 130.00 2018.8

Lawrence Berkeley National

3 3.26 538 179.33 2018.7
Laboratory

7 Korea Advanced Institute of Science 3 3.6 459 153.00 2018.0
and Technology

8 Konkuk University 3 3.26 361 120.33 2018.3
9 Tianjin University 3 3.26 360 120.00 2018.7
10 Virginia Polytechnic Institute and 3 3.6 290 96.67 2019.0

State University
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Figure 1.2.1 Collaboration network among major countries in the engineering research front of “renewable energy-driven bioconversion of
carbon dioxide to chemicals, fuels, and materials”

University of Cambridge
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Figure 1.2.2 Collaboration network among major institutions in the engineering research front of “renewable energy-driven bioconversion
of carbon dioxide to chemicals, fuels, and materials”

Table 1.2.3 Countries with the greatest output of citing papers on “renewable energy-driven bioconversion of carbon dioxide to chemicals,
fuels, and materials”

Country Citing papers Percentage of citing papers/% Mean year
1 China 6308 52.02 2021.0
2 USA 1196 9.86 2020.7
3 India 1130 9.32 2021.1
4 Republic of Korea 695 5.73 2020.8
5 Australia 481 3.97 2020.8
6 Germany 476 3.93 2020.8
7 Saudi Arabia 423 3.49 2021.1
8 UK 408 3.36 2020.9
9 Iran B55 A8 2020.8
10 Spain 333 2.75 2020.8
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Table 1.2.4 Institutions with the greatest output of citing papers on “renewable energy-driven bioconversion of carbon dioxide to

chemicals, fuels, and materials”

Institution Citing papers Percentage of citing papers/% Mean year
1 Chinese Academy of Sciences 793 33.47 2021.0
2 Jiangsu University 202 8.53 2020.9
3 Tsinghua University 193 8.15 2021.1
4 University of Science and Technology of China 185 7.81 2021.3
5 Tianjin University 178 7.51 2021.0
6 Zhengzhou University 174 7.34 2021.2
7 Hunan University 157 6.63 2021.0
8 King Abdulaziz University 132 5.57 2021.0
9 Fuzhou University 121 5.11 2020.8
10 Harbin Institute of Technology 120 5.07 2021.1
Trend 2023 2028 2033

General Developing new model of high Establishing large-scale Industrial
target efficiency demonstration

Raw o CO,-containing waste gas from chemical
Purified CO . 2 - ; " At hi
material urite 2 085 industry, agriculture, traffic and refuse disposal mosphere

Artificial materials and devices for photo- and electro- catalysis

Tools Developing industrial enzymes Producing enzymes that are highly
with the help of computer technology adaptable to the industrial demand

Developing of CO,-assimilating Designing and engineering of

chassis organisms industrial artificial organisms

Getting through the chemical industry chain including

CO, capture, photo- and electro- catalysis and biocatalysis
Process

engineering

Achieving real-time monitoring, precise control and efficient separation
from CO, to multiple products

Application Chemicals, food, energy, materials, and pharmaceutical industries

Figure 1.2.3 Roadmap of the engineering research front of “renewable energy-driven bioconversion of carbon dioxide to chemicals, fuels,
and materials”

up considerably with application of computer technology, such as big data and artificial intelligence, and advanced physical and
chemical technology to the screening, modification, and design of industrial enzymes and industrial strains. Technical autonomy
of core enzymes and core strains will be achieved in the next few years. Research on advanced industrial reactors should be
intensified to achieve real-time monitoring, precise regulation, and efficient separation of CO, from various fuels and chemicals
according to production needs. This will result in establishment of targeted and efficient production routes.
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1.2.2 Chaotic nonlinear enhancement technology of metallurgical flow field

Metallurgical reactors, which are used as reaction vessels in the metallurgical industry, play a pivotal role in industrial
processes. These reactors provide a space for intricate multiphase mixing and reaction systems, encompassing the flow, mixing,
reaction, heat transfer, and mass transfer of gas, solid, and liquid phases. They serve as a convergence point for micro-scale
reactions and macroscopic processes. The metallurgical flow field, functioning as a conduit for energy and mass transfer, has
a decisive influence over the synergy of these three domains and the overall system performance. Over the years, significant
advancements in measurement and data acquisition techniques for metallurgical reaction systems have greatly enhanced
the analytical capabilities of metallurgical flow fields under specific conditions. This progress has contributed to a deeper
understanding of the intricate chemical processes involved. However, the design, optimization, and operation of these fields
are still heavily reliant on empirical data. The chaotic nonlinear enhancement technology of metallurgical flow represents a
cutting-edge research direction in the field of metallurgical science and engineering. This technology integrates knowledge
from fluid dynamics, chaos theory, and nonlinear science. Its primary aim is to optimize the behavior of metallurgical flow fields
to enhance production efficiency.

Metallurgical multiphase flow is a typical nonlinear process that deviates from equilibrium. It encompasses numerous complex
nonlinear dynamic mechanisms and exhibits spatiotemporal cross-scale coupling characteristics. This leads to a lack of synergy
between mixing, heat/mass transfer, and chemical reaction processes in metallurgical reaction systems, which poses challenges
for effective control, enhancement, and engineering upscaling. The core direction of this field focuses on the synergistic evolution
of continuous and dispersed phase topological structures in multiphase systems within metallurgical reactors, the interaction of
chaotic flow mixing characteristics with multi-physics fields, and their correlation with transfer performance. The research pathway
for chaotic nonlinear enhancement of metallurgical flow is as follows. First, chaos theory is used to describe the multiphase
nonlinear systems in metallurgical processes, and rapid inter-phase heat and mass transfer is achieved via chaotic enhancement
to accelerate chemical reaction rates. Second, the synergistic coupling of multi-physics fields, including flow, temperature, and
composition fields, is realized, which enables effective control of the flow distribution. Third, through the enhancement of the
synergy and uniformity of flow-transfer-reaction processes, efficient and uniform mixing is achieved along with intensified heat
and mass transfer. This forms the theoretical foundation for the enhancement of metallurgical processes and optimization of

reactors.

The major contributors to the engineering research front on “chaotic nonlinear enhancement technology of metallurgical flow
field” in recent years are detailed in Table 1.2.5 for countries and Table 1.2.6 for institutions. Among the countries, China holds
the lead position, followed by Iran. Among the institutions, the Islamic Azad University ranks first, while China’s Xi’an Jiaotong
University, Shanghai Jiao Tong University, and the Chinese Academy of Sciences also rank highly. The collaborative network
among the main countries and institutions is illustrated in Figures 1.2.4 and 1.2.5. China occupies a central position in this
collaborative network, forming partnerships with multiple countries, and notably has a prominent collaboration with Pakistan.
Pakistan is an important node in the network as well, and cooperates with all countries except for the UK and Singapore.
Collaborations between institutions are tightly interconnected within Asia, with the Islamic Azad University holding a central
position in the collaborative network and partnering with multiple institutions. As indicated in Table 1.2.7, China has the highest
number of core paper citations, with 2 490 citations accounting for 26.51% of the total. China is the leader for both the core
paper count and cited core paper count, which highlights the advanced position of Chinese scholars in this field. This indicates
that Chinese scholars are at the forefront of research in this domain and are keeping abreast of the dynamics in this cutting-
edge field.

Chaotic nonlinear enhancement of metallurgical flow involves using chaotic nonlinear theory to study the mixing mechanism
of multiphase flow in metallurgical processes and analyzing the formation, transport, and transformation of multi-scale
flow structures. To date, because of limitations in experimental measurement techniques and the development of multi-
scale simulation methods, research on chaotic flow in extreme and unconventional metallurgy and the scaling up of large-
scale equipment remains limited. Moreover, this research direction involves the intersection of multiple disciplines, including
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metallurgy, fluid dynamics, and physics. There are three future research directions (Figure 1.2.6). First, research on chaotic
flow enhancement in extreme and unconventional metallurgical reaction fields by advancing chaotic flow enhancement under
extreme and unconventional metallurgical process conditions, involving electric, magnetic, and thermal stress fields. This will
break down interdisciplinary barriers and enhance the systematic and universal aspects of nonlinear chaotic theory. Second,
research on mechanisms and criteria for amplifying chaotic flow in super-large metallurgical smelting equipment by overcoming
the mechanisms and criteria for chaotic flow amplification in metallurgical flow fields and addressing issues arising from the lack
of theoretical guidance in the amplification of super-large smelting equipment, including distortion, operational instability, and
process mismatch. Third, research on metallurgical flow field chaos nonlinear enhancement technology using machine learning by
constructing metallurgical flow field nonlinear enhancement models using machine learning to overcome the complex coupling
mechanisms of various factors in metallurgical processes. This will strengthen the intelligent development of metallurgical systems
through software and hardware using machine learning.

Table 1.2.5 Countries with the greatest output of core papers on “chaotic nonlinear enhancement technology of metallurgical flow field”

Percentage of

Citations per

Country Core papers core papers/% Citations paper Mean year
1 China 40 33.33 3192 79.80 2019.0
2 Iran 26 21.67 2411 92.73 2018.5
3 USA 20 16.67 1632 81.60 2018.4
4 India 20 16.67 1529 76.45 2019.8
5 Pakistan 16 13.33 992 62.00 2019.9
6 Saudi Arabia 13 10.83 1099 84.54 2019.6
7 UK 8 6.67 872 109.00 2019.2
8 Vietnam 8 6.67 540 67.50 2019.9
9 Singapore 7 5.83 454 64.86 2018.7
10 The United Arab Emirates 6 5.00 393 65.50 2019.3

Table 1.2.6 Institutions with the greatest output of core papers on “chaotic nonlinear enhancement technology of metallurgical flow field”

Percentage of

Citations per

Institution Core papers core papersi% Citations paper Mean year
1 Islamic Azad University 10 8.33 893 89.30 2018.8
2 Xi’an Jiaotong University 8 6.67 499 62.38 2018.5
3 Ton Duc Thang University 7 5.83 491 70.14 2019.7
4 Nanyang Technological University 6 5.00 410 68.33 2019.0
5 Shanghai Jiao Tong University 4 3.33 453 113.25 2019.8
6 Chinese Academy of Sciences 4 3.33 433 108.25 2017.8
7 King Fahd University of Petroleum and Minerals 4 3.33 410 102.50 2020.2
8 Iran University of Science and Technology 4 3.33 309 77.25 2019.0
9 Indian Institute of Technology 4 3.33 284 71.00 2019.0
10 COMSATS University Islamabad 4 3.33 229 57.25 2020.2
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Figure 1.2.4 Collaboration network among major countries in the engineering research front of “chaotic nonlinear enhancement
technology of metallurgical flow field”
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Figure 1.2.5 Collaboration network among major institutions in the engineering research front of “chaotic nonlinear enhancement
technology of metallurgical flow field”

Table 1.2.7 Countries with the greatest output of citing papers on “chaotic nonlinear enhancement technology of metallurgical flow field”

Country Citing papers Percentage of citing papers/% Mean year
1 China 2490 26.51 2021.0
2 Saudi Arabia 1327 14.13 2021.3
3 Pakistan 1157 12.32 2021.1
4 India 1050 11.18 2021.2
5 Iran 1003 10.68 2020.5
6 USA 560 5.96 2020.8
7 Egypt 458 4.88 2021.5
8 UK 366 3.90 2021.1
9 Vietham 351 3.74 2020.2
10 Malaysia 315 3.35 2021.0
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Table 1.2.8 Institutions with the greatest output of citing papers on “chaotic nonlinear enhancement technology of metallurgical flow field”

Institution Citing papers Percentage of citing papers/% Mean year
1 King Khalid University 360 14.84 2021.5
2 Islamic Azad University 306 12.61 2020.5
3 King Abdulaziz University 301 12.41 2021.2
4 Ton Duc Thang University 279 11.50 2020.0
5 Prince Sattam Bin Abdulaziz University 230 9.48 2021.6
6 Xi’an Jiaotong University 195 8.04 2020.9
7 China Medical University 191 7.87 2021.5
8 COMSATS University Islamabad 169 6.97 2021.4
9 Babol Noshirvani University of Technology 159 6.55 2019.4
10 Duy Tan University 129 5.32 2020.5
Trend 2023 2028 2033
General Metallurgical process enhancement Complex heterogeneous reaction systems
target Flow-transfer-reaction synergy Highly efficient uniform mixing

Precise measurement and chaotic flow identification techniques

Chaotic flow enhancement technology under coupled electric-heat-magnetic-force fields

Technology
Mechanisms and criteria for chaotic flow amplification + multiscale simulation methods
Chaotic flow enhancement technology based on machine learning
Macroscopic scale: multiscale flow structure, phase distribution patterns
Scale Mesoscopic scale: multiscale transport mechanisms of bubbles and vortexes
Microscopic scale: material melting, migration patterns
Application Ricepiepicpalinelzllidicalieyzeiciion Scaling of metallurgical smelting equipment

enhancement

Figure 1.2.6 Roadmap of the engineering research front of “chaotic nonlinear enhancement technology of metallurgical flow field”

1.2.3 High-performance electrocatalysts and electrolysis systems for CO, conversion and utilization

The use of renewable energy to drive electrochemical reduction of CO, to produce high value-added chemicals provides
an effective way to solve the energy crisis and environmental problems. In recent years, research on the development of
electrocatalyst materials for CO, reduction has made great progress in terms of selectivity, efficiency, and reaction rate,
and is moving towards practical applications. Electrochemical reduction of CO, can be used to produce various chemicals,
such as alcohols, oxygenates, syngas, and olefins, on a large scale. The shift to renewable energy could greatly reduce CO,
emissions.

Because of its high thermodynamic stability, CO, is difficult to activate. Additionally, it is difficult to generate high value-
added C,, products through C-C coupling. Recently, significant progress has been made in the design of highly active or
highly selective electrocatalysts and the mechanism of CO,RR. There are three main areas of focus in current research.

4
o

#&l. Engineering
%" Fronts

87



A
Y,

88

Part B Reports in Different Fields

First, design and controllable preparation of highly efficient electrocatalysts through control of the crystal surface,
morphology, and surface electronic structure to improve the CO,RR activity, selectivity, and stability. Second, various in situ
characterization methods, such as in situ infrared spectroscopy, in situ Raman spectroscopy, and in situ electron microscopy,
are used to monitor the evolution of the reaction intermediates and catalyst surface structures during the CO,RR process.
The results are used to reveal the regulatory effects of the catalyst surface and electronic structure on the catalytic reaction
and its kinetic mechanism. Third, design of the electrode structure through the modification of hydrophobic materials (such
as polytetrafluoroethylene) and improvement of the hydrophobic performance of the electrode surface to avoid issues with
flooding during long-term operation and improve the electrode stability. The structure of electrolytic reactor is optimized
to enhance mass transfer and energy efficiency.

The major countries and institutions in recent years for output of core papers on the engineering research front of “high-
performance electrocatalysts and electrolysis systems for CO, conversion and utilization” are shown in Tables 1.2.9 and
1.2.10, respectively. Among the major countries producing core papers, China is ranked first, with 71 core papers (66.36% of
the total), which is much higher than the numbers produced in the USA, Australia, Canada, and other countries. Among the
major institutions producing core papers, Chinese Academy of Sciences is ranked first, followed by University of Science
and Technology of China, and Stanford University. The major collaborations among countries and institutions are plotted
in Figures 1.2.7 and 1.2.8, respectively. Most of China’s collaborations are with the USA, and it also closely cooperates with
Australia, Canada, and Singapore. The top three countries in terms of the number of citing core papers are China, the USA,
and Australia (Table 1.2.11). The proportion of citing papers from China is 57.95%, which indicates that Chinese scientists
have paid close attention to the research trends in this area. Most of the major institutions producing citing core papers
are in China, including Chinese Academy of Sciences, University of Science and Technology of China, and Tianjin University
(Table 1.2.12)

It is an important to develop green and low-carbon energy technology to activate and transform CO, through electrocatalytic mild
conditions to synthesize the chemicals needed for social and economic development. The electrocatalytic conversion of CO, is a
complex multi-scale process, involving CO, molecular adsorption and conversion, nano-scale catalysts, micron-scale membrane
electrodes, and macro-scale electrolyzers. Current research is mainly focused on finding and improving high-performance
electrocatalysts. Future research should look at combining various in situ characterization methods for electrode morphology

Table 1.2.9 Countries with the greatest output of core papers on “high-performance electrocatalysts and electrolysis systems for CO,
conversion and utilization”

Percentage of

Citations per

Core papers core papers/% Citations paper Mean year
1 China 71 66.36 17 849 251.39 2019.0
2 USA 31 28.97 8069 260.29 2018.8
3 Australia 12 11.21 2946 245.50 2018.9
4 Canada 11 10.28 4406 400.55 2019.1
5 Republic of Korea 9 8.41 1429 158.78 2018.8
6 Singapore 7 6.54 2569 367.00 2018.9
7 Switzerland 4 3.74 764 191.00 2018.5
8 Germany 4 3.74 686 171.50 2018.8
9 France 4 3.74 681 170.25 2019.2
10 Denmark 3 2.80 749 249.67 2018.3
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Table 1.2.10 Institutions with the greatest output of core papers on “high-performance electrocatalysts and electrolysis systems for CO,
conversion and utilization”

Percentage of

Citations per

Institution Core papers core papers/% Citations paper Mean year
1 Chinese Academy of Sciences 25 23.36 6474 258.96 2019.1
2 University of Science and Technology of China 9 8.41 2517 279.67 2019.4
3 Stanford University 7 6.54 1813 259.00 2019.3
4 Tianjin University of Technology 6 5.61 1616 269.33 2018.7
5 Beijing University of Chemical Technology 6 5.61 1260 210.00 2019.0
6 Nanyang Technological University 5 4.67 1846 369.20 2019.0
7 SLAC National Accelerator Laboratory 5 4.67 1032 206.40 2019.4
8 University of Toronto 4 3.74 2155 538.75 2020.0
9 Tianjin University 4 3.74 2082 520.50 2018.0
10 Yale University 4 3.74 1860 465.00 2017.5

Republic of Korea

. Switzerland
Australia

Germany

USA
France
Denmark

China

Figure 1.2.7 Collaboration network among major countries for the engineering research front of “high-performance electrocatalysts and
electrolysis systems for CO, conversion and utilization”

Beijing University of Chemical Technolog

- R Nanyang Technological University
Tianjin University of Technology ..

SLAC National Accelerator Laboratory
Stanford University

i
=
" University of Toronto
i

\Tianjin University

Yale University

University of Science and Technology of China
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Figure 1.2.8 Collaboration network among major institutions for the engineering research front of “high-performance electrocatalysts and
electrolysis systems for CO, conversion and utilization”
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evolution, reaction process condition optimization, electrode/electrolyte interface evolution, mass transfer transportation
optimization, catalyst stability improvement, and electrolyte/solvent effect. Additionally, for the future industrial application of
electrocatalytic reduction of CO,, the following points need to be considered: determining the practical application objectives,
evaluating the economics of chemical products and market supply and demand, expanding the scale of CO, electrolyzers,
improving the long-term continuous operation stability of electrocatalysts, and calculating the cost of product separation and raw
material recovery. The roadmap of the engineering research front of “high-performance electrocatalysts and electrolysis systems
for CO,conversion and utilization” is shown in Figure 1.2.9.

Table 1.2.11 Countries with the greatest output of citing papers on “high-performance electrocatalysts and electrolysis systems for CO,
conversion and utilization”

Country/Region Citing papers Percentage of Mean year

citing papers/%

1 China 8508 57.95 2021.0
2 USA 1928 13.13 2020.6
3 Australia 746 5.08 2020.8
4 Republic of Korea 612 4.17 2020.9
5 Germany 524 3.57 2020.8
6 Canada 521 3.55 2020.7
7 India 424 2.89 2021.1
8 UK 407 2.77 2020.8
9 Singapore 405 2.76 2020.8
10 Japan 386 2.63 2020.8

Table 1.2.12 Institutions with the greatest output of citing papers on “high-performance electrocatalysts and electrolysis systems for CO,
conversion and utilization”

Institution Citing papers Percentage of Mean year

citing papers/%

1 Chinese Academy of Sciences 1705 36.28 2020.9
2 University of Science and Technology of China 525 11.17 2021.0
3 Tianjin University 405 8.62 2021.0
4 Tsinghua University 374 7.96 2021.0
5 Beijing University of Chemical Technology 303 6.45 2020.8
6 Zhengzhou University 300 6.38 2021.2
7 Soochow University 260 5.53 2020.9
8 Nanyang Technological University 230 4.89 2020.7
9 Zhejiang University 209 4.45 2021.0
10 Shenzhen University 196 4.17 2021.1
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Figure 1.2.9 Roadmap of the engineering research front of “high-performance electrocatalysts and electrolysis systems for CO,
conversion and utilization”

2 Engineering development fronts

2.1 Trends in Top 11 engineering development fronts

The Top 11 engineering development fronts as assessed by the Field Group of Chemical, Metallurgical, and Materials Engineering

” «

are shown in Table 2.1.1. “Design and preparation of metal matrix composites for high-temperature environments”, “construction
and large-scale manufacturing technology of high-efficiency photovoltaic devices”, “low-temperature and low-pressure thermal
catalytic ammonia synthesis over a wide loading range”, and “development of ironmaking technology for hydrogen-rich carbon
cycle blast furnaces” were recommended by experts directly. The other fronts were chosen by a panel of experts according to
core-paper statistics provided by Clarivate. The annual numbers of core patents for all fronts show overall growth, especially for
“integration of large language models for the design and synthesis of advanced chemical engineering materials”, “efficient and
energy-saving separation technologies for energy intensive chemical processes”, and “development of ironmaking technology for

hydrogen-rich carbon cycle blast furnaces” (Table 2.1.2).
(1) Metallurgical low-carbon utilization of renewable energy

The smelting process of complex metal materials requires a large amount of electricity and relies on the reduction characteristics
of fossil fuels and combustion heating. This is the key to restrict the low-carbon sustainable development of the metallurgical
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Table 2.1.1 Top 11 engineering development fronts in chemical, metallurgical, and materials engineering

Engineering development front FUEEES Citations (Sl e Mean year
patents patent
1 Metallurgical low-carbon utilization of renewable energy 520 223 0.43 2020.4
) Integration of large Ianguage.models.forthe design .and synthesis of 482 1354 281 2020.9
advanced chemical engineering materials
3 Design and preparation of metal r_natrlx composites for high- 506 1033 173 2019.7
temperature environments
4 Efficient and energy-saving sepa.ratlon technologies for energy 607 774 111 2020.0
intensive chemical processes
5 Chaotic enhancement technology for heating process in metallurgical 775 501 0.65 2019.8
furnaces
6 Construction and la.rge—scale manufac.tunng. technology of high- 705 1066 1.51 2019.4
efficiency photovoltaic devices
7 Low-temperature and. low-pressyre therrnalcatalyhc ammonia 540 890 1.65 2019.5
synthesis over a wide loading range
3 Development of ironmaking technology for hydrogen-rich carbon cycle 353 582 1.65 2020.2
blast furnaces
9 Development and appllcatlon.ofultra-.hlgh energy density aluminum- 400 656 1.64 2019.7
air batteries
10 Key preparation technologies and appllca_tlons of high-purity metals, 358 335 0.94 2019.8
alloys, and materials
11 Molecular design and large-scale preparation of new bio-aviation fuels 208 464 2.23 2019.6

Table 2.1.2 Annual number of core patents published for the Top 11 engineering development fronts in chemical, metallurgical, and
materials engineering

Engineering development front 2017 2018 2019 2020 2021 2022

1 Metallurgical low-carbon utilization of renewable energy 40 48 48 90 140 154

Integration of large language models for the design and synthesis of

2 . . . . 12 22 46 66 123 213
advanced chemical engineering materials
3 Design and preparation of metal r‘patnx composites for high- g4 101 87 93 106 125
temperature environments

4 Efficient and energy-saving sepaﬁratnon technologies for energy intensive 83 90 92 105 131 196
chemical processes

5 Chaotic enhancement technology for heating process in metallurgical 97 113 109 132 157 167

furnaces
6 Construction and lafgg—scale manufagtunng technology of high- 126 142 108 95 100 134
efficiency photovoltaic devices
7 Low-temperature and. low—pressyre ther_mal catalyticammonia 101 76 93 81 86 103
synthesis over a wide loading range
8 Development of ironmaking technology for hydrogen-rich carbon cycle 3 48 39 55 59 120
blast furnaces
9 Development and appllcatlon'ofultra—'hlgh energy density aluminum- 5 53 77 77 68 7
air batteries

10 Key preparation technologies and appllcaﬁlons of high-purity metals, 46 50 55 53 7 82
alloys, and materials

11 Molecular design and large-scale preparation of new bio-aviation fuels 32 37 32 28 36 43




Chemical, Metallurgical, and Materials Engineering

industry. Renewable energy can provide clean electricity, biomass energy, and green hydrogen with reducibility and combustion
heating properties. It is expected that low-carbon green transformation of the industry will be achieved with the efficient
application of renewable energy in metallurgy. China has developed a relatively complete iron and steel hydrogen metallurgy
system and conducted metallurgy demonstration projects for more than one million tons of hydrogen. Hydropower silicon and
hydropower aluminum have been achieved in Yunnan, China with an output value of more than 100 billion RMB. However, in the
field of renewable energy combustion and reduction technology, there are still many problems to be further studied. The future
development direction is mainly concentrated in three areas. First, metallurgical energy systems should be combined with multi-
energy complementation and energy storage to develop clean energy supply systems using wind, light, water, hydrogen, and
metallurgical waste heat and energy. Second, new technology for deep reduction of metallurgical slag by swirl injection of biomass
fuel oil should be developed to replace fossil energy reducing agents with renewable energy. Third, swirl atomization enhanced
combustion technology of biomass fuel should be developed to improve combustion and heating efficiency of macromolecular,
low calorific value biomass fuel, and replace fossil fuel with renewable energy. These changes will provide clean energy, improve
the efficiency of energy consumption, and reduce carbon emissions over the full lifecycle.

(2) Integration of large language models for the design and synthesis of advanced chemical engineering materials

The development cycle for new chemical materials spans 15-25 years, requires significant investment, and is heavily reliant on
expert experience. As the field has matured, the size of the total dataset has increased but data for some specific sub-systems are
limited. Access to experts with experience to discern patterns in new materials is becoming increasingly challenging, and there is
an urgent need for a paradigm shift in research methodologies. At the beginning of 2023, ChatGPT emerged, closely followed by
Llama, Claude, Wenxin Yiyan, and Wu Dao, marking the dawn of the era of large language models (hereafter referred to as large
models). Characterized by their large scale, emergent properties, and universality, these models are promising for application in
the chemical engineering sector and show potential for accelerating the design and fabrication of new materials. Large models
can comprehensively hasten the development of new materials across various stages, including literature information extraction,
material structure generation, material property prediction, synthesis condition optimization, and intelligent characterization.
Literature information extraction serves as the primary means to integrate chemical material data. Large language models can
refine the output of natural language models to make them structured information, and improve the quality of data. Material
structure generation is a key technology for the reverse design of new materials, and could benefit from the emergent properties
of large models in breaking human cognitive biases. Material property prediction is a prerequisite for high-throughput screening
and could be enhanced by large models, which consolidate various smaller models within the field to enable precise prediction of
various material properties. Synthesis condition optimization and intelligent characterization are core steps in exploring material
fabrication techniques. Large models possess superior pattern-recognition capabilities, allowing for faster identification of optimal
points.

(3) Design and preparation of metal matrix composites for high-temperature applications

Metal matrix composites (MMCs) are multiphase materials composed of a metal or alloy matrix and one or more types of
reinforcement. These composites possess the combined characteristics of the metal or alloy matrix and the reinforcement,
including high specific strength, specific modulus, low density, and good electrical and thermal conductivity. Consequently, they
are used in many applications in the aerospace, automotive, electronic information, and national defense industries. However,
most research on MMCs has focused on enhancing their mechanical properties at room temperature, particularly their strength
and toughness, while high-temperature properties have received relatively little attention. Under high-temperature and stress
conditions, solute atoms exhibit faster diffusion rates and are more vulnerable to adverse effects such as oxidation and corrosion
from the service environment. Additionally, MMCs subjected to long-term use frequently experience failure in the form of
thermal fatigue or creep damage. Consequently, their service lives tend to be shorter than those used at room temperature. This
underscores the urgency for design of MMCs to meet the requirements of high-temperature use. Currently, material development
efforts at both domestic and international levels are primarily focused on four aspects. First, high-throughput preparation and
characterization of composites using material genetic engineering. Second, fine control of the configuration and interface in the

4
y 7

. Engineering
%" Fronts

93



A

-/

94

Part B Reports in Different Fields

material forming process. Third, short process manufacturing technology for producing large-size components of heat-resistant
aluminum matrix composites. Forth, understanding the evolution, property degradation mechanisms, and control technology of
composites used in high-temperature environments.

(4) Efficient and energy-saving separation technologies for energy intensive chemical processes

The chemical industry had large energy consumption and carbon emissions. Chemical separation processes account for
approximately 70% of the total energy consumption in chemical product processing. Currently, although some industries have
made significant improvements in technology and equipment, the overall technical level is still relatively low. The proportion of
technology and equipment at an advanced international level in the entire industry is very small, and the energy utilization rate
is approximately 15% lower than the average of developed countries. Some chemical products have an energy consumption
more than 20% higher than those in developed countries. Improvements in production efficiency, energy conservation, emission
reductions, and industrial upgrades can only be achieved by increasing technological innovation; vigorously developing and
promoting new energy-saving processes, technologies, and equipment for chemical separation processes; reducing fossil energy
consumption and improving energy utilization efficiency; and fully utilizing high-tech to enhance and transform traditional chemical
industries. The future development of separation technology for energy intensive chemical processes should mainly focus on two
aspects. First, development of alternative and efficient separation methods, such as molecular recognition separation technology,
separation process integration, and intensification technology. Appropriate separation methods should be selected according to
the characteristics of different separation systems to improve the energy utilization efficiency of the separation process. Second,
development of new forms of renewable energy, such as solar energy, biomass energy, green hydrogen, and green electricity, to
reduce the proportion of fossil energy used in the separation process. Development of new separation technologies using renewable
energy could be used to promote the transition to a green, sustainable, and efficient chemical industry.

(5) Chaotic enhancement technology for heating process in metallurgical furnaces

The main method to achieve energy savings and efficiency improvements in metallurgical furnace is to strengthen the heating
process. Traditional intensified heating mainly relies on increasing the amount of heating, which leads to high energy consumption
and carbon emissions, and shortens the equipment lifecycle. Additional, the product quality does not meet the requirements
for high-end uses. Chaotic enhanced heating technology in metallurgical furnace uses chaotic mathematical theory to establish
a series of mathematical models of chaotic flow intensification, and then regulates the chaotic flow pattern to strengthen heat
and mass transfer. Currently, industrial applications have been realized in molten pool melting furnaces and heating furnaces.
Two key scientific problems, the enhancement mechanism of heat and mass transfer in furnaces and the multi-field collaborative
enhancement mechanism, have not been solved. Consistency between the mathematical model and practical application is not
sufficient. There are three main future directions. First, extensive research is required on the basic theory and nonlinear chaos
technology in furnace heating, further improvements are needed in the minimum burn-up heating law and model, and the issue
of inaccurate heating needs to be solved. Second, to address this problems of serious sputtering and short equipment life of
molten pool melting furnace, the oxygen-enriched swirl chaotic stirring heating technology is developed to solve the problems
of insufficient utilization of oxygen-enriched and insufficient self-heating and high energy consumption. Third, swirling chaotic
combustion and heating system control technology should be developed to overcome issues with inaccurate heating and
incomplete fuel combustion in the heating furnace. This will solve difficulties with uniformly heating metal workpieces, ensure
heating quality, reduce energy consumption and achieve uniform and accurate heating.

(6) Construction and large-scale manufacturing technology of high-efficiency photovoltaic devices

Developing photovoltaic technology is as a vital and transformative initiative for harnessing renewable energy. To overcome the
limitations of traditional silicon-based photovoltaic cells, various emerging thin-film photovoltaic technologies, such as cadmium
telluride solar cells, copper indium gallium selenide-based solar cells, perovskite solar cells, and polymer solar cells, have come
to the forefront of renewable energy. Recently, remarkable progress has been made for these photovoltaic technologies in both
power conversion efficiency and large-scale manufacturing techniques. These advancements are important for enhancing their
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competitiveness and facilitating their commercialization. The unique advantages of these thin film photovoltaic technologies have
significantly expanded the application horizons of photovoltaics, allowing for integration into urban infrastructure, consumer
electronics, and beyond. These new applications include building integrated photovoltaics and portable devices. The future
development of photovoltaic technology requires focused attention on the following four aspects. First, enhanced integration
into new energy power systems to support the advancement of smart city construction. Second, integration with energy storage
technology to achieve a steady supply and efficient utilization of green energy. Third, the recycling and reutilization of photovoltaic
components to propel the industry towards green and sustainable growth. Fourth, pivotal technological breakthroughs for
emerging photovoltaic technologies to reduce costs, extend the lifespan, and allow for successful mass production.

(7) Low-temperature and low-pressure thermal catalytic ammonia synthesis over a wide loading range

Ammonia, with an annual output of 180 million tons, plays an important role in modern agriculture and industry. Because of its
easy liquefaction, high energy density, and zero carbon emissions, ammonia is called hydrogen 2.0 and is expected to become a
next-generation energy carrier. Synthesis of NH, by the reaction of N, and H, is an exothermic process accompanied by a decrease
in volume. A low temperature and high pressure are conducive for this reaction. However, because of the high bond energy
and weak coordination ability of N, molecules, N, is difficult to activate at low temperatures. Currently, synthesis of ammonia is
carried out continuously under the high temperature and high pressure, which has a high energy consumption and high carbon
emissions. Additionally, clean energy, such as photovoltaics and wind, are volatile, retarding the green upgrades of traditional
ammonia synthesis. Future development of low temperature and low-pressure green ammonia preparation technology with a
wide loading range should focus on the following aspects: development of catalysts with high intrinsic activity, reduction of the
adsorption energy barrier of N, on the catalyst surface, and improvement of the activation capacity of nitrogen at low temperature.
In a traditional thermal catalytic reactor, electric, magnetic, and other external fields with variable frequency can be introduced to
adjust the electronic structure of the active center of the catalyst to break the restrictions of adsorption and desorption. Devices
and systems with rapid response abilities need to be developed to broaden the loading range of synthetic ammonia under low-
temperature and low-pressure conditions.

(8) Development of ironmaking technology for hydrogen-rich carbon cycle blast furnaces

Blast furnace ironmaking is the main method for iron production currently. The global production of pig iron from blast furnaces
exceeded 1.3 billion tons in 2022. The blast furnace-basic oxygen furnace (BF-BOF) process will still be an important method for
iron and steel production in the future. Because approximately 2/3 of carbon emissions from iron and steel manufacturing comes
from the blast furnace process, reducing carbon emissions from blast furnace ironmaking process is a focus of research in the
global steel industry. The ironmaking technology for hydrogen-rich carbon cycle can minimize carbon emissions, by injecting
hydrogen-rich gas (such as coke oven gas) into the blast furnace, which can replace the coke and coal, using the top gas recycling
(TGR) technology and carbon capture, utilization and storage (CCUS) technology to reuse the CO and H,, and capture CO, from
blast furnace gas. The ironmaking technology for hydrogen-rich carbon cycle blast furnaces is the first choice for reducing
carbon emission from traditional blast furnace because it does not need to change the process structures and charge structures.
Companies such as Nippon Steel, ThyssenKrupp, and China Baowu are actively developing and experimenting the ironmaking
technology for hydrogen-rich carbon cycle blast furnaces, and have achieved phased carbon reduction goals. The key points of
ironmaking technology for hydrogen-rich carbon cycle blast furnaces include full-oxygen blast furnace iron-making technology,
reheating and recycling of top gas after CO, capture, injection of hydrogen-enriched compound gases into the blast furnace, and
self-circulation of the blast furnace gas under full-oxygen blast furnace conditions.

(9) Development and application of ultra-high energy density aluminum-air batteries

With the development of the global economy, energy demands have increased rapidly, which is of great concern. Currently,
common traditional energy sources, such as lead-acid batteries, nickel-metal hydride batteries, and lithium-ion batteries, have
limitations in their energy densities, safety, and production costs. Aluminum-air batteries (AABs) show potential as an energy
storage system because of their high voltage (2.7 V), high capacity density (2 980 mAh/g), high energy density (8 100 Wh/kg), high
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safety, abundance of source materials, and environmentally friendly features. Research on the inhibition of hydrogen evolution on
the anode surface has progressed in the key areas, such as alloying of anode materials, introduction of electrolyte additives, and
use of organic electrolytes. The international community has established new goals for energy demand and technical indicators,
and it is particularly important to design and develop AABs with ultra-high energy density, high safety, and high power that can
be mass produced. Specifically, three key technological breakthroughs need to be achieved in the basic research and industrial
applications of aluminum-air batteries in the future: () development of battery modification technology (including anode
alloying techniques and electrolyte additives) and understanding of the corresponding surface/interface reaction mechanism;
(2 development of a coupling model for battery components and subsequent optimization to simplify the battery structure
and facilitate large-scale application; and (3 continuous development of AABs with low carbon emissions, high safety, and low
cost, and utilization of the battery by-products to enhance the economic benefits of the AABs.

(10) Key preparation technologies and applications of high-purity metals, alloys, and materials

High-purity metals, alloys, and materials are mainly used in in semiconductor, wireless electronics, aerospace, and military
fields, and in other cutting-edge science and technology. The methods for preparation of high purity materials include chemical
purification and physical purification. Chemical methods mainly rely on the reactivity-selectivity principle of the chemical
reaction, and impurities are removed through selective chemical reactions by modifying the reaction system, controlling the
reaction conditions, and optimizing the reaction environment. In physical methods, similarities and differences in the physical
characteristics of different elements are used to remove impurities through vacuum distillation, zone melting, and electromigration
methods. Chemical and physical purification methods are usually combined to obtain highly purified materials. The core problems
to be solved in the preparation of high purity metals, alloys and their materials include: (D the dispersion and distribution
mechanism of impurity elements in materials; (@ the similarity of elements and their selective separation kinetics, which are
needed to calculate the interaction force, heat of absorption and desorption, and kinetic equilibrium parameters between the
matrix and impurities; and 3 the mechanisms behind impurity phase morphology transformation, migration behavior, and the
regulation of purification process parameters.

(11) Molecular design and large-scale preparation of new bio-aviation fuels

New bio-aviation fuels could be synthesized from biomass raw materials by precise chain breaking and re-synthesis through
chemical bonding. Current research on new bio-aviation fuels focuses on four aspects. First, biofuel molecular design should
be conducted by investigating the structure-activity relationship between the fuel molecular structure and physicochemical
properties. Additionally, rational design and screening methods for high-throughput fuel molecules should be established,
which could help to produce target molecule structure libraries from the molecular structure characteristics of the biomass raw
materials. Second, an efficient and mild synthesis method is required to achieve high atom utilization for high output conversion
of biomass feedstock to aviation fuel. Third, the mechanism of the catalytic reaction and the relationship between the catalyst
structure and its performance in biomass conversion should be studied. This will guide the development of hyperdispersed low-
load noble metal catalysts or non-noble metal catalysts with high activity and selectivity. Fourth, continuous improvement of
catalysts and processes, development of integrated processes and optimization of reactor structures, improvement of the reaction
efficiency, and reduction of the energy consumption are required for large-scale fuel preparation. There is an urgent demand for
carbon emission reductions in the aviation field, and it is necessary to accelerate the pace of design, efficient synthesis, and large-
scale preparation of bio-aviation fuel. New bio-aviation fuels that can replace petroleum-based aviation fuels will assist with this.

2.2 Interpretations for three key engineering development fronts

2.2.1 Metallurgical low-carbon utilization of renewable energy

The process of mining, smelting, and heat treatment in the steel and non-ferrous metallurgical industries directly consumes large
quantities of fossil fuels. Implementation of clean energy substitutes is an effective measure to solve carbon emission problems. The

#&[ Engineering
" Fronts




Chemical, Metallurgical, and Materials Engineering

green metallurgical industry need reconstruct the layout and overall arrangement, facilitate the transition of metallurgical production
capacity to metal resources areas or renewable energy-rich areas of wind energy, solar energy, hydropower. For example, aluminum
electrolysis companies can be constructed near nuclear power plants. Biomass energy, which has a mature manufacturing process
but has always been limited in its application scale, is the only carbon-containing renewable energy source and is the best green and
low-carbon alternative for metallurgical fuels and reducing agents. Exploring the efficient application of renewable energy in the
metallurgical field is a new way to achieve green and low-carbon transformation of the metallurgical industry.

For steel metallurgy, the utilization of renewable energy has developed rapidly in recent years. Clean energy sources such as
hydrogen energy, solar energy, wind energy, hydropower, and coal-to-gas conversion have been introduced. The use of multi-
energy systems and complementary technologies has increased the use of clean energy in the metallurgical industry. New
methods of energy recovery, such as waste heat utilization, have been developed, and cross-process and cross-industry energy
recycling have been promoted by optimizing key processes and improving equipment. However, renewable energy has issues
with intermittent instability, and it is difficult to achieve a continuous and stable energy supply. China has developed a relatively
complete metallurgy system for steel hydrogen. As an example, the 1.2-million-ton hydrogen metallurgy demonstration project of
the Hebei Province HBIS Group is the first in the world to use the coke oven gas self-reforming method to produce hydrogen. The
obtained hydrogen has been used to directly reduce iron-containing raw materials and produce high-quality iron.

Development of green electricity in the non-ferrous metallurgical industry has been very rapid. For example, in Yunnan Province,
China, which is rich in renewable energy, interest in electrolytic aluminum enterprises has increased. The scale of green aluminum
and silicon production capacity in this region ranks among the top in the country, with an output value exceeding 100 billion
RMB. Combination of silicon-aluminum industry with clean energy can realize the green development of integrated hydropower,
silicon, and aluminum industries. However, the research and development and application of alternative technologies for biomass
combustion and emissions reductions in the metallurgical industry are still in their infancy, and the future emission reduction
potential is huge.

The relevant patents are mostly from China (Tables 2.2.1 and 2.2.2), which is consistent with its position as “the largest
metallurgical country”. Kunming University of Science and Technology is ranked first in the number of patents because of its
advantages of regional new energy resources and metallurgical technology research.

A roadmap for the next 20 years for the research front of “metallurgical low-carbon utilization of renewable energy” is shown in Figure
2.2.1. The main focuses are construction of a metallurgical energy system that combines multi-energy sources and energy storage
systems to form a complementary clean energy supply system of wind, solar, water-hydrogen, and metallurgical waste heat and
energy; development of a new technology for reduction of metallurgical slag by swirl injection of biomass fuel oil, and replacing fossil
fuel energy reducing agents with renewable energy; and development of enhanced combustion technology for swirl atomization of
biomass fuel oil and replacement of fossil fuels with renewable energy to achieve clean and low carbonization of metallurgical energy
structure. The overall goal is transformation from carbon metallurgy to disruptive green low-carbon metallurgy in the next 10 years,
and in the following 10 years reduction in the energy consumption of smelting and carbon emissions intensity. This will provide a
metallurgical process with zero emissions.

Table 2.2.1 Countries with the greatest output of core patents on “metallurgical low-carbon utilization of renewable energy”

Published Percentage of

Percentage of  Citations per

patents published patents/% ClEHE citations/% patent
1 China 513 98.65 218 97.76 0.42
2 India 2 0.38 0 0.00 0.00
3 Republic of Korea 2 0.38 0 0.00 0.00
4 Netherlands 1 0.19 5 2.24 5.00
5 Russia 1 0.19 0 0.00 0.00
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Table 2.2.2 Institutions with the greatest output of core patents on “metallurgical low-carbon utilization of renewable energy”

Institution Published P_ercentage of Citations Perce_ntage of Citations

patents published patents/% citations/%  per patent
1 Kunming University of Science and Technology 14 2.69 16 7.17 1.14
2 CISDI Engineering Company Limited 13 2.50 4 179 0.31
3 Jiangsu Binxin Iron and Steel Group Company Limited 7 1.35 1 0.45 0.14
4 Baoshan Iron & Steel Company Limited 6 1.15 2 0.90 0.33

Cangzhou China Railway Equipment Manufacturing

5 Technology Company Limited 5 0.9 2 0.90 0-40
6 Yunnan Desheng Steel Company Limited 4 0.77 1 0.45 0.25
7 Wuhai Desheng Coal Coking Company Limited 4 0.77 0 0.00 0.00
8 Qingdao University of Technology 3 0.58 6 2.69 2.00
9  Xinhua Qunhua Ceramics Technology Company Limited 3 0.58 4 1.79 1.33
10 Angang Steel Company Limited 3 0.58 3 1.35 1.00

2023 2035 2050

e e | n e e

and low-carbon metallurgy metallurgical process

Complementary clean energy supply system of wind-light-water-hydrogen
and metallurgical waste heat and waste energy

New technology for deep reduction of metallurgical slag by

Technology swirl injection of biomass fuel oil
frontier

Biomass fuel swirl atomization enhanced combustion technology

VNN

Breakthrough series of clean energy metallurgical new technology and equipment,
improve the level of smelting technology and reduce carbon emission intensity
from the perspective of the whole life cycle

Application

Expand the scale of renewable energy utilization and deploy the hydrogen energy
industry in a timely manner, optimizing the energy efficiency of the entire
metallurgical industry

Figure 2.2.1 Roadmap of the engineering development front of “metallurgical low-carbon utilization of renewable energy”

2.2.2 Integration of large language models for the design and synthesis of advanced chemical engineering materials

The chemical and materials industry is a pillar of industrial society and forms the cornerstone of humanity’s endeavor to explore
and transform the material world. Each discovery and mass production of a new material signifies a leap forward. However, the
traditional R&D paradigm of trial and error through experimentation and human summarization of patterns has reached its limits,
which slows the design and preparation of new chemical materials. A paradigm shift is required in research methodologies. In the
realm of new chemical materials, the data are characterized by large volumes yet sparse distributions. Relying on manual efforts
or traditional models is inadequate to effectively unearth the patterns underlying the massive datasets. Large models offer the

promise of integrating domain knowledge and tuning for specific material systems. This allows for a broad-to-specific technical
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trajectory to help scientists break from conventional thinking and accelerate material development.

As early as 2011, the USA took the lead by initiating the Materials Genome Initiative. China also launched a key project on
the fundamental techniques and platforms for material genome engineering. With the continuous development of artificial
intelligence, the number of patents geared towards the development of new chemical materials has been growing annually. China
and the USA together account for over 70% of global patents in this field (Table 2.2.3), with the rest primarily originating from
developed nations. Although the patent numbers are similar for China and the USA, the citation gap is significant, which suggests
that the USA is the leader in this domain. Whereas patents from the USA are produced by both universities and enterprises, those
from China are primarily produced by universities (Table 2.2.4). This highlights the need for China to catch up in terms of industry-
academia-research integration. Moreover, China lags the USA in international collaboration and communication within this
domain (Figure 2.2.2), and there is a need to further expand its global influence. Currently, this domain is a focus for international
research, and the number of related patents published is increasing annually. According to the average citation count, this domain
is at the forefront of developmental innovations. However, patents directly applying large models for material development remain
scarce, which suggests that the field is still in its nascent stages and has vast potential for growth.

Table 2.2.3 Countries with the greatest output of core patents on “integration of large language models for the design and synthesis of
advanced chemical engineering materials”

Country Published P_ercentage of Citations Pe_rce_ntage Citations per
patents published patents/% of citations/% patent
1 USA 180 37.34 877 64.77 4.87
2 China 177 36.72 337 24.89 1.90
3 India 33 6.85 0 0.00 0.00
4 Republic of Korea 24 4.98 33 2.44 1.38
5 Japan 21 4.36 24 1.77 1.14
6 UK 11 2.28 28 2.07 2.55
7 Germany 10 2.07 8 0.59 0.80
8 Canada 8 1.66 13 0.96 1.62
9 Australia 5 1.04 3 0.22 0.60
10 Switzerland 3 0.62 13 0.96 4.33

Table 2.2.4 Institutions with the greatest output of core patents on “integration of large language models for the design and synthesis of
advanced chemical engineering materials”

Published Percentage of published

Percentage Citations per

Institution Citations

patents patents/% of citations/% patent
1 International Business Machines Corporation 14 2.90 34 2.51 2.43
2 Intel Corporation 8 1.66 35 2.58 4.38
3 Guangzhou University 8 1.66 2 0.15 0.25
4 Micron Technology Incorporated 7 1.45 0 0.00 0.00
5 Peptilogics Incorporated 6 1.24 14 1.03 2.33
6 Freenome Holdings Incorporated 6 1.24 13 0.96 2.17
7 University of California 6 1.24 7 0.52 1.17
8 Zhejiang University 5 1.04 10 0.74 2.00
9 Ro5 Incorporated 5 1.04 6 0.44 1.20
10 Stanford University 4 0.83 26 1.92 6.50

Ui

é",,, Engineering
%" Fronts

99



“(

%

100

Part B Reports in Different Fields

Japan
Republic of Korea

. ’ .UK
India I rd
| / .Germany
"-I [ [/ .Canada
China 14
‘ .Australia

USA Switzerland

Figure 2.2.2 Collaboration network among major countries for the engineering development front of “integration of large language models
for the design and synthesis of advanced chemical engineering materials”

In the next 5 to 10 years, large models are expected to aid multiple facets of the new chemical materials industry, accelerating
design and preparation through literature information extraction, material structure generation, material property prediction,
synthesis condition optimization, and intelligent characterization (Figure 2.2.3). First, literature information extraction is the main
way to collect data for the chemical materials data platform. Large model is able to refine the extraction results of traditional
models and output highly structured information so as to build a high-quality domain database. The creation of a high-quality
domain-specific dataset and fine-tuning with domain knowledge are critical steps to optimize large model performance in this
area. Second, large models that mine connections behind the data and formulate logical hypotheses could provide breakthroughs
for material structure generation, which is vital for the reverse design of new materials. Generative models, a challenge in the
artificial intelligence domain, are essential to enable artificial intelligence-driven scientific hypotheses. Third, material property
prediction, which is a foundation for high-throughput screening, can be streamlined using large models that integrate various
smaller models within the domain for precise predictions for various material properties. Integration of these smaller models into
large models allows for discerning patterns by learning the parameters of the smaller models. Synthesis condition optimization
and intelligent characterization are at the heart of exploring material fabrication techniques. Large models, with their superior

Figure 2.2.3 Roadmap of the engineering development front of “integration of large language models for the design and synthesis of
advanced chemical engineering materials”
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ability to discern patterns, can fully account for various influencing factors and swiftly optimize processes. Investigating multi-
tiered active learning and establishing a universal framework in the chemical materials domain is crucial.

Taking polyolefin catalysts as an example, the chemical community currently relies on traditional methods for catalyst
development. A single formula, from design and synthesis to characterization and final polymer evaluation, often takes several
months, and most catalysts developed through this process do not meet final requirements. Leveraging the predictive abilities of
large models can speed up the development of polyolefin catalysts. Further development of efficient high-end polyolefin catalysts
could reduce the production costs of the key material, POE, used in photovoltaic industry encapsulation films. This will hasten the
industrial production of domestic POE materials.

2.2.3 Design and preparation of metal matrix composites for high-temperature environments

Metal matrix composites (MMCs) are new materials made by adding inorganic non-metallic (or metallic) reinforcements of different
sizes and morphologies (e.g., particles, fibers, whiskers, and nanosheets) to metals (e.g., aluminum, titanium, magnesium,
and copper) using artificial methods. Compared with traditional homogeneous metals, MMCs have higher strength, corrosion
resistance, electrical and thermal conductivity and other properties. They have broad application prospects in aerospace,
national defense, rail transit, electronic information, and other fields. In the USA, particle-reinforced MMCs were first prepared
by stir casting as early as the 1980s. In China, MMCs research began in 1981 and has already been applied in key components in
many major projects. The field is currently in the stage of popularization and rapid development. Taking the aluminum matrix
as an example, although it has high strength at room temperature, when used at 300-400 °C, this strength is eliminated. This
mainly occurs because of the precipitation phase present in traditional high-strength aluminum alloys, which undergoes rapid
destabilization and coarsening above 200 °C. Consequently, the material loses its strength, resulting in rapid softening and failure.
The sharp decline in the mechanical properties of aluminum alloys in use is a key shortcoming that restricts structural design
and affects the service safety, especially between 300 °C and 400 °C. This is of particular concern in the aerospace field. The 7075
aluminum alloy is widely used in aerospace and its tensile strength at 200 °C and 300 °C is only approximately 30% and 10% of that

at room temperature, respectively. This hinders its effective use in heat-resistant structural components.

The principle behind thermal stability strengthening lies in the use of high thermal stability second-phase particles that pin grain
boundaries, effectively hindering grain boundary slip and improving the stability of the matrix grain. At high temperatures, the
load is transferred to the reinforcing particles through the interface, allowing for higher hardness of the reinforcing particles
to bear a greater load and thereby enhancing the thermal stability of the material. For instance, Lavernia et al. successfully
prepared a reinforced aluminum matrix composite containing TiC nanoparticles (35%) with tensile strength of up to 220 MPa and
elongation of 10% at 300°C. However, it is worth noting that with further increases in the volume fraction of the reinforcement, the
elongation greatly decreased. New materials with high strength-to-mass ratios at high temperatures, such as the high-strength
3D-printing aluminum alloy code-named Al250C developed by the WU Xinhua team in Australia, can have significant benefits in
various applications. These materials, particularly MMCs, can be used to optimize thermal stability by adjusting and controlling
the characteristics of the reinforcement particles and the interface between the reinforcement and the matrix. However, it is worth
noting that the current tensile strength of aluminum matrix composites at 300 °C is generally below 250 MPa, and their plasticity
and toughness are significantly lower than those of pure aluminum. Nevertheless, the improved performance, lightweight nature,
and functionality of MMCs make them highly advantageous in many technological areas. Therefore, the design and preparation
technology of MMCs in high-temperature environments are of great importance for enhancing scientific and technological
strength, and particularly in achieving strategic goals.

Table 2.2.5 reveals the main countries that produce core patents in the engineering development front of “design and preparation
of metal matrix composites for high temperature environments”. Most of these patent outputs are from Asian countries, with
China prominent in terms of patent disclosure and citation. There is some degree of international cooperation between China and
the USA, while other countries and regions have not yet engaged in extensive collaboration (Figure 2.2.4). Notably, internationally
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relevant technologies are currently embargoed, particularly in the USA, where research reports in this field are predominantly
concentrated in national laboratories, and the core technologies have not been made public yet. Major metal materials research
institutions in China, such as the University of Science and Technology Beijing, Harbin Institute of Technology, and the Institute
of Metal Research of the Chinese Academy of Sciences, have prioritized research and development of MMCs for high temperature
environments (Table 2.2.6). In terms of enterprises, Wuxi Hengteli Metal Products and Anhui Nicola Electronic Technology are
leaders, but there is no collaboration between the main institutions. The widespread distribution of research institutions also
illustrates the significant research status and value of heat-resistant MMCs.

MMCs for high-temperature environments are facing an important period of strategic opportunity and are expected to be
widely used in livelihood equipment in the next 5 to 10 years. Many foundational studies have been conducted on technology
for the design and preparation of heat-resistant MMCs, but there are still many unsolved technical and scientific problems.
Because of equipment replacement and technology upgrade requirements, research and development of heat-resistant
MMCs is facing new challenges and demands. Breakthroughs are required for enhancing the heat-resistant limit temperature
of the material, improving the stability of the material preparation, reducing the cost, and developing precision processing
equipment and an evaluation system suitable for heat-resistant MMCs. To further promote the improvement and application
of design theory and technology, several key aspects should be considered (Figure 2.2.5). First, biomimetic design should be
conducted at the microstructural and morphological levels. Taking inspiration from the structural analysis of plants and animals

Table 2.2.5 Countries with the greatest output of core patents on “design and preparation of metal matrix composites for high-temperature
environments”

Published  Percentage of published

Percentage of  Citations per

Sty patents patents/% SIS citations/% patent
1 China 529 88.76 892 86.35 1.69
2 Japan 24 4.03 23 2.23 0.96
3 Republic of Korea 23 3.86 53 5.13 2.30
4 USA 9 1.51 56 5.42 6.22
5 India 4 0.67 1 0.10 0.25
6 Russia 2 0.34 2 0.19 1.00
7 Germany 2 0.34 0 0.00 0.00
8 Singapore 1 0.17 5 0.48 5.00
9 UK 1 0.17 4 0.39 4.00
10 Austria 1 0.17 0 0.00 0.00
India
Russia
USA

. Germany
Republic of Korea .

. Singapore
@..

Japan @

China Austria

Figure 2.2.4 Collaboration network among major countries for the engineering development front of “design and preparation of metal
matrix composites for high-temperature environments”
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Table 2.2.6 Institutions with the greatest output of core patents on “design and preparation of metal matrix composites for high-
temperature environments”

Institution Published P_ercentage of Citations Pe_rce_ntage Citations
patents published patents/% of citations/% per patent

1 University of Science and Technology Beijing 7 1.17 39 3.78 5.57
2 Harbin Institute of Technology 7 1.17 16 1.55 2.29

Institute of Metal Resscei:]ccr;SChinese Academy of 6 1.01 23 293 3.83
4 Wuxi Hengteli Metal Products Company Limited 6 1.01 5 0.48 0.83
5 Jilin University 5 0.84 35 3.39 7.00
6 Taiyuan University of Technology 5 0.84 11 1.06 2.20
7 Anhui Nigula Electronics Technology Company Limited 5 0.84 0 0.00 0.00
8 AVIC Manufacturing Technology Institute 4 0.67 46 4.45 11.50
9 Xi’an University of Technology 4 0.67 23 2.23 5.75
10 Zhejiang University 4 0.67 19 1.84 4.75

‘ Multi-scale simulation technology
Design ideas
‘ Biomimic design and preparation
/ \ ‘ MMCs database technology
Research mode ‘ Machine learning & Intelligent design platform
Processing techniques-composition-microstructure-performance
\ y prediction model
- D .
Near net-shape manufacturing technology
Preparation ‘ Defect detection technology for complex component
technology
Service evaluation technology for high temperature
\ 4 environment
Standard for identification and acceptance of heat-
Standard resistant metal matrix composites

establishment 5 X
High temperature performance evaluation method for MMCs

Figure 2.2.5 Roadmap of the engineering development front of “design and preparation of metal matrix composites for high-temperature
environments”

residing in extreme environments, materials should be designed with a multi-scale approach from micro to macro. This design
process could be further enhanced by developing a multi-scale computing platform that utilizes computational simulations
to optimize the structural characteristics. Second, a new research paradigm should be established for genetic engineering of
transitional materials. A multidimensional database could be constructed by exploring the physical and chemical properties of
various materials such as metal oxides, carbides, nitride, borides, and nano-carbon,. This database, combined with simulation
calculations of matrix composition, interface structure, and reinforcement distribution configuration, will facilitate the design
and optimization of heat-resistant MMCs. Additionally, special near-net shape preparation and processing technology needs
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to be developed. This technology will address the technical challenges associated with processing MMCs, leading to improved
utilization rates and formation accuracy for the materials. To achieve this, the technical prototype should be designed and
improved according to the interface and reinforcement configuration of the MMCs. Furthermore, efficient forming technology,
defect detection technology, and service evaluation technology for MMCs components with complex shapes should be
developed. Finally, a comprehensive system of national and industry standards should be studied and established. This should
include the establishment of high-temperature performance evaluation methods, identification criteria, and acceptance criteria
for different sub-materials of MMCs used in high-temperature environments. The implementation of such a system will ensure
standardized and reliable performance of these materials.
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V. Energy and Mining Engineering

1 Engineering research fronts

1.1 Trends in Top 12 engineering research fronts

The Top 12 engineering research fronts as assessed by the Energy and Mining Engineering Group are shown in Table 1.1.1.
These fronts involve the fields of energy and electrical science, technology, and engineering; nuclear science, technology, and
engineering; geology resources science, technology, and engineering; and mining science, technology, and engineering. Among
these 12 research fronts, “research on direct hydrogen production from seawater”, “Power-to-X technologies based on renewable
energy sources”, and “high-energy density lithium metal batteries” represent energy and electrical science, technology, and
engineering research fronts; “mechanism of high temperature superconductor (HTS) material in compact fusion reactor” , “research
on hydrogen production process route and critical material by nuclear energy”, and “critical technology in geological disposal
of high-level radioactive waste” represent nuclear science, technology, and engineering research fronts; “detecting method of
remote sensing image change for energy resources”, “drilling speed prediction model based on artificial neural networks”, and
“characteristics and effects of reservoir stimulation in hydraulic fracturing” represent geology resources science, technology, and
engineering research fronts; and “multiscale fractured modeling and simulation of coupled thermo-hydro-mechanical processes
in rocks for geothermal systems”, “theoretical research on quality enhancement and efficiency improvement in the development
of oil and gas in complex deepwater geological formations”, and “advancements in deep rock mechanics modeling for safe and

efficient underground mining” represent research fronts of mining science, technology, and engineering.

The annual publication status of the core papers related to each frontier from 2017 to 2022 is shown in Table 1.1.2.

Table 1.1.1 Top 12 engineering research fronts in energy and mining engineering

Engineering research front Core papers Citations Citations per paper Mean year

1 Research on direct hydrogen production from seawater 455 13177 28.96 2020.8

Mechanism of high temperature superconductor (HTS) material in compact

2 . 468 4595 9.82 2019.9
fusion reactor

3 Detecting method of remote sensing image change for energy resources 36 2342 65.06 2020.3

4 Multiscale fractur.ed modeling a.nd simulation of coupled thermo-hydro- 1 379 34.45 20215

mechanical processes in rocks for geothermal systems

5 Power-to-X technologies based on renewable energy sources 212 5174 24.41 2020.4

6 High-energy density lithium metal batteries 282 75243 266.82 2018.6

7 Research on hydrogen production process route and critical material by 174 15263 87.72 2018.4
nuclear energy

8 Critical technology in geological disposal of high-level radioactive waste 387 3058 7.90 2020.0

9 Drilling speed prediction model based on artificial neural networks 42 686 16.33 2019.4

10 Characteristics and effects of reservoir stimulation in hydraulic fracturing 162 2474 15.27 2019.9

Theoretical research on quality enhancement and efficiency improvement
11 in the development of oil and gas in complex deepwater geological 114 783 6.87 2019.7
formations
1 Advancements in deep rock mechanics modeling for safe and efficient 30 1309 43.63 2020.0

underground mining
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Table 1.1.2 Annual number of core papers published for the Top 12 engineering research fronts in energy and mining engineering

Engineering research front 2017 2018 2019 2020 2021 2022
1 Research on direct hydrogen production from seawater 19 31 32 55 108 210
5 Mechanism of high temperature syperconductor(HTS) material in compact 56 68 66 74 97 107
fusion reactor
3 Detecting method of remote sensing image change for energy resources 1 0 7 11 14 3
Multiscale fractured modeling and simulation of coupled thermo-hydro-
4 . . 0 0 0 0 6 5
mechanical processes in rocks for geothermal systems
5 Power-to-X technologies based on renewable energy sources 13 16 23 48 44 68
6 High-energy density lithium metal batteries 55 92 60 57 17 1
7 Research on hydrogen production process route and critical material by 52 46 44 21 7 4
nuclear energy
8 Critical technology in geological disposal of high-level radioactive waste 55 42 51 58 71 110
9 Drilling speed prediction model based on artificial neural networks 1 5 8 4 9 10
10 Characteristics and effects of reservoir stimulation in hydraulic fracturing 12 28 29 32 24 37
1 Theoretical research qn quality gnhancementand eﬁ|C|ency|r.nproveme|j1t|n 16 20 1 25 1 ’1
the development of oil and gas in complex deepwater geological formations
T Advancements in deep rock mechanics modeling for safe and efficient q 3 6 - 10 3

underground mining

(1) Research on direct hydrogen production from seawater

Direct hydrogen production from seawater is a technology that directly decomposes seawater into hydrogen and oxygen
without pretreatment processes like desalination. However, due to the extremely complex composition of seawater (up to
92 chemical elements), it faces many challenges such as chlorination, membrane clogging and corrosion. Since the concept
of direct seawater electrolysis was proposed in 1975, the four major paths of direct seawater electrolysis for hydrogen
production have still been the main focus internationally for half a century. One is direct seawater electrolysis by developing
catalysts, through improving electrochemical activity, introducing selective site or constructing protective coatings to avoid
the competition between chlorination and oxygen precipitation reactions. The second is direct seawater electrolysis based
on asymmetric electrolyte, which is achieved by adding a pure electrolyte at the anode side and seawater at the cathode side.
The third is to isolate the purity ions via the hydrophilic reverse osmosis membrane. The last is seawater electrolysis based on
physical mechanics, through the construction of a gas-liquid phase interface between seawater and electrolyte, and the use
of the difference in saturated vapor pressure between the two as the mass transfer driving force, inducing the seawater in the
form of gaseous water migration across the membrane to the electrolyte, completely isolating seawater ions and at the same
time realizing the seawater without desalination process, side reactions, additional energy consumption of the seawater for the
purpose of direct hydrogen production. The development of direct seawater electrolysis technology for hydrogen production
will help promote the global emerging strategic industry of “offshore wind power and other renewable energy utilization—
seawater hydrogen production”.

(2) Mechanism of high temperature superconductor (HTS) material in compact fusion reactor

Controlled fusion energy is an ideal clean energy resource for the future, and the most likely method for realizing controlled
thermonuclear fusion at present is magnetic confinement fusion. Tokamak are considered to be the most promising
magnetic confinement devices for realizing controlled nuclear fusion, and superconducting magnets are one of the key
components of tokamak devices. Conventional tokamak devices use low-temperature superconducting magnets. In order
to obtain a high fusion energy gain and fusion power density, the devices are often built very large, which increases the
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cost of the device. With the development of superconducting material technology, second-generation high-temperature
superconducting materials have higher temperature margins, current densities, and critical magnetic fields compared to
low-temperature superconducting materials. These characteristics promote the birth of more compact, higher magnetic
field of high-temperature superconducting magnets. The breakthrough in high-temperature superconducting magnet
technology has formed a new compact fusion reactor technology route, which not only greatly reduces the cost, but also
dramatically shortens the research and development cycle. MIT Technology Review named the compact fusion reactor
as one of the top ten breakthrough technologies in 2022. Internationally representative are the SPARC device from
Massachusetts Institute of Technology (MIT) in the USA and the STEP device from Karam Fusion Energy Center in the UK,
both of which are currently in the conceptual design stage.

(3) Detecting method of remote sensing image change for energy resources

Remote sensing imaging change detection is the use of multi-source remote sensing images and related geographic spatial data
covering the same surface area at different times, in combination with corresponding features and remote sensing imaging
mechanisms, in order to determine and analyze the changes in the features of the region through the image and graphic
processing theory and mathematical modeling methods, including changes in the location and scope of the features, as well as
changes in their properties and states.

In the initial stage, medium and low resolution remote sensing images were used. With the improvement of spatial resolution
of remote sensing images, the differences in spatial texture representations of the same ground objects become larger, and the
features of the ground objects become more complex and diverse. Traditional change detection methods are no longer sufficient
to meet the needs. Hyperspectral image change detection and high-resolution image change detection have become important
fields of change detection.

Modern information technologies such as remote sensing big data, the Internet, artificial intelligence (Al), and cloud computing
are thriving, driving the rapid transformation and upgrading of remote sensing monitoring technology models. Utilization of
existing data and computing resources, surface normalization and intelligent monitoring, and timely and efficient acquisition of
land feature change information has become one of the current research hotspots. Future research trends include application
scene change detection, construction and application of a dedicated sample set for large-scale change detection, and information

mining of multi-source data.
(4) Multiscale fractured modeling and simulation of coupled thermo-hydro-mechanical processes in rocks for geothermal systems

Multiscale fractured modeling and simulation of coupled thermo-hydro-mechanical processes in rocks for geothermal systems
study refers to the investigation of the thermal, hydrological, and mechanical interactions of rocks within geothermal systems
by integrating multiple spatial and temporal scales. This simulation-based research aims to gain a deeper understanding of
the impacts of geothermal energy extraction and subsurface water flow on geological fault zones and rock properties, with the
ultimate goal of enhancing efficient geothermal resource development and environmental management.

The primary research directions are as follows: (1) micro-scale research focuses on the microscopic characteristics of rock,
including pore structure, mineral composition, thermal conductivity, and interactions between rocks and fluids; @ at the
mesoscale, the research involves simulating the thermal-hydro-mechanical behavior of small-scale rocks, revealing relationships
between fluid seepage, heat transfer, and mechanical responses within geothermal systems; and (3 macro-scale investigations
explore the thermo-hydro-mechanical coupling behavior of rocks across the entire geothermal system, considering the influence
of geological structures and groundwater flow on geothermal resources. Cross-scale simulations integrate information from
different scales to provide comprehensive guidance for geothermal energy development.

With the advancement of computational capabilities and interdisciplinary collaboration, multiscale fractured simulation of the
thermo-hydro-mechanical coupling processes in geothermal system rocks are expected to progress further. This will be reflected in
(D more refined and efficient simulation methods utilizing new numerical algorithms, artificial intelligence, and other technologies
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to achieve more accurate simulation results; @ increased importance of data-driven simulation methods, optimizing numerical
models utilizing real monitoring data to improve predictive accuracy, placing more emphasis on coupling effects, considering the
mutual influences of factors such as temperature, pressure, and fluid transport; and 3 enhanced interdisciplinary cooperation,
incorporating expertise from fields such as geology, hydrology, and geophysics into simulation studies.

(5) Power-to-X technologies based on renewable energy sources

Power-to-X technology is the use of green electricity generated from renewable energies (solar, wind, hydro, etc.) to produce
green hydrogen, green methanol, green ammonia, and other products. This emerging technology can realize the transformation
of intermittent renewable energies into storable chemical energy, thus contributing to the large-scale storage of renewable
electricity. Meanwhile, Power-to-X enables linking renewable energies to industry, transportation, energy and power sectors.
Therefore, it provides a suitable solution for the global economy decarbonization and for the provision of non-fossil fuel
products.

At present, water electrolysis toward hydrogen is the key field of Power-to-X technology. Meanwhile, coupling green hydrogen
with CO, and/or N, can provide a wealth of products. The direct conversion of H,0 with CO, and/or N, toward green methanol,
green ammonia, and other products is also an active field of Power-to-X technolog. Of note, co-electrolysis of H,0/CO, toward
syngas, in combination with distributed micro-Fischer-Tropsch process holds a grand promise for generating carbon-neutral
fuels and chemicals. Biomass and bio-derived platform molecules are one family of abundant renewable resources on earth
with diverse molecular framework, active functional groups, and flexible molecular tailorability compared with CO, and N,.
Thus, it is a suitable object for green electricity processing. Moreover, biomass-based products are perfectly compatible with
the economic system. Therefore, the Power-to-X technology coupled with biomass conversion has a great potential in carbon-

neutral economy.

Breaking the key scientific and technological bottlenecks of the whole chain of material-electrode-electrolyzer-system,
improving the energy conversion efficiency and the economic value of the products, and optimizing the linking method
between the Power-to-X technology and the industrial, transportation and energy and power sectors is at the core of this grand

topic.
(6) High-energy density lithium metal batteries

As an anode in second batteries, lithium (Li) metal has a very high theoretical specific capacity of 3 860 mAh/g and the lowest
redox potential. Thus, it is the ultimate choice of anode material for high energy second batteries. In the 1970s attempts were
made to use metallic Li as the anode in rechargeable batteries. However, it was found that Li dendrites were easily formed
during charging (i.e., electrochemical deposition of Li), which could pierce the separator film and cause internal short-circuit,
leading to thermal runaway and combustion explosion. In addition, Li dendrites could fracture to result in Li pulverization that
will enhance the reactivity and safety risk. These fatal flaws block the commercialization of Li metal second batteries. Then,
more attention was paid to Li+ intercalation anode materials. Finally, lithium-ion batteries based on graphite anodes entered
the market in 1991. With the rapid development of electric vehicles and energy storage in the recent 10 years, second batteries
with a higher energy density are demanded, and Li metal second batteries have come into sight again. Li-S battery and other
new systems with an energy density above 400 Wh/kg have been intensively investigated. Nevertheless, two major problems
of Li dendrite growth and low cycling efficiency related to Li metal anode still need to be solved. Optimization of the current
collector structure, modification of the anode surface and use of Li metal composites can effectively suppress Li dendrite
growth. Moreover, the electrochemical performance of Li metal anode is strongly dependent on the paired electrolytes. The
optimization of liquid electrolyte compositions can improve the property of solid-electrolyte interphase layer, and in turn,
suppress Li dendrite growth and enhance the Coulombic efficiency. In particular, the use of organic/inorganic composite
electrolytes or inorganic electrolytes is expected to fundamentally solve the problems of Li metal anode. With the continuous
emergence of new materials and the optimization of cell structures and charging mode, the practical application of Li metal

second batteries might be realized.
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(7) Research on hydrogen production process route and critical material by nuclear energy

As a secondary energy, hydrogen is an energy carrier or energy flow. The combination of nuclear energy and hydrogen energy will
basically clean the whole process of energy production and utilization. The use of nuclear power to provide electricity for hydrogen
production by electrolysis of water is one of the ways of hydrogen production by nuclear energy. At present, the main problem
of hydrogen production from water electrolysis is the high energy consumption and low efficiency. If hydrogen production by
electrolytic water in nuclear power is conducted during the low power consumption, the power grid resources can be rationally
utilized and the cost of hydrogen production can be reduced. The high temperature generated by the nuclear fission process in the
reactor has been extensively studied for direct use in thermal-chemical hydrogen production. Compared with hydrogen production
by electrolytic water, the thermochemical process has a higher efficiency and a lower cost.

The principle and typical process of thermal-chemical hydrogen production is based on the thermochemical cycling, which
catalyzes the thermal decomposition of water at 800-1 000 °C to produce hydrogen and oxygen. More than 100 thermochemical
cycles have been developed. One of the keys to this method is to provide low-cost high-temperature heat sources. In recent years,
the high temperature generated by nuclear fission in the reactor is an active research topic in the international nuclear engineering
field, which may become a new application field of nuclear energy in the future. Hydrogen production by thermochemical
process includes biomass thermochemical hydrogen production, thermochemical iodine-sulfur cycle hydrogen production, high
temperature solid oxide electrolytic hydrogen production, methane (high temperature) reforming hydrogen production, of which
the iodine-sulfur thermochemical cycle process is considered to be a more promising process. Thermal hydrogen production
first requires the reactor to provide a high temperature of 750-1 000 °C . The cross-contamination of the nuclear system and the
hydrogen production system during heat exchange must be prevented. The international roadmap for the 4th generation nuclear
energy system (Gen IV) fully considers the issue of nuclear energy hydrogen production. In the recommended six nuclear energy
systems, in addition to the very high temperature gas cooled reactor (VHGR) which mainly produces hydrogen, gas-cooled fast
reactor (GFR), lead-cooled fast reactor (LFR), and molten-salt reactor (MSR) give consideration to both power generation and
hydrogen production.

(8) Critical technology in geological disposal of high-level radioactive waste

High-level radioactive waste refers to the high-level waste liquid and its solidified body generated from the reprocessing of spent
fuel in nuclear reactors. According to the classification of radioactive waste in China, high-level radioactive waste is divided into
two categories: high-level liquid waste and high-level solid waste. High-level radioactive waste is a special waste that is highly
radioactive, highly toxic, with long half-life nuclides and heat, which is extremely difficult to be safely dispose of, posing a series of
scientific, technical, engineering, humanistic and sociological challenges. The internationally widely adopted feasible solution is
deep geological disposal, that is, the high-level waste is buried in the geological body 500-1 000 m deep from the surface, so that it
is permanently isolated from the human living environment. The underground works where high-level radioactive waste is buried
are called “high-level radioactive waste disposal repositories”. Through the construction of an underground laboratory for high-
level waste disposal, with the underground laboratory as a platform, many countries have determined the disposal site, developed
a complete disposal theory and technical system, and entered the construction/preparation stage of the disposal repository.
Finland received a permit for the construction of the repository in November 2015 and began construction in 2016; Sweden and
France obtained permits for the construction of repositories; The USA allocated funds to restart the Yucca Mountain project in 2017.
On May 6, 2019, with the consent of the State Council of the People’s Republic of China, the Bureau of Science, Technology and
Industry for National Defense officially approved the underground laboratory construction project, which is a milestone for the
geological disposal of high-level radioactive waste in China.

Major scientific issues to be addressed for the safe disposal of high-level waste include accurate prediction of the geological
evolution of the disposal site, the characteristics of deep geological environment, the behavior of deep rock mass, groundwater
and engineering materials under multi-field coupling conditions (medium-high temperature, ground stress, hydraulic action,
chemical action and radiation action), the geochemical behavior of low-concentration transuranic radionuclides and their
migration with groundwater, and the safety evaluation of disposal systems under ultra-long time scales, etc.

#&[ Engineering
" Fronts




Energy and Mining Engineering

(9) Drilling speed prediction model based on artificial neural networks

The artificial intelligence-based drilling rate prediction model is a method that employs machine learning and data analysis
techniques to forecast drilling rates in oil and gas drilling operations. This model analyzes various factors such as historical drilling
data, geological information, drilling parameters, and applies artificial intelligence algorithms such as neural networks, decision
trees, and support vector machines to construct a predictive model, providing decision-making support for drilling operation
planning and optimization. Its research directions primarily encompass data collection, feature engineering, algorithm modeling,
and model optimization. It requires the collection of a substantial amount of historical drilling data, extraction of features relevant
to drilling rates, selection of appropriate algorithms for building predictive models, and iterative optimization to enhance accuracy
and stability. With the continuous advancement of data technology and artificial intelligence, coupled with the increasing
diversity and real-time nature of data, the gradual integration of information from other fields, and the application of automation
technology, the model will become more accurate and reliable, offering real-time, comprehensive, and precise drilling rate
prediction results.

(10) Characteristics and effects of reservoir stimulation in hydraulic fracturing

Hydraulic fracturing technology is the process of injecting fracturing fluid, which contains various additives, into the reservoir at
a high pressure, utilizing the natural or induced fracture system of the reservoir. This process enlarges the fracture network of the
reservoir and prevents the fractures from closing after the fracturing fluid is withdrawn, with the help of proppants such as sand
or ceramic particles. As a result, the shale gas can continuously release and transport to the surface. China began studying the
hydraulic fracturing technology in the 1950s. After years of exploration and reference, the first field test of hydraulic fracturing in
shale gas wells was conducted in China from 2009 to 2011, marking the beginning of theoretical research and field application of
shale gas fracturing. In 2012, Jiaoye 1 HF Well in Fuling Shale Gas Field achieved high production through hydraulic fracturing,
indicating the localization of the fracturing technology in China. Since then, with the steady development of the fracturing
technology, the total number of shale gas fracturing wells in China has reached 1 092 by 2020, and shale gas production has been
increasing year by year. In 2020, the national shale gas production reached 200.4x10° m®.

From the point of view of the total degree of reservoir reconstruction, the early implementation of the fracturing technology
in China mainly includes the conventional staged multi-cluster fracturing technology, the synchronous fracturing technology,
the zipper fracturing technology, the repeated fracturing technology, and so on. The staged multi-cluster fracturing technology
is the leading technology of shale gas fracturing. With the in-depth development of shale gas development, to improve the
transformation effect, especially the transformation volume and fracture network complexity of deep shale gas, the dense cluster
forced sand fracturing technology has been developed since 2018. In the process of implementing this technology, to control
the equilibrium degree of fractures, the temporary plugging fracturing technology and the non-uniform perforation fracturing
technology have been developed to achieve adequate control of fracture extension uniformity.

(11) Theoretical research on quality enhancement and efficiency improvement in the development of oil and gas in complex

deepwater geological formations

Generally, oil and gas resources in marine areas with a water depth exceeding 300 meters are generally classified as
deepwater oil and gas. Deepwater oil and gas resources are abundant with significant potential, offering extensive
prospects for exploration, development, and reservoir enhancement. Deepwater have emerged as a crucial replacement
area for oil and gas reserves and production due to their substantial quantities. However, the lifespan of platforms limits
deepwater oil and gas development, necessitating the achievement of stable and high production within a constrained
timeframe. Quality enhancement and efficiency improvement of oil and gas development is urgently required. Over
70% of global oil and gas resources are located in the oceans, with 40% originating from deepwater sources. Of the 101
newly discovered large oil and gas fields in the past decade, 67% are deepwater fields accounting for 68% of the reserves.
China’s current deepwater oil and gas production has reached tens of millions of tons, marking significant progresses.
Nevertheless, China’s deepwater oil and gas exploration and development still remain in the preliminary stage. Complex
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reservoir origins, exploration, characterization, drilling and completion, and production challenges, coupled with heavy
reliance on foreign materials and equipment, hinder further progress. Therefore, there is a pressing need to formulate
theories for quality enhancement and efficiency improvement of oil and gas development in China’s complex deepwater
geological formations. Key research areas include geological exploration methods, refined characterization techniques, safe
drilling and completion technologies, research for supportive materials and equipment, and efficient production methods.
Active exploration of novel approaches, development of new technologies, materials, and equipment, establishment
of theoretical frameworks for quality enhancement and efficiency improvement of complex deepwater oil and gas
development, and the formulation of scientifically reasonable development models hold the potential to significantly
contribute to national energy security.

(12) Advancements in deep rock mechanics modeling for safe and efficient underground mining

Advancements in deep rock mechanics modeling for safe and efficient underground mining refers to the application of
advanced mechanical models and numerical simulation techniques to study the mechanical behaviors of rocks, such as
deformation, fracturing, and stress distribution, in deep underground mining, in order to predict and assess geological hazards
like rock instability and collapses that might occur. This research provides scientific guidance for safe and efficient mining

practices.

In the domain of safe and efficient deep underground mining rock mechanics modeling, the main research directions encompass
the following vital areas: (D constitutive modeling of rocks explores the deformation characteristics of different rock types under
extreme conditions like high pressure and temperature, providing accurate numerical descriptions of rock deformation behaviors
during mining; @ studies on mechanical behavior of porous rock masses concern the influence of groundwater flow on rock
mechanics and the response of rock-water coupling within porous media during extraction; and (3 studies on multiscale modeling
utilize cross-scale simulations to reveal rock mechanics responses from micro to macro scales.

With the rapid advancement of the computer technology, rock mechanics modeling for safe and efficient deep underground
mining is becoming more refined and accurate. This will be reflected in: (D models considering nonlinearities, anisotropy, and
damage characteristics of rocks in greater detail to enhance simulation accuracy; (2 deeper investigations into coupling effects,
encompassing factors such as groundwater flow, temperature, and stress in simulations, leading to more comprehensive
predictions of rock mechanics responses; and 3 increased application of artificial intelligence and machine learning techniques
for optimizing model parameters, accelerating simulation processes, and improving simulation efficiency. As the depth of
deep mining operations increases, rock mechanics modeling will also focus on studying mechanical behaviors at even deeper
underground levels.

1.2 Interpretations for four key engineering research fronts

1.2.1 Research on direct hydrogen production from seawater

Water electrolysis highly relies on freshwater resources, while the shortage of freshwater resources seriously restricts the
development of hydrogen production. Ocean is the largest hydrogen source on earth, and obtaining sea water to produce “green
hydrogen” is an important strategic direction for future scientific and industrial development. However, the composition of
seawater is extremely complex, involving 92 chemical elements, many microorganisms, solid impurities, etc. Its lower conductivity
and large fluctuations easily lead to side reactions, catalyst deactivation, and membrane clogging, and other issues in the
electrolysis process, which poses a great challenge to the high performance, stability, high efficiency, and compatibility of the
electrolysis system.

Desalination followed by hydrogen production is the most mature seawater hydrogen production technology path and has
been conducted in China and abroad in large-scale demonstration projects. However, this type of technology relies heavily on
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large-scale desalination equipment, and the process is complex and occupies a large amount of land resources, which further
pushes up the cost of hydrogen production and the difficulty of engineering construction. Since the concept of direct seawater
hydrogen production was proposed in 1975, the four major paths of direct seawater electrolysis for hydrogen production have
still been the main focus internationally for half a century. Of the four major paths, catalyst engineering is currently the most
traditional and conventional way to solve the challenge of seawater hydrogen production, mainly through the improvement of
electrochemical activity, the introduction of selective sites, and the construction of protective coatings to avoid the competition
between chlorination and oxygen precipitation reactions. The second path is direct hydrogen production from seawater based
on asymmetric electrolyte, which is achieved by adding a single, pure electrolyte at the anode side and seawater at the cathode
side. The third path is based on membrane isolation, which excludes impurity ions in seawater by utilizing the in-situ membrane
screening method of hydrophilic reverse osmosis. The last path is based on the phase change migration of physical mechanics,
through the construction of a gas-liquid phase interface between seawater and electrolyte, and the use of the difference in
saturated vapor pressure between the two as the mass transfer driving force, inducing the seawater in the form of gaseous water
migration across the membrane to the electrolyte, completely isolating seawater ions and at the same time realizing direct
hydrogen production without the desalination process, side reactions, additional energy consumption of seawater. This pathway
has been validated in the world’s first offshore wind power seawater direct electrolysis hydrogen production sea trial on May 27,
2023 in Xinghua Bay, Fujian Province in China.

In the engineering research front of “research on direct hydrogen production from seawater”, the countries with the highest
publication of core papers and the average citations per paper are China and the USA, respectively (Table 1.2.1), and there are lots
of collaborations among China, the USA, and Australia (Figure 1.2.1). In the top ten institutions in terms of the number of papers
published, Chinese Academy of Sciences and Qingdao University of Science and Technology rank top two, and the institutions with
the highest citations per paper are University of Houston and Tianjin University (Table 1.2.2). There are many collaborations between
China University of Petroleum (East China), Qingdao University of Science and Technology, Shenzhen University, and Zhengzhou
University (Figure 1.2.2). Countries and institutions with the greatest output of citing papers are shown in Tables 1.2.3 and 1.2.4.

At present, the phase change migration of seawater direct electrolysis hydrogen production technology route has begun to
take advantage, is expected to realize 100 Nm®/h H, seawater hydrogen production system mass production by 2025, before
2028 to realize 1 000-3 000 Nm®/h H, seawater hydrogen system mass production, before 2033 to realize the application
scenario to the sewage, wastewater, and other non-pure water resources of the direct production of hydrogen on a large
scale (Figure 1.2.3). Countries and institutions with the greatest output of citing papers are shown as Tables 1.2.3 and 1.2.4.

Table 1.2.1 Countries with the greatest output of core papers on “research on direct hydrogen production from seawater”

Country Core papers Percentage of core papers/% Citations  Citations per paper Mean year
1 China 249 54.73 7803 31.34 2021.3
2 USA 79 17.36 3432 43.44 2020.5
3 Republic of Korea 31 6.81 584 18.84 2021.0
4 Australia 25 5.49 1162 46.48 2020.7
5 Japan 23 5.05 280 12.17 2020.2
6 UK 19 4.18 223 11.74 2020.7
7 Germany 15 3.30 939 62.60 2019.7
8 Canada 15 3.30 566 37.73 2020.5
9 India 15 3.30 262 17.47 2021.1
10 Netherlands 12 2.64 516 43.00 2020.3
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Figure 1.2.1 Collaboration network among major countries in the engineering research front of “research on direct hydrogen production
from seawater”

Table 1.2.2 Institutions with the greatest output of core papers on “research on direct hydrogen production from seawater”

Core Percentage of

Citations per

Institution papers core papers/% Citations paper Mean year
1 Chinese Academy of Sciences 28 6.15 632 22.57 2021.0
2 Qingdao University of Science and Technology 27 5,98 318 11.78 2021.8
3 Wuhan University of Technology 17 3.74 435 25.59 2021.5
4 University of Houston 12 2.64 1703 141.92 2021.0
5 China University of Petroleum (East China) 11 2.42 244 22.18 2021.5
6 Nankai University 11 2.42 213 19.36 2021.5
7 Tianjin University 10 2.20 467 46.70 2020.9
8 Shenzhen University 10 2.20 198 19.80 2021.4
9 Zhengzhou University 9 1.98 155 17.22 2021.8
10  University of Shanghai for Science and Technology 9 1.98 60 6.67 2021.7

China University of Petroleum (East China)

University of Houston

Wuhan University of Technology .

Nankai University

’ Tianjin University

Shenzhen University
Qingdao University of Science and Technology

Zhengzhou University
University of Shanghai for Science and Technology

Chinese Academy of Sciences

Figure 1.2.2 Collaboration network among major institutions in the engineering research front of “research on direct hydrogen production
from seawater”
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Table 1.2.3 Countries with the greatest output of citing papers on “research on direct hydrogen production from seawater”

Percentage of citing

Country Citing papers papers/% Mean year
1 China 561 57.54 2020.4
2 USA 119 12.21 2020.0
3 Australia 56 5.74 2020.3
4 Republic of Korea 54 5.54 2020.3
5 Germany 35 3.59 2020.3
6 UK 8S 3.38 2020.4
7 Singapore 28 2.87 2020.2
8 Japan 25 2.56 2020.3
9 Iran 23 2.36 2019.8
10 Canada 22 2.26 2020.4

Table 1.2.4 Institutions with the greatest output of citing papers on “research on direct hydrogen production from seawater”

Percentage of citing

Institution Citing papers papers/% Mean year
1 Chinese Academy of Sciences 7 26.55 2020.1
2 Soochow University 27 9.31 2020.0
3 Tsinghua University 24 8.28 2020.5
4 Hunan University 24 8.28 2020.4
5 Zhengzhou University 23 7.93 2020.6
6 Tianjin University 21 7.24 2020.3
7 Wuhan University of Technology 21 7.24 2020.4
8 Beijing University of Chemical Technology 19 6.55 2020.3
9 University of Science and Technology of China 18 6.21 2020.4
10 Qingdao University of Science and Technology 18 6.21 2020.4
2023 2028 2033

Mass production of
100 Nm?® seawater

direct hydrogen
production

Mass production of
1000-3 000 Nm?
seawater direct
hydrogen production,

Direct hydrogen produc-
tion from non-pure water
resources such as
sewage and wastewater,

Figure 1.2.3 Roadmap of the engineering research front of “research on direct hydrogen production from seawater”
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1.2.2 Mechanism of high temperature superconductor (HTS) material in compact fusion reactor

Fusion energy is clean, safe, and relatively abundant, which is the ideal energy source that is most likely to fundamentally
solve the future energy crisis. Tokamak devices are considered to be the most promising magnetic confinement devices for the
realization of controlled nuclear fusion. A superconducting magnet is one of the key components of a tokamak device, providing
the poleward and ringward magnetic fields that generate and confine the plasma to realize fusion. In tokamak devices, the
fusion energy gain and fusion power density have a scalar relationship with the toroidal magnetic field, and the central toroidal
magnetic field of magnets utilizing traditional low-temperature superconducting materials can only reach about 7 T, such as
the EAST of China, the JT-60SA of Japan, the JET of the UK, and the International Thermonuclear Experimental Reactor (ITER)
of international cooperation. With the development of superconducting material technology, the second generation high-
temperature superconducting materials have higher temperature margins, current densities, and critical magnetic fields
compared to low-temperature superconducting materials. These properties have led to the creation of more compact high-
temperature superconducting magnets with higher magnetic fields. Since the cost of a tokamak device is approximately cubic
to the large radius of the device, the high-temperature superconducting magnet technology can effectively reduce the overall
cost of the fusion device, which plays an important role in further promoting the application of fusion energy in the future.
At present, British Tokamak Energy has completed the preparation of the ST25-HTS device, which confirms the feasibility of
combining tokamak and high-temperature superconducting materials. In the next five years, MIT plans to use high-temperature
superconducting materials to complete a SPARC demonstration device with a center ring magnetic field greater than 12 T, a
power gain coefficient Q greater than 2, and a fusion energy greater than 50 MW. Compact high-temperature superconducting
tokamak utilizing high-temperature superconducting magnets has become an important research direction for future controlled
fusion technology.

In the research front of “mechanism of high temperature superconductor (HTS) material in compact fusion reactor”, the top
three countries in terms of the number of core papers published are China, the USA, and Japan. The top three countries in
terms of the citations per paper are the USA, Republic of Korea, Switzerland, and Russia (Table 1.2.5). In the top ten countries,
China has more cooperation with the USA, and Germany has more cooperation with Switzerland (Figure 1.2.4). In the top ten
institutions in terms of the number core paper published, Chinese Academy of Sciences, University of Science and Technology
of China, and MIT are the top three, and the top three institutions with the highest citations per paper are MIT, University of
Colorado, and Princeton Plasma Physics Laboratory (Table 1.2.6). In the top ten institutions, there are more collaborations
between Chinese Academy of Sciences and University of Science and Technology of China (USTC), and more collaborations
between the National Institute for Fusion Science (NIFS) and Tohoku University (Tohoku, Japan) (Figure 1.2.5). The main output

Table 1.2.5 Countries with the greatest output of core papers on “mechanism of high temperature superconductor (HTS) material in
compact fusion reactor”

Percentage of

Citations per

Core papers core papers/% Citations paper Mean year
1 China 130 27.78 959 7.38 2020.0
2 USA 116 24.79 2238 19.29 2019.9
3 Japan 72 15.38 994 13.81 2019.6
4 Germany 44 9.40 565 12.84 2019.7
5 Italy 41 8.76 379 9.24 2020.0
6 Switzerland 40 8.55 677 16.93 2020.0
7 UK 30 6.41 350 11.67 2020.2
8 Republic of Korea 25 5.34 456 18.24 2019.5
9 France 22 4.70 271 12.32 2019.5
10 Russia 18 3.85 301 16.72 2019.8
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Figure 1.2.4 Collaboration network among major countries in the engineering research front of “mechanism of high temperature

superconductor (HTS) material in compact fusion reactor”

Table 1.2.6 Institutions with the greatest output of core papers on “mechanism of high temperature superconductor (HTS) material in
compact fusion reactor”

Percentage of

Citations per

Institution Core papers core papersi% Citations paper Mean year
1 Chinese Academy of Sciences 87 18.59 517 5.94 2020.0
2 University of Science and Technology of China 42 8.97 234 557 2020.2
3 Massachusetts Institute of Technology 29 6.20 1003 34.59 2019.6
4 National Institute for Fusion Science 27 5.77 173 6.41 2019.9
5 Tohoku University 22 4.70 204 9.27 2019.3
6 Politecnico di Torino 20 4.27 195 9.75 2020.1
7 Karlsruhe Institute of Technology 20 4.27 178 8.90 2019.7
8 Princeton Plasma Physics Laboratory 19 4.06 249 13.11 2020.0
9 Lawrence Berkeley National Laboratory 17 3.63 75 4.41 2020.8
10 University of Colorado 15 3.21 265 17.67 2020.9

Tohoku University

National Institute for Fusion Science Folitecnico di Toring

Karlsruhe Institute of Technology
Massachusetts Institute of Technology

Princeton Plasma Physics Laboratory
University of Science and Technology of China
Lawrence Berkeley National Laboratory
Chinese Academy of Sciences

University of Colorado

Figure 1.2.5 Collaboration network among major institutions in the engineering research front of “mechanism of high temperature
superconductor (HTS) material in compact fusion reactor”
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countries of citing papers are China and the USA (Table 1.2.7), and the main output institutions of citing papers are Chinese
Academy of Sciences, the USTC, and MIT (Table 1.2.8).

In the next ten years, compact fusion reactors built on an international scale utilizing high-temperature superconducting
magnets include the SPARC device of MIT, a small-scale version of the planned fusion power plant. The successful operation
of SPARC will prove that a full-scale commercially operated fusion power plant is feasible, and can be expected to be a
zero-emission, unlimited energy source, clearing the way for the rapid design and construction of commercially available,
controllable fusion power stations, clearing the way for the rapid design and construction of a commercial controllable fusion
power plant, making fusion power the centerpiece of future clean energy and changing the future energy landscape of the
world. After completing the feasibility study on the application of high-temperature superconducting fusion reactors, the
construction of high-temperature superconducting fusion power stations will be conducted to realize fusion power generation
(Figure 1.2.6).

Table 1.2.7 Countries with the greatest output of citing papers on “mechanism of high temperature superconductor (HTS) material in
compact fusion reactor”

Percentage of citing

Country Citing papers papersi% Mean year
1 China 1120 29.11 2021.0
2 USA 828 21.52 2020.8
3 Japan 372 9.67 2020.7
4 Germany 332 8.63 2020.7
5 UK 246 6.39 2021.0
6 Italy 224 5.82 2020.9
7 Republic of Korea 166 4.32 2021.0
8 France 161 4.19 2020.8
9 Switzerland 150 3.90 2020.9
10 Russia 145 3.77 2021.1

Table 1.2.8 Institutions with the greatest output of citing papers on “mechanism of high temperature superconductor (HTS) material in
compact fusion reactor”

Percentage of citing

Institution Citing papers papers/% Mean year
1 Chinese Academy of Sciences 385 32.06 2021.1
2 University of Science and Technology of China 153 12.74 2021.0
3 Massachusetts Institute of Technology 129 10.74 2020.6
4 Shanghai Jiao Tong University 86 7.16 2021.0
5 Oak Ridge National Laboratory 82 6.83 2020.8
6 National Institute for Fusion Science 68 5.66 2020.4
7 Lanzhou University 64 533 2021.3
8 Karlsruhe Institute of Technology 61 5.08 2020.4
9 Tsinghua University 61 5.08 2020.6
10 Seoul National University 57 4.75 2021.0
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Figure 1.2.6 Roadmap of the engineering research front of “mechanism of high temperature superconductor (HTS) material in compact
fusion reactor”

1.2.3 Detecting method of remote sensing image change for energy resources

Change detection is an important direction in the research of remote sensing image processing and analysis methods.
The core is to use remote sensing images from different periods at the same region to analyze the change status and
correlation of land features. The utilization of remote sensing spectral information has undergone a process from black
and white panchromatic images to multispectral, hyperspectral, and time series, while the change detection methods have
also evolved from pixel based algebraic calculations to machine learning algorithms and multi method joint algorithms.
For example, the traditional methods are to use time series for change detection, including classification, threshold,
image transformation, model, etc. In recent years, with the continuous launch of remote sensing satellites equipped with
high spatial resolution optical cameras and the widespread application of mobile and flexible drone remote sensing,
the number, detection accuracy, and information integrity of remote sensing images have continuously improved. The
frequency of obtaining data for the same area has also gradually increased, providing an important foundation for remote
sensing image change detection. In this context, the “artificial intelligence plus remote sensing big data” model has become
a common consensus in the construction of industry application systems in recent years. The main research directions
include the effective extraction of joint features of “time space spectrum” in multi temporal hyperspectral images, high-
precision change detection and calculation methods based on deep learning, and so on. High-precision and automated
change detection methods have important practical and strategic significance for mineral resource exploration, national
ecological environment protection, and marine environmental monitoring.

The International Society of Photogrammetry and Remote Sensing has established a separate working group for change
detection for remote sensing imagery research for many years, dedicated to promoting the development of multi-field
change detection utilizing the remote sensing technology. The U.S. National Geospatial-Intelligence Agency has also
incorporated change detection for remote sensing imagery detection and analysis into strategic planning. China has
also attached great importance to the application of the remote sensing change detection technology in the detection
of geographical conditions. Since 2010, the Ministry of Land and Resources has been conducting national remote
sensing detection work every year, utilizing change detection for multi-temporal remote sensing imagery technology to
continuously update national land survey results.

In the engineering research front of “detecting method of remote sensing image change for energy resources”, the main producing
country of core papers is China (35), accounting for 97.22% of the total, while other countries account for less than 10%. Italy (3)
ranks second, accounting for 8.33% (Table 1.2.9). In terms of the main producing institutions of core papers (Table 1.2.10), China
accounts for 8 of the Top 10 institutions. Among them, Wuhan University (13), Chinese Academy of Sciences (6), and Beihang
University (4) rank top three. China (777) is also the main producer of citing papers, accounting for 67.80% of the total. The USA (82)
ranks second, only accounting for 7.16% (Table 1.2.11). The top three major producing institutions for citing core papers are Wuhan
University (125), Chinese Academy of Sciences (116), and Xi’an University (39) (Table 1.2.12). Cooperation in this field is dominated
by China, with Italy, the USA, the Netherlands and other countries cooperating around China (Figure 1.2.7). Collaborative research
between institutions is concentrated at Wuhan University, Chinese Academy of Sciences, Beihang University, Nanjing University of
Information Science and Technology, and Central South University (Figure 1.2.8).
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In the next 5-10 years, the detecting methods of remote sensing imaging change for energy resources will usher in a series of
important development (Figure 1.2.9). The fusion of high-resolution and multi-spectral data will provide more accurate detection
capabilities for resource change, including the application of the multi-source data fusion and hyperspectral technology. In
addition, the popularization of machine learning and deep learning technologies will automate the analysis of remote sensing
data and reduce the degree of manual intervention. Moreover, time-series data analysis will help better understand the trend and
periodicity of resource change, and improve detection accuracy. The use of cloud computing and distributed computing resources
will also increase the efficiency of data processing and analysis. These methods will play a key role not only in environmental
monitoring, resource management, and climate change research, but also in areas such as smart city planning, sustainable
development, precision agriculture, and forest resource management. With continuous development, the application of these
detection methods for energy resources will become more extensive, providing more powerful tools for decision-making support
and resource management.

Table 1.2.9 Countries with the greatest output of core papers on “detecting method of remote sensing image change for energy

resources”
Country Core papers f;':zgﬁgz /g/f) Citations Cita;i;;:rper Mean year
1 China 35 97.22 2330 66.57 2020.3
2 Italy 3 8.33 193 64.33 2020.7
3 Netherlands 2 5.56 398 199.00 2019.5
4 Germany 2 5.56 54 27.00 2020.0
5 Australia 2 5.56 47 23.50 2020.5
6 USA 1 2.78 20 20.00 2020.0
7 UK 1 2.78 15 15.00 2021.0

Table 1.2.10 Institutions with the greatest output of core papers on “detecting method of remote sensing image change for energy
resources”

Percentage of

Citations per

Institution Core papers core papers/% Citations paper Mean year
1 Wuhan University 13 36.11 1153 88.69 2020.1
2 Chinese Academy of Sciences 6 16.67 432 72.00 2019.2
3 Beihang University 4 11.11 312 78.00 2020.8
4 Nanjing Universit¥e()cfl::(f)cl);r;1;tion Science and 3 8.33 256 85.33 2020.3
5 Central South University 3 8.33 179 59.67 2021.0
6 Utrecht University 2 5.56 398 199.00 2019.5
7 China University of Mining and Technology 2 5.56 138 69.00 2020.0
8 Southwest Jiaotong University 2 5.56 75 37.50 2021.0
9 University of Trento 2 5.56 63 31.50 2021.0
10 Beijing Normal University 2 5.56 28 14.00 2021.0
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Table 1.2.11 Countries with the greatest output of citing papers on “detecting method of remote sensing image change for energy

resources”
Country Citing papers Percentage of citing papers/% Mean year
1 China 77 67.80 2021.3
2 USA 82 7.16 2021.1
3 Italy 42 3.66 2021.3
4 Germany 41 3.58 2021.1
5 Republic of Korea 38 3.32 2021.0
6 Canada 35 3.05 2021.3
7 UK 34 2.97 2021.3
8 Netherlands 27 2.36 2020.7
9 India 26 2.27 2021.5
10 France 25 2.18 2020.7

Table 1.2.12 Institutions with the greatest output of citing papers on “detecting method of remote sensing image change for energy

resources”
Institution Citing papers Percentage of citing papers/% Mean year
1 Wuhan University 125 26.54 2021.1
2 Chinese Academy of Sciences 116 24.63 2021.2
3 Xidian University 39 8.28 2021.1
4 China University of Geosciences 31 6.58 2021.4
5 Nanjing University of Information Science and Technology 30 6.37 2021.1
6 Sun Yat-sen University 27 5.73 2021.2
7 Northwestern Polytechnical University 23 4.88 2021.1
8 University Trento 23 4.88 2021.1
9 Beihang University 20 4.25 2021.2
10 German Aerospace Center (DLR) 19 4.03 2021.2
Germany

Netherlands

. Australia

Italy

. USA
China O

UK

Figure 1.2.7 Collaboration network among major countries in the engineering research front of “detecting method of remote sensing
image change for energy resources”
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Central South University

Nanjing University of Information Science and Technologylf_\_ Utrecht University

@ China University of Mining and Technology

Beihang University .
Chinese Academy of Sciences .
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University of Trento

Wuhan University Beijing Normal University

Figure 1.2.8 Collaboration network among major institutions in the engineering research front of “detecting method of remote sensing
image change for energy resources”
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Figure 1.2.9 Roadmap of the engineering research front of “detecting method of remote sensing image change for energy resources”
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1.2.4 Multiscale fractured modeling and simulation of coupled thermo-hydro-mechanical processes in rocks for geothermal
systems

Multiscale fractured modeling and simulation of coupled thermo-hydro mechanical processes in rocks for geothermal systems is
a pivotal forefront in the interaction between geothermal energy utilization and geological environment. The research in this field
aims to deeply understand the thermal, hydrological, and mechanical coupling behaviors of rocks within geothermal systems,
providing a scientific foundation for geothermal resource development and management. Over the past few decades, significant
progress has been made in this field due to advancements in numerical simulation, computational capabilities, and data
monitoring technologies.

The history of research into the thermal-hydro mechanical coupled processes in fracture rocks for geothermal system can be
traced back to the 1980s. Initially, the research mainly focused on single-scale experiments and theoretical models, exploring
relationships between elements such as temperature, pressure, and water flow within geothermal systems. With the development
of experimental equipment and computer technology, multiscale fractured experiments and simulation methods gradually came
into play, enabling researchers to more comprehensively unveil the complex coupling behaviors of geothermal systems. In recent
years, with the growing attention paid to deep geothermal resources, multiscale fractured simulation research has gained more
significance in predicting and addressing challenges in geothermal energy development.

The thermal-hydro mechanical coupled behavior in geothermal systems profoundly impacts the efficiency and sustainability of
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geothermal energy utilization. Understanding the physical and chemical responses of rocks aids in optimizing geothermal energy
production processes and reducing resource waste. Additionally, the fractured behavior of rocks in geothermal systems is closely
related to underground water flow and geological hazards, bearing importance for groundwater resource management and
geological disaster prevention.

Multiscale fractured simulation research encompasses several aspects: (D cross-scale simulations from micro to macro scales
to deeply understand the thermal, hydrological, and mechanical interactions within rocks in geothermal systems; @ coupling
experimental research and numerical simulations to validate the accuracy of simulation results; 3 development of efficient
algorithms and simulation tools to enhance computational efficiency of multiscale simulations; and @ application of real-time
monitoring and data acquisition techniques to improve the accuracy of simulation models.

In the engineering research front of “multiscale fractured modeling and simulation of coupled thermo-hydro-mechanical
processes in rocks for geothermal systems”, the main contributing countries are China, the USA, and Australia (Table 1.2.13 and
Figure 1.2.10). The primary contributing institutions are Xi’an University of Technology, China University of Mining and Technology,
Chengdu University of Technology, and Purdue University (Table 1.2.14). These four institutions have substantial collaboration
(Figure 1.2.11). The top three countries in terms of citing papers are China, the USA, and Australia (Table 1.2.15). The main output
institutions of citing core papers are China University of Mining and Technology, Xi’an University of and Technology, Henan
Polytechnic University, Anhui University of Science and Technology, and Purdue University (Table 1.2.16).

The roadmap of the engineering research front of “multiscale fractured modeling and simulation of coupled thermo-hydro-
mechanical processes in rocks for geothermal systems” is presented in Figure 1.2.12. The future development direction will center
on following aspects. (D High-precision model construction, coupling effects study, and data-driven simulation. Future research
on high-precision model construction will focus on more refined model construction, including inputting more accurate rock
physical parameters, pore structures, and geological fracture characteristics. This will contribute to more realistic simulations of
the complex thermal-hydro-mechanical coupling behaviors within geothermal systems. (2) Coupled effects study will focus on the
coupling effects between different scales and different physical processes, exploring the impact of rock thermal, hydrological, and
mechanical interactions on geothermal system behaviors. (3 Data-driven simulation will integrate more actual monitoring data to
validate model accuracy, optimize parameters, and enhance the reliability of simulation results.

The future development trend in “multiscale fractured modeling and simulation of coupled thermo-hydro mechanical processes
in rocks for geothermal systems” will center on followings. (D Multi-physics field coupling: Beyond thermal-hydro mechanical
coupling, future research will consider interactions between multiple physical fields such as chemistry and fluid flow, achieving
more comprehensive geothermal system simulations. @ High-performance computing application: As computing capabilities
improve, future simulation research will increasingly rely on high-performance computing to enable finer and more complex
simulations for accurately predicting geothermal system behaviors.

Geothermal energy, as a sustainable form of clean energy, has tremendous potential. Multiscale simulation research contributes
to a better understanding of geothermal resource distribution, variations, and sustainable utilization methods. This is crucial for
improving development efficiency and reducing environmental risks associated with geothermal energy.

Multiscale fractured simulation research has broad applications in geothermal resource exploration, development, and

Table 1.2.13 Countries with the greatest output of core papers on “multiscale fractured modeling and simulation of coupled thermo-hydro-
mechanical processes in rocks for geothermal systems”

Percentage of core

(\[o} Country Core papers papers/% Citations Citations per paper Mean year
1 China 11 100.00 379 34.45 2021.5
2 USA 4 36.36 118 29.50 2021.2
3 Australia 1 9.09 65 65.00 2022.0
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USA

China

.Australia

Figure 1.2.10 Collaboration network among major countries in the engineering research front of “multiscale fractured modeling and
simulation of coupled thermo-hydro-mechanical processes in rocks for geothermal systems”

Table 1.2.14 Institutions with the greatest output of core papers on “multiscale fractured modeling and simulation of coupled thermo-
hydro-mechanical processes in rocks for geothermal systems”

Percentage of

Citations per

Institution Core papers core papers/% Citations paper Mean year
1 Xi’an University of Technology 8 72.73 348 43.50 2021.4
2 China University of Mining and Technology 5 45.45 221 44.20 2021.4
3 Chengdu University of Technology 4 36.36 156 39.00 2021.2
4 Purdue University 4 36.36 118 29.50 2021.2
5 Henan Polytechnic University 4 36.36 42 10.50 2021.5
6 Monash University 1 9.09 65 65.00 2022.0
7 Beijing Research Institute of Uranium Geology (ALBRIUG) 1 9.09 49 49.00 2021.0
8 Hohai University 1 9.09 49 49.00 2021.0
9 Xi’an University of Science and Technology 1 9.09 43 43.00 2021.0
10 Xuzhou University of Technology 1 9.09 23 23.00 2021.0

Henan Polytechnic University

,‘ ’Monash University

| £ /. Beijing Research Institute of Uranium Geology (ALBRIUG)
v, 4

. o i = .
v ' Hohai University

\Xi’an University of Science and Technology

Xuzhou University of Technology

Purdue University

Chengdu University of Technology

China University of Mining and Technology

Xi'an University of Technology

Figure 1.2.11 Collaboration network among major institutions in the engineering research front of “multiscale fractured modeling and
simulation of coupled thermo-hydro-mechanical processes in rocks for geothermal systems”
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Table 1.2.15 Countries with the greatest output of citing papers on “multiscale fractured modeling and simulation of coupled thermo-
hydro-mechanical processes in rocks for geothermal systems”

[\[o} Country Citing papers Percentage of citing papers/% Mean year
1 China 190 84.07 2021.9
2 USA 16 7.08 2021.8
3 Australia 8 3.54 2021.8
4 Poland 3 1.33 2022.0
5 UK 2 0.88 2022.0
6 Japan 2 0.88 2022.0
7 Iran 1 0.44 2021.0
8 Russia 1 0.44 2021.0
9 India 1 0.44 2021.0
10 Portugal 1 0.44 2022.0

Table 1.2.16 Institutions with the greatest output of citing papers on “multiscale fractured modeling and simulation of coupled thermo-
hydro-mechanical processes in rocks for geothermal systems”

Institution Citing papers Percentage of citing papers/% Mean year
1 China University of Mining and Technology 55 28.21 2021.8
2 Xi’an University of Technology 30 15.38 2021.8
3 Henan Polytechnic University 22 11.28 2021.7
4 Anhui University of Science and Technology 15 7.69 2021.9
5 Purdue University 14 7.18 2021.7
6 Xi’an University of Science and Technology 12 6.15 2021.9
7 Chongging University 11 5.64 2021.9
8 Xuzhou University of Technology 11 5.64 2021.6
9 Shandong University of Science and Technology 11 5.64 2021.9
10 Guizhou University 8 4.10 2022.0

Areas of
Development

More accurate input of More realistic simulation of

Highly Accurate petrophysical parameters, pore complex heat-water-force

structure and geologic fracture coupling behavior in
characteristics geothermal systems

Coupling effects between different Revealing key response
Coupling Effect scales and different physical g Key resp
mechanisms
processes

. Realistic feedback on
Data-driven Integration of real monitoring data geothermal resource extraction

Models Construction

Simulation under complex environmental
factors

Figure 1.2.12 Roadmap of the engineering research front of “multiscale fractured modeling and simulation of coupled thermo-hydro-
mechanical processes in rocks for geothermal systems”
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management. In geothermal energy extraction processes, it can aid in predicting geothermal system behaviors, optimizing
production plans, and reducing production risks. Furthermore, it can be applied to the study of interactions between geothermal
energy, groundwater, and geological environments, as well as in designing integrated utilization schemes of geothermal energy
and other energy forms.

2 Engineering development fronts

2.1 Trends in Top 12 engineering development fronts

The Top 12 engineering development fronts assessed by the Energy and Mining Engineering Group are shown in Table 2.1.1.
These fronts involve the fields of energy and electrical science, technology, and engineering; nuclear science, technology, and
engineering; geology resources science, technology, and engineering; and mining science, technology, and engineering. In
these 12 engineering development fronts, “fast charging and management technology for batteries”, “long-term and large-scale
thermal energy storage and thermo-mechanical energy storage technologies”, and “data-driven technology for security operation
and monitoring system of intelligent power distribution networks” represent the engineering development front of energy and
electrical science; “fast reactor metal fuels, nitride & carbide fuel and fuel cycles”, “deuterium tritium operation experiment of
device Tokamak”, and “nuclear energy hydrogen production-industrial application coupling technology” represent the engineering
development front of nuclear science, technology, and engineering; “exploration method for mineral deposits utilizing high-
precision ground gravity measurement”, “seismic data interpretation and utilization based on deep learning”, and “research and
development of portable geological exploration and sampling device” represent the engineering development front of geology
resources science, technology, and engineering; “research on intelligent collaborative platform for oil and gas exploration and
development”, “optimal and rapid drilling technology of long horizontal well on large platform in shale reservoir”, and “research
and development of intelligent perception drilling detection equipment for coal mines under complex conditions” represent the

engineering development front of mining science, technology, and engineering.
The disclosure of core patents involved in each development front from 2017 to 2022 is presented in Table 2.1.2.
(1) Fast charging and management technology for batteries

The capability of Li-ion/Na-ion batteries determines the competitiveness and performance of electric vehicles. The full charging
time of the existing power battery is about 60 minutes, which is 20 times of the refueling time of the car. As a result, achieving
fast-charging can enhance the market share and broaden applications of electric vehicles. The United States Advanced Battery
Consortium has proposed specific indicators for power battery charging, requiring 80% of the total battery power to be charged
within 15 min. However, due to the polarization from sluggish ion transport, fast-charging often causes metal plating at the anode
side, leading to capacity decay and safety issues. Management technologies and battery material modification are two major
strategies towards fast-charging. These strategies enhance the fast-charging capability of batteries by lowering the energy barrier
of the rate-limiting step for the entire charging process. The aforementioned management technologies include battery intelligent
temperature control system and algorithm optimized charging protocol, while material modification mainly focuses on electrode
design, anode material, binder, electrolyte, and solid electrolyte interphase (SEI). Nevertheless, rate-limiting step of the entire
charging process is hard to identify, and may varies with external conditions or cycling parameters, which makes strategies aiming
at a single step less effective. Under this circumstance, it is necessary to switch from suppressing Li or Na plating to regulating Li or
Na plating. Through a series of metal plating regulation methods such as SEI engineering, a uniformly-distributed, less-dendritic,
and highly-reversible Li or Na plating at the anode side in fast-charging operations can be realized. This not only intrinsically solves
safety problems from Li or Na dendrite plating, restoring the cycling life, but also increases the state of charge under fast-charging.
Therefore, this Li or Na plating regulation as well as morphology control is one of the most important tendencies in future
development of fast-charging, which is an important trend in the development of fast charging technology in the future.
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Table 2.1.1 Topl2 engineering development fronts in energy and mining engineering

. . Publish o itation r
Engineering development front JalEEe Citations S Mean year
patents patent
1 Fast charging and management technology for batteries 464 15925 34.32 2018.5
2 Fast reactor metal fuels, nitride & carbide fuel and fuel cycles 312 507 1.62 2019.9
3 Exploration method for mlnergl deposits utilizing high-precision 342 5472 16.00 2018.5
ground gravity measurement
4 Research on intelligent f:ollaboratlve platform for oil and gas 275 618 2.5 2020.4
exploration and development
5 Long-term and largg—scale thermal energy storagfe and thermo- 1616 2558 1.58 2020.1
mechanical energy storage technologies
6 Data-driven tech.nology for secur|ty.0p§rat!on and monitoring system 109 3137 28.78 2019.0
of intelligent power distribution networks
7 Deuterium tritium operation experiment of device Tokamak 143 216 1.51 2020.0
8 Nuclear energy hydrogen production-industrial application coupling 142 181 1.27 2019.8
technology
9 Seismic data interpretation and utilization based on deep learning 336 4714 14.03 2019.1
10 Research and development of portablg geological exploration and 872 497 0.57 2020.3
sampling device
1 Optimal and rapid drilling tech.nology of long hprlzontal well on large 392 8076 20.60 2018.6
platform in shale reservoir
12 Research and development of intelligent perception drilling detection 178 1930 10.84 2019.8

equipment for coal mines under complex conditions

Table 2.1.2 Annual number of core patents published for the Top 12 engineering development fronts in energy and mining engineering

Engineering development front 2017 2018 2019 2020 2021 2022
1 Fast charging and management technology for batteries 136 119 96 73 39 1
2 Fast reactor metal fuels, nitride & carbide fuel and fuel cycles 43 32 54 49 65 69
3 Exploration method for mlner?l deposits utilizing high-precision 92 94 70 56 % 4

ground gravity measurement
4 Research on intelligent .collaboratlve platform for oil and gas 9 31 40 36 71 88
exploration and development
5 Long-term and largg-scale thermal energy storagfe and thermo- 178 210 219 295 319 465
mechanical energy storage technologies
6 Data-driven tech.nolo.gy for securlty.op.erat!on and monitoring system » I1 24 21 18 3
of intelligent power distribution networks
7 Deuterium tritium operation experiment of device Tokamak 14 18 25 21 27 38
3 Nuclear energy hydrogen production-industrial application coupling 24 o1 17 15 % 39
technology
9 Seismic data interpretation and utilization based on deep learning 51 68 86 70 56 5
10 Research and development of portablef geological exploration and 51 101 82 176 237 225
sampling device
1 Optimal and rapid drilling tech.nology of long horlzontalwellon large 104 g4 103 52 47 0y
platform in shale reservoir

12 Research and development of intelligent perception drilling detection 18 15 2 58 64 1

equipment for coal mines under complex conditions
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(2) Fast reactor metal fuels, nitride & carbide fuel and fuel cycles

There are two types of fast reactor fuel that have been used internationally, ceramic fuel and metal fuel. Fast reactor metal fuel,
nitride and carbide fuel are being developed internationally. Such fuels have a higher breeding ratio than oxide fuels.

Metal fuel has the characteristics of high thermal conductivity, low fuel temperature, and high safety margin. The swelling can be
inhibited by the improvement of material technology. Fast reactor metal fuel is recognized as one of the main types of fast reactor
fuel in the future. The metal fuel manufacturing process is more simplified, and the metal fuel and dry reprocessing (separated
metals are U and Pu) can better directly cooperate with the production of new fuels, forming an integrated fuel cycle system.

The research and development of metal fuel mainly focuses on U-Zr alloy and U-Pu-Zr alloy. The metal fuel usually consists of a
binary alloy of U-10Zr alloys or a ternary alloy of U-Pu-10Zr. MAs is added to oxide fuel and metal fuel to become transmutation
fuel.

Mixed plutonium-uranium nitride fuel and carbide fuel are new fuel forms under development. The plutonium uranium density
of UPuN and UPuC is higher than that of oxide fuel, which can obtain a higher breeding ratio, a shorter breeding time, a better
thermal conductivity, and an excellent compatibility with sodium coolant and stainless-steel cladding.

Many countries in the world have conducted the research and development and application of carbide and carbide fuel. The USA,
France, Russia, India, and other countries have conducted research and development of a variety of carbides and carbide fuels.
Russian Fast Reactor (in addition to MOX) fuel selected mixed nitride fuel (MNUP) as one of the future fast reactor fuel options. The
experimental fast reactor FBTR in India uses carbide (Pu, U)C fuel.

(3) Exploration method for mineral deposits utilizing high-precision ground gravity measurement

Ground gravity measurement refers to the method of utilizing the gravimeter to measure the gravity at a certain point on the
ground, and utilizing the change of underground density reflected by the gravity for mineral exploration. It is one of the important
geophysical prospecting methods to conduct regional geological research, mineral exploration and resource investigation by
analyzing the characteristics of relative gravity and absolute gravity.

The technology of ground gravity measurement has been greatly developed in China and abroad. Based on the idea of zero-length
spring, the USA and Canada have designed and produced a quartz spring gravimeter which has a measurement accuracy of 5 uGal.
China has reached 30 pGal. A quartz spring gravimeter has played a significant role in mineral exploration, and is still the main
technical equipment in the world. However, the traditional spring gravimeter has been developed to the extreme level, with little
margin for improving measurement accuracy.

At present, based on the principle of atomic interference, a number of ground absolute gravimeters and gravity gradiometers have

been developed in China and abroad. The absolute gravimeter measurement sensitivity reaches 4.2-44.0 pGal/Hz"*

, the gravity
gradiometer can measure the gravity gradient signal to 170 E, and the probe volume is significantly reduced. As a new generation
of quantum gravity sensor, the atomic gravimeter is expected to have a measurement sensitivity of 10 pGal. However, it faces
with challenges such as miniaturization and improved measurement accuracy. Atomic gravimeter also faces problems such as
insufficient scaling factor and low phase extraction efficiency. The atomic gravimeter also faces enormous challenges in practical

application.

The main research direction is the development of miniaturized and high-precision atomic absolute gravimeter/gravity
gradiometer, fine data processing and interpretation, etc., providing more accurate and technologically more advantageous
exploration technologies, which has important practical and strategic significance for building the security of China’s mineral

resources.
(4) Research on intelligent collaborative platform for oil and gas exploration and development

The intelligent collaborative platform for oil and gas exploration and development refers to the provision of an integrated
environment that encompasses information sharing, technological innovation, production and operation integration, and
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intelligent collaboration, facilitating multidisciplinary interaction and integrated exploration and development. In the current
wave of oil and gas technological and digital revolutions, the integration of new technologies such as big data and artificial
intelligence with the oil and gas industry has become a significant avenue for innovation. Foreign oil and gas companies, such as
Shell, Schlumberger, Halliburton, BP, Chevron, and Eni, have made initial progress in constructing intelligent platform solutions
for exploration and development. However, the global informatization level of the oil and gas industry remains relatively low,
far below the industry average. Presently, China is still in the transitional phase from digitization to intelligence. China National
Petroleum Corporation (CNPC) has made phased progress in establishing the “Exploration and Development Dream Cloud”
platform. Sinopec has built the “Petrochemical Intelligence Cloud” platform, and China National Offshore Qil Corporation (CNOOC)
has constructed collaborative working environments and systems for onshore and offshore exploration and development. Yet, the
overall development still lags behind international counterparts.

The key research directions include artificial intelligence technology, intelligent oil and gas exploration, integrated geological
engineering, intelligent equipment research and development, cloud computing platform construction, and data sharing, etc. The
developmental trend involves the organic integration of hardware facilities, software development, digital technology, and oil and
gas expertise, culminating in a fully digitized, automated, and intelligent professional application environment for exploration
and development. It is expected to change the mode of exploration and development work, enhance efficiency, maximize
comprehensive benefits, propel the digital transformation and intelligent development of the oil and gas industry, and safeguard
national energy security.

(5) Long-term and large-scale thermal energy storage and thermo-mechanical energy storage technologies

Thermal energy storage (TES) and thermo-mechanical energy storage (TMES) technologies are energy storage techniques
based on heat and mass transfer, and reversible heat-work conversion. They make large-scale energy storage possible from
both technical and economic perspectives and realize long-term and seasonal energy storage. With advantages such as high
energy density, flexible utilization, high overall efficiency and controllable costs, they are crucial for promoting the green
transformation of energy and building zero-carbon power systems based on renewable energy sources. TES technologies
include sensible heat storage, latent heat storage, and thermochemical heat storage. TMES technologies encompass
compressed-air/CO, energy storage, liquid-air/CO, energy storage, and Carnot battery (also known as pumped-thermal
electricity/energy storage).

The main technical directions for long-term and large-scale TES and TME technologies include the construction of multiscale
coupling mechanisms between heat storage and heat/mass transfer, active control strategies for the physical and chemical
properties of heat storage materials, the development and preparation of safe and effecient encapsulation and insulation
materials, structural optimization techniques for heat storage units based on the topology optimization theory and Al
algorithms, high entropy efficiency compression and expansion techniques under extreme temperature and pressure conditions,
thermodynamic and economic analyses of TES and TMES systems, and intelligent operation and control techniques for multi-
scenario operation of TES and TMES systems.

The development trend in this field at the material level is that novel composite heat storage materials can be designed and
prepared actively based on comprehensive considerations of their thermo-physical properties, corrosiveness, and stability.
At the component level, combined with additive manufacturing technologies such as 3D printing, heat storage units and
compressors/turbines with a high degree of freedom for specific targets can be explored and developed. At the system
level, TES and TMES systems can be integrated with the zero-carbon power and fuel systems, and extend to smart energy

systems that provide flexible energy solutions.
(6) Data-driven technology for security operation and monitoring system of intelligent power distribution networks

As informatization and automation of intelligent power distribution networks continues to improve, the amount of data
collected from the operation of power distribution networks has increased dramatically. At the same time, the deep
integration of power distribution networks and the Internet of Things has also promoted data interaction within and
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outside power companies. There gradually forms a big data environment for the secure operation and monitoring of
intelligent power distribution networks. However, the types of data obtained from power distribution networks are diverse
and the granularity of data is high. In addition, the correlation between online and offline data is extremely complex.
Existing model-based analysis, calculation, and optimization control methods for power distribution networks cannot be
adapted for practical application. It is urgent to explore data-driven analysis and decision-making, operation optimization,
monitoring and control technologies for intelligent power distribution networks to achieve comprehensive intelligent
improvement in monitoring, dispatching, protection, control of power distribution systems empowered by big data. The
main research directions of data-driven secure operation and monitoring technology for intelligent power distribution
networks include development of multi-parameter sensors and edge computing devices for intelligent power distribution
networks; security and privacy protection mechanisms for distribution network data communication networks; operation
situation awareness and digital twin Al modeling technology for intelligent power distribution networks; multiscale, refined
data mining and data fusion technology for intelligent power distribution networks; data-driven aggregation control and
interactive support technology for massive demand-side resources in power distribution systems; data-driven source-
network-load-storage optimization scheduling method for intelligent power distribution networks; and protection and
control technology for smart distribution networks based on fault data mining.

(7) Deuterium tritium operation experiment of device Tokamak

Magnetic confinement deuterium-tritium fusion based on tokamak is by far the most promising way for the development
of controlled fusion energy. In the context of “carbon neutrality” and the increasing demand for energy in the long-term
development, developing fusion energy is the ultimate way to solve energy problems. Tritium is a rare radioactive isotope
that, when fused with the isotope deuterium, produces more neutrons and energy output compared to reactions between
deuterium-deuterium particles. Deuterium-tritium reaction reaches fusion conditions at lower temperatures compared to other
elements. However, due to the short half-life of tritium and difficulties in preparation, its price is extremely high. Only deuterium
is used in most of the experiment in devices at present. Therefore, in order to verify the physical and engineering challenges
involved in deuterium-tritium fusion reactions, the International Thermonuclear Experimental Reactor (ITER) is scheduled to
conduct deuterium-tritium plasma experiments starting from 2035. By conducting deuterium-tritium fusion experiments, fusion
performance can be directly verified, tritium related behavior in tokamak can be analyzed, and deuterium-tritium plasma
behavior, alpha particle behavior, and their impact on plasma can be studied. The key issues in tokamak deuterium- tritium
experiments include alpha particle heating related physics, plasma energy confinement, isotope effect, particle transport,
magnetohydrodynamic (MHD) stability, fusion power production, demonstration of safe handling of tritium, tritium breeding
system, safe remote maintenance of tokamak, etc.

(8) Nuclear energy hydrogen production-industrial application coupling technology

Compared with traditional hydrogen production technologies, nuclear energy hydrogen production has advantages such as
cleanliness, high efficiency, and economy. Therefore, the scientific research and industrial application of nuclear energy hydrogen
production have gradually become a hot spot. Electrolytic water hydrogen production —the direct application of hydrogen or
the form of energy storage for power generation is expected to become another commercial application of large-capacity long-
term energy storage technology besides pumped storage. At the same time, the industrial application of nuclear energy hydrogen
production includes the supply of diversified products of water, electricity, and hydrogen from nuclear energy to petrochemical
parks, to supply water thermoelectric hydrogen diversified products, and the application in the fields such as fuel synthesis and
metallurgy.

Applications in hydrogen and synthetic fuel production include the production of hydrogen by Cu-Cl thermochemical mixing cycle
utilizing the heavy water reactor ACR-700 in Canada. Germany has utilized the prototype reactor to produce process heat and
produce mixed gas through coal gasification. Japan has proposed the concept of utilizing GTHTR300C for hydrogen production.
South Africa has proposed the concept of PBMR with steam improvement and thermochemical sulfur mixing cycle. The USA has
proposed a plan for hydrogen production by high-temperature steam electrolysis utilizing H,-MHR. Japan proposed the concept
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of utilizing GTHTR300C to make steel. There are also hydrogen-based green fuel synthesis technology, the hydrogen metallurgy
technology, the coal ammonia mixed combustion technology, and the hydrogen doped/hydrogen burning turbine technology.
The coupling technology of hydrogen energy industrial applications mainly include process simulation and optimization, high-
efficiency reactor, corrosion resistance test of engineering materials, measurement and control technology of engineering
materials.

(9) Seismic data interpretation and utilization based on deep learning

The fields of Earth science and energy are undergoing unprecedented changes by deep learning. The seismic interpretation
technology based on deep learning simulates the neural structure of the human brain to achieve automatic learning and analysis
of seismic data, which brings great potential for geological exploration, reservoir prediction and oil and gas development. Foreign
companies such as Schlumberger, CGG, and Halliburton have made significant progress in the seismic interpretation technology
based on deep learning. They have successively launched intelligent fault identification, layer pickup, and seismic analysis, and
other products, achieving efficient and accurate structural interpretation and reservoir analysis function, providing important
technical support for energy exploration and development. At present, China is faced with challenges such as deep ultra-deep
exploration, unconventional heterogeneous reservoir, engineering dessert prediction, and improving oil recovery in abandoned
oil and gas fields. New and higher requirements are proposed for high-precision seismic interpretation technology. The seismic
data interpretation technology based on deep learning is expected to become the key to improving the efficiency of oil exploration
and oil and gas development. China has made phased progress. Although individual technologies have ranked in the forefront of
the world, the overall level still needs to be improved. The research direction of the seismic interpretation technology based on
deep learning includes the intelligent logging analysis technology, intelligent structure interpretation, reservoir prediction and
reservoir development, etc. The future development will cover multi-physical field data fusion, the construction of an automated
interpretation platform, intelligent description of reservoirs, and real-time seismic monitoring. The integration of seismic data
with other geological and geophysical data will further improve the accuracy and reliability of interpretation. At the same time,
an intelligent interpretation platform should be established to realize the integrated process from data pre-processing to result
visualization. In addition, deep learning techniques will be combined with geological simulation to achieve intelligent description
of reservoir properties to assist in oil reservoir evaluation and optimization. These technologies will bring new breakthroughs to
geoscience and energy.

(10) Research and development of portable geological exploration and sampling device

The portable geological exploration and sampling device consists of portable drilling rig, sampling tools, flushing fluid
circulation system and other apparatus. It is based on a lightweight and modular design, easy to disassemble and transport,
and suitable for geological exploration sampling in areas with inconvenient transportation and limited construction
sites. A relatively complete technology and equipment system has been established abroad. The equipment in China has
similar drilling capabilities to foreign countries, However, there are still gaps in sampling technology system construction,
and equipment automation, and other aspects. At present, the key investigation areas for the new round of strategic
breakthrough in mineral exploration in China have shifted to areas like coverage areas, mid to high mountains, and deep
cutting areas. Portable geological exploration and sampling devices are key technical equipment for coordinating mineral
exploration and development, ecological protection, and practicing green exploration. The main research directions for the
development of portable geological exploration and sampling devices include light weighting of drilling rigs, high-efficiency
drilling process, electrification and automation upgrading, and integration of comprehensive technology for green
exploration. The development trend of portable geological exploration and sampling devices include the optimization of
structure, materials, and automation upgrade of drilling process, to improve the portability of drilling rigs and reducing
personnel labor intensity; realization of green exploration through the research and application of technologies such
as clean energy driven, environmentally friendly flushing fluids, and mud non-landing system; the study of sampling
technology system, which meets the requirements of different geological conditions and geological needs for efficient
in-situ pollution-free sampling; the integration of multiple processes and carriers of one drilling rig, to achieve multiple
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functions and improve problem-solving capabilities; and the research of supporting parameter monitoring system, in
combination with the artificial intelligence technology, to achieve diagnosis of working conditions, lithology identification
and so on.

(11) Optimal and rapid drilling technology of long horizontal well on large platforms in shale reservoir

Shale reservoirs have the characteristics of “low porosity and low permeability”, whose production relies on horizontal drilling
and hydraulic fracturing technologies. The optimal and rapid drilling technology of long horizontal well on large platform refers
to the simultaneous arrangement of multiple long horizontal wells on a single platform to reduce the occupied area of the
well site, increase the control volume of the underground oil and gas reservoir, achieve high-quality and rapid drilling in shale
reservoirs, shorten drilling cycles, and lower operational costs. The USA and Canada were pioneers in commercial shale oil and
gas production, while China is accelerating its entry into the phase of industrialized commercial production. The Southwest oil
and gas field drilled China’s first shale gas horizontal well and the first commercially valuable shale gas well. Changqing Oilfield
has established the largest onshore shale oil long horizontal well platform in Asia, the Hua H100 platform. The horizontal section
of well H90-3 measures 5 060 meters, marking the longest onshore horizontal section length in Asia. However, compared to
the primarily marine shale reservoir conditions in North America, the predominantly terrestrial shale reservoirs in China are
buried deeper, have complex topography, poor stratigraphic continuity, intense fragmentation, high technical requirements
and development costs, posing significant drilling and production challenges. The main research directions include factory-like
operation techniques, optimized horizontal well trajectory, accelerated horizontal well supporting technologies, wellbore structure
optimization, enhanced drilling parameters, drilling fluid system optimization, speed-enhancing equipment development, efficient
directional drilling patterns, and comprehensive friction reduction and sliding guidance technology research. Undertaking large-
scale operations based on long horizontal wells as a foundation, researching efficient drilling and completion techniques, holds
the potential to facilitate the efficient development of shale oil and gas in China.

(12) Research and development of intelligent perception drilling detection equipment for coal mines under complex conditions

Research and development of intelligent perception drilling detection equipment for coal mines under complex conditions is an
advanced technological apparatus designed to address the complex conditions and high risks of deep coal mining environments.
Its core concept involves integrating artificial intelligence, the sensor technology, data analysis, and related fields to make the
drilling process more intelligent, automated, and capable of perceiving real-time underground mining conditions in real-time,
ensuring the safety of miners and enhancing the efficiency of mining.

In terms of primary technological directions, the development of intelligent perceptive drilling equipment for coal mines covers
several key areas. The first is the development of high-precision sensor technology, including geological exploration sensors,
temperature-humidity sensors, gas detection sensors, etc. which can monitor the physical parameters and environmental
conditions of underground coal seams in real time. The second is the development of data collection and processing technology
which is the foundation for intelligent perception. By utilizing big data analysis and machine learning algorithms, data collected
by sensors is transformed into useful information, predicting potential risks and making corresponding decisions. The last is the
development of the automation control technology, the utilization of which can automate the drilling processes, reduce manual
intervention, thereby minimizing accident risks.

With ongoing technological advancements, the development trends of intelligent perceptive drilling equipment for coal mines are
becoming increasingly apparent. On the one hand, more emphasis will be placed on multi-modal data fusion, incorporating data
from various types of sensors to achieve comprehensive underground information gathering. On the other hand, more emphasis
will be placed on intelligent decision-making support, utilizing advanced algorithms and models to achieve automated risk
prediction and emergency response. Additionally, breakthroughs in communication technology are anticipated, enabling real-
time data transmission between the underground environment and surface command centers, thereby enhancing the efficiency of
overall emergency response.
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2.2 Interpretations for four key engineering development fronts

2.2.1 Fast charging and management technology for batteries

Realizing fast charging of batteries can enhance the market share and broaden the application of electric vehicles. When charging a
battery, Li or Na ions leave from layered cathodes and get solvated with electrolyte solvents, all the way heading for the anode side
through electrolyte and are finally inserted into layered anodes. The precise understanding of the rate-limiting step of the above
charging process remains controversial, but it is widely believed that ion de-solvation, transport in SEl, and diffusion in anode are
possible rate-limiting steps. The inferior kinetics of the rate-limiting step increase the internal resistance of the battery during fast-
charging, thus causing Li or Na plating on anode surface, which eventually leads to safety problems and capacity decay.

The battery management technology and material modification can effectively enhance the fast-charging performance. The
management technology includes battery intelligent temperature control system and algorithm optimized charging protocol. The
former can heat the cell to an elevated temperature to boost the ion conduction, thus reducing the resistance of the rate-limiting
step. However, the control of the temperature with surgical precision is challenging. The latter can balance and optimize multiple
signals and parameters inside a cell, though there is still lack of data supporting.

Battery material modification include the research in electrode design, anode material, binder, electrolyte and SEI. Electrode with
three-dimensional and gradient design can enhance active reacting interfaces, thereby accelerating ion diffusion. However, due to
cost, fabrication, and energy density limitations, this solution is currently difficult to popularize. Advanced anode materials such as
silicon, red/black phosphorus have excellent fast-charging capabilities. However, their electrical conductivity and volume expansion
still need extensive research efforts. Mixed ion-electron conducting binders are also designed for fast-charging applications. However,
itis difficult for mass production. Electrolyte with weak solvation structure can be used in fast-charging operations, but the difficulty is
how to improve the oxidative stability and voltage window of such electrolytes. SEI engineering, by constructing a inorganic-rich SEI,
has been confirmed to be effective in enhancing fast-charging capability. In addition, this strategy can also regulate Li or Na plating
and tuning its morphology, ensuring a uniform, dendrite-free, and high-reversible plating behavior, which not only can solve the
intrinsic problems caused by dendrites plating, but also can achieve a 100% state of charge for fast-charging.

In the engineering research front of “fast charging and management technology for batteries”, China ranks first in the world with
217 published patents, accounting for 46.77%, followed by the USA, Japan, and Republic of Korea (Table 2.2.1). Of all the parties,
the USA and Republic of Korea have extensive cooperation, while China has cooperation with the USA and Canada (Figure 2.2.1).
Institutions with large number of published patents are Nanotek Instruments Incorporated, Samsung Electronics Company
Limited, Tsinghua University, and Ningde Contemporary Amperex Technology Limited (Table 2.2.2). Nanotek Instruments
Incorporated has very close cooperation with Global Graphene Group Incorporated. United Technologies Corporation has extensive
cooperation with Raytheon Corporation. Tsinghua University and Ningde Contemporary Amperex Technology Limited have close
cooperation (Figure 2.2.2).

Realizing fast-charging procedure for Li-ion and Na-ion batteries depends on the synergistic development of battery material
modification and management technology. For battery management technology, it is necessary to further develop the
temperature control system and charge protocol, in order to achieve precise tuning of cell temperature, reduced system volume
and cost. It is also important to complete algorithm network and realize real-time feedback for battery status. A more effective
charge protocol with large output power and accurate monitoring of Li or Na plating at anode side is also highly desired. In the area
of battery material modification, it is essential to design three-dimensional electrode, functional binder, weak-solvation electrolyte,
and inorganic component-based SEI that significantly reduces internal resistance and inhibits Li or Na plating. In addition, the anode
material should be switched gradually from carbon-based to silicon-based and eventually phosphorus-based materials. Moreover,
based on the previous research, SEI engineering is still needed to regulate Li or Na plating during fast-charging operations, towards a
uniformly-distributed, non-dendritic and highly-reversible Li or Na plating at anode side. Finally, this advanced battery with multiple
technologies integrated is expected to realize a 3-minute fast- and full-charging performance on electric vehicles. The roadmap of the
engineering development front of “fast charging and management technology for batteries” is presented as Figure 2.2.3.
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Table 2.2.1 Countries with the greatest output of core patents on “fast charging and management technology for batteries”

Published  Percentage of published

Percentage of

Country patents patents/% Citations citations/% Citations per patent
1 China 217 46.77 5840 36.67 26.91
2 USA 144 31.03 6002 37.69 41.68
3 Japan 37 7.97 1481 9.30 40.03
4 Republic of Korea 34 7.33 1448 9.09 42.59
5 Canada 9 1.94 329 2.07 36.56
6 Germany 9 1.94 321 2.02 35.67
7 UK 6 1.29 194 1.22 32.33
8 Israel 5 1.08 270 1.70 54.00
9 Denmark 4 0.86 118 0.74 29.50
10 France 2 0.43 61 0.38 30.50
Canada

Republic of Korea

l Germany

N _ @
. Israel

.Denmark

China France

USA

Figure 2.2.1 Collaboration network among major countries in the engineering development front of “fast charging and management
technology for batteries”

Table 2.2.2 Institutions with the greatest output of core patents on “fast charging and management technology for batteries”

Institution Published P_ercentage of Citations Pe_rce_ntage of Citations per

patents published patents/% citations/% patent
1 Nanotek Instruments Incorporated 37 7.97 1738 10.91 46.97
2 Samsung Electronics Company Limited 21 4.53 912 573 43.43
3 Global Graphene Group Incorporated 19 4.09 850 5.34 44.74
4 United Technologies Corporation 19 4.09 658 4.13 34.63
5 General Electric Company 18 3.88 693 4.35 38.50
6 LG Chemistry Limited 10 2.16 425 2.67 42.50
7 Tsinghua University 10 2.16 356 2.24 35.60
8 Kabushiki Kaisha Toshiba 8 1.72 361 2.27 45.12
9 Ningde Contemporary Amperex Technology Limited 8 1.72 235 1.48 29.38
10 Raytheon Corporation 8 1.72 227 1.43 28.38
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Figure 2.2.2 Collaboration network among major institutions in the engineering development front of “fast charging and management
technology for batteries”
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Figure 2.2.3 Roadmap of the engineering development front of “fast charging and management technology for batteries”
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2.2.2 Fast reactor metal fuels, nitride & carbide fuel and fuel cycles

The fast reactor nuclear energy system can realize closed nuclear fuel cycle through nuclear fuel reprocessing, ensuring
the sustainable development of nuclear energy. Utilizing fast reactor technology can effectively utilize **U (accounting
for 99.3% of natural uranium), which can meet the needs of nuclear energy development based on domestic uranium
resources. It can effectively incinerate long-life radioactive waste and solve the problem of environmental friendliness.
High temperature and radiation resistance are the most important characteristics of fast reactor fuels, which means
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that the extended reactor life reduces the requirements for the outer part of the fuel cycle. Generating high power while
maintaining a relatively low fuel temperature is also an important feature. Fast reactors can achieve fuel proliferation and
MA transmutation, and recycle all elements, including uranium, plutonium and MA, through simplified and efficient dry

reprocessing.

The nuclear fuel suitable for fast reactors should have a long in-reactor residence time, be able to withstand repeated
power transients, be able to provide high power density, have a large margin to cope with overpower, good ability to cope
with cladding failure, simple manufacturing, simple and economical post-processing technology and other characteristics.
The advantages of metal fuel are good nuclear characteristics, hard energy spectrum, and close to the theoretical upper
limit of proliferation. Nitride and fluoride nuclear fuels, still classified as ceramic fuels, have the advantage of a better
proliferation capacity and a shorter fast reactor doubling time compared to oxide fuels. Another advantage of metallic fuel
in sodium-cooled fast reactors is that the reactor can continue to operate without contaminating the coolant in the event
of damage to the cladding and exposed fuel. In addition, the metal fuel greatly reduces the requirements of the fuel cycle
outside the reactor. The manufacture is simple, easy, and cost-effective, with fewer post-treatment processes, and compact
and economical recycling facilities. Deep burnup reduces the flow of fissile materials, thus, metallic fuels lay the foundation
for a more economical fuel cycle.

Argonne National Laboratory in the USA developed the integrated fast reactor based on metal fuel from 1984 to 1994.
TerraPower in the USA proposed the concept of traveling wave reactor around 2006 and conducted engineering design
research. The traveling wave reactor has the characteristics of deep burnup, which can realize in-situ proliferation and

incineration of **

U in the reactor, so as to effectively improve the utilization rate of natural uranium resources through one
pass. In 2012, Russia’s national strategic plan for the peaceful use of nuclear energy “Breakthrough” program was officially
launched, planning to build a fast reactor, closed fuel cycle technology, reprocessing, advanced nuclear fuel and new
structural materials and other fields of engineering construction and related scientific research, to achieve the same site

closed nuclear fuel cycle.

In terms of fast reactor technology, China has built a 65 MWt China Experimental Fast Reactor (CEFR) and is building a 600 MWe
Demonstration Fast Reactor. Research on integrated fast reactor system is being conducted, which consists of a reactor and
supporting fuel regeneration facilities. The reactor adopts a metal fuel fast reactor, and simultaneously realizes three functions
of power generation, proliferation, and transmutation. The fuel regeneration facility integrates dry reprocessing and fuel
manufacturing processes. The reactor and fuel recycling facilities are designed at the same site to realize the integration of closed
fuel cycle processes.

Table 2.2.3 lists the main countries with the greatest output of core patents on “fast reactor metal fuels, nitride & carbide
fuel and fuel cycles”. It can be observed that the main output countries are China, Japan, and the USA, among which the
amount of patent disclosure and the proportion of patent citations in China is much higher than that in other countries.
There is no cooperation among major producing countries. As can be seen from Table 2.2.4, Nuclear Power Institute of
China has disclosed a large number of patents. In terms of cooperation among major institutions, TerraPower Limited
Liability Company has cooperated with General Electric Company, Nuclear Power Institute of China, and China Nuclear
Power Technology Research Institute (Figure 2.2.4).

The roadmap of the engineering development front of “fast reactor metal fuels, nitride & carbide fuel and fuel cycles” is shown
in Figure 2.2.5. The development goal of metal fuel is to master the manufacturing technology and process of U-Zr alloy, and it is
expected to complete the irradiation test of U-Zr alloy metal fuel assemblies by 2030, with a burnup consumption of 150 GWd/tHM.
The development path for the fast reactor and other advanced reactor fuels is to conduct research and development of nitride,
carbide, U-Pu-Zr, U-Pu-Am-Zr alloy and other advanced fuels, and break through the manufacturing process and key technologies
by 2033 to provide higher-performance fuel for advanced reactor.

#&[ Engineering
" Fronts




Energy and Mining Engineering

Table 2.2.3 Countries with the greatest output of core patents on “fast reactor metal fuels, nitride & carbide fuel and fuel cycles”

Published Percentage of

Percentage of  Citations per

Country patents published patents/% cliations citations/% patent
1 China 162 51.92 237 46.75 1.46
2 Japan 47 15.06 28 5.52 0.60
3 USA 39 12.50 196 38.66 5.03
4 Republic of Korea 26 8.33 10 1.97 0.38
5 Russia 23 7.37 9 1.78 0.39
6 Sweden 4 1.28 16 3.16 4.00
7 France 3 0.96 4 0.79 1.33
8 Canada 1 0.32 3 0.59 3.00
9 Italy 1 0.32 2 0.39 2.00
10 Germany 1 0.32 1 0.20 1.00

Table 2.2.4 Institutions with the greatest output of core patents on “fast reactor metal fuels, nitride & carbide fuel and fuel cycles”

Institution Published Eercentage of Citations Perce_ntage of  Citations per
patents published patents/% citations/% patent
1 Nuclear Power Institute of China 68 21.79 36 7.10 0.53
) China Nuclear Power.Technology Research 19 6.09 30 5.02 1.58
Institute
3 General Electric Company 18 5.77 13 2.56 0.72
4 Korea Atomic Energy Research Institute 18 5.77 7 1.38 0.39
5 Mitsubishi Heavy Industries Limited 18 5.77 6 1.18 0.33
6 Xi’an Jiaotong University 17 5.45 49 9.66 2.88
7 TerraPower Limited Liability Company 16 513 119 23.47 7.44
8 Westinghouse Electric Company 14 4.49 42 8.28 3.00
9 Shanghai Institute oprpligd Physics, Chinese 8 256 16 316 2.00
Academy of Sciences
10 Kabushiki Kaisha Toshiba 8 2.56 5 0.99 0.62

Mitsubishi Heavy Industries Limited
Xi'an Jiaotong University
Korea Atomic Energy Research Institute.

. TerraPower Limited Liability Company

General Electric Company.
China Nuclear Power .

Technology Research Institute

. Westinghouse Electric Company

.Shanghai Institute of Applied, Physics
Chinese Academy of Sciences

Nuclear Power Institute of China Kabushiki Kaisha Toshiba

Figure 2.2.4 Collaboration network among major institutions in the engineering development front of “fast reactor metal fuels, nitride &
carbide fuel and fuel cycles”
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2023 2028 2033

Irradiation test of U-Zr alloy metal
fuel assemblies

Research and development of nitride, carbide, U-Pu-Zr, U-Pu-Am-Zr
alloy and other advanced fuels

Figure 2.2.5 Roadmap of the engineering development front of “fast reactor metal fuels, nitride & carbide fuel and fuel cycles”

2.2.3 Exploration method for mineral deposits utilizing high-precision ground gravity measurement

The technology of ground gravity measurement has been greatly developed in China and abroad. Based on the idea of zero-length
spring, a quartz spring gravimeter has been designed and produced by LaCoste Romberg in the USA and Scientrex in Canada.
Scientrex has developed to the 6th generation CG-6 gravimeter, with a measurement accuracy better than 5 pGal, which has played
a major role in mineral prospecting and is still the main technical equipment in countries around the world. The first gravimeter
based on the cold atom interference principle was proposed by Stanford University in the 1990s, and the recent measurement

"2, The University of Birmingham in the UK developed an

sensitivity of the gravimeter based on this principle has reached 8 uGal/Hz
atomic gravity gradiometer, which observed the gravity gradient signal of 170 E. A French company, iXblue, has developed the first

mobile atomic gravity gradiometer in the world with an accuracy of less than 1 E; with a measuring resolution of 0.15 E.

China has also made progress, but the overall technology still lags behind foreign countries. In the 1990s, Beijing Geological
Instrument Factory produced ZSM quartz spring gravimeter with a measuring accuracy of 30 pGal. Eight institutions, including
Zhejiang University of Technology and Huazhong University of Science and Technology, have conducted research on

2 The Institute of Precision

ground atomic absolute gravimeter, and the measuring sensitivity has reached 4.2-44.0 pGal/Hz
Measurement of the Chinese Academy of Sciences has reported a highly integrated atomic absolute gravity gradiometer with an
accuracy of less than 1 E and a probe size as small as 92 L. However, both of them are in the prototype development stage, not

yet practical.

In the engineering development front of “exploration method for mineral deposits utilizing high-precision ground gravity
measurement”, the top two countries in the number of core patents are the USA and China, with a number of 120 and 87,
accounting for 35.09% and 25.44% of the total, respectively, and the proportion of patents in other countries is less than 12.00%. In
addition, the total number of patents cited in the USA is the highest (2 419), accounting for 44.21% of the total number of citations,
while the total number of citations in China and Germany are 17.40% and 11.90%, respectively, and the total number of patents
cited in other countries for related technologies is less than 10.00%. The UK has the highest citations per patent (20.25) (Table 2.2.5).
In terms of the main institutions of core patents (Table 2.2.6), Infineon Technologies AG (12), TDK Corporation (9), and Robert Bosch
Manufacturing Solutions GMBH (9) have more patents. In addition, Hyperfine Research Incorporated has the highest percentage
of citations (5.39%) and the highest citations per patent (73.75) (Table 2.2.6). Countries such as Germany, the USA, France, and
Switzerland focus on cooperations (Figure 2.2.6). There is no cooperation among major producing institutions.

The traditional spring gravimeter has been developed to the extreme, with little margin for improving the measurement accuracy.
As a new generation of quantum gravity sensor, the atomic gravimeter is expected to have a measurement sensitivity of 10 uGal.
However, it is faced with key problems such as miniaturization of atomic gravimeter and improvement of measurement accuracy.
In addition, the atomic gravimeter is also faced with problems such as insufficient scale factor and low phase extraction efficiency,
which pose enormous challenges to practical application.

The main research fields are the development of miniaturized and high-precision atomic absolute gravimeter/gravity gradiometer,
data fine processing, and interpretation, etc., providing higher precision and technologically more advantageous prospecting
technology, which has an important practical and strategic significance for building the security of mineral resources of China.
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Table 2.2.5 Countries with the greatest output of core patents on “exploration method for mineral deposits utilizing high-precision ground
gravity measurement”

Country Published Eercentage of Citations Pe_rce_ntage Citations per
patents published patents/% of citations/% patent
1 USA 120 35.09 2419 44.21 20.16
2 China 87 25.44 952 17.40 10.94
3 Germany 40 11.70 651 11.90 16.27
4 Japan 32 9.36 520 9.50 16.25
5 Republic of Korea 12 3.51 156 2.85 13.00
6 Canada 11 3.22 212 3.87 19.27
7 Switzerland 9 2.63 142 2.60 15.78
8 France 8 2.34 126 2.30 15.75
9 Netherlands 6 1.75 69 1.26 11.50
10 UK 4 1.17 81 1.48 20.25

Table 2.2.6 Institutions with the greatest output of core patents on “exploration method for mineral deposits utilizing high-precision ground
gravity measurement”

Published Percentage of

Citations  ercentage Citations per

nstitation patents published patents/% of citations/% patent

1 Infineon Technologies AG 12 3.51 245 4.48 20.42
2 TDK Corporation 9 2.63 152 2.78 16.89
3 Robert Bosch Manufacturing Solutions GMBH 9 2.63 132 2.41 14.67
4 Melexis Bulgaria Limited 8 2.34 94 1.72 11.75
5 Allegro MicroSystems 7 2.05 138 2.52 19.71
6 Halliburton Energy Services Incorporation 5 1.46 59 1.08 11.80
7 CNH Industrial Capital Canada Limited 5 1.46 44 0.80 8.80
8 Hyperfine Research Incorporated 4 1.17 295 5.39 73.75
9 Facebook Technologies 4 1.17 91 1.66 22.75
10 United Technologies Corporation 4 1.17 45 0.82 11.25

Republic of Korea

I Canada
Germany . . Switzerland

g "'. France
China
. .Netherlands
USA UK

Figure 2.2.6 Collaboration network among major countries in the engineering development front of “exploration method for mineral
deposits utilizing high-precision ground gravity measurement”
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High precision ground gravity survey technology has broad development prospects in mineral exploration, basic geological
research, and other fields (Figure 2.2.7). In the next 5 to 10 years, the key development trend of this technology is the development
of practical high-precision atomic absolute gravimeter/gravity gradiometer, accurate terrain correction methods, 3D forward
and inversion and geological modeling technology for direct prospecting, and the formation of a rapid and fine measurement
of gravity exploration methods and prospecting technology system. At the same time, it is necessary to realize the independent
development, miniaturization and practical application of the surface gravimeter, and study the surface gravity and multi-type
and multi-source data fusion, well-ground multi-parameter joint constrained inversion, three-dimensional imaging and other
gravity processing and interpretation methods to meet the needs of deep mineral resources exploration, better serve the fields of
earthquake prevention and national defense construction, which is expected to greatly improve the success rate of prospecting
and increase reserves, and enhance social and economic benefits.

Development 2023 2028 2033
trend

Method & model New design concept
Equipment Sample machine Practical technology & instrument
Application Test and improvement Application

Figure 2.2.7 Roadmap of the engineering development front of “exploration method for mineral deposits utilizing high-precision ground
gravity measurement”

2.2.4 Research on intelligent collaborative platform for oil and gas exploration and development

The intelligent collaborative platform for oil and gas exploration and development refers to the provision of an integrated
environment that encompasses information sharing, technological innovation, production and operation integration, and
intelligent collaboration, facilitating multidisciplinary interaction and integrated exploration and development. In the current wave
of oil and gas technological and digital revolutions, the integration of new technologies such as big data and artificial intelligence
with the oil and gas industry has become a significant avenue for innovation.

Foreign countries have made initial strides in constructing intelligent collaborative platforms for oil and gas exploration and
development. For instance, Akselos deployed digital twins for Shell’s Bonga FPSO, Schlumberger collaborated with Google
on the DELFI cloud platform, Total Energies established an integrated oil and gas production collaborative research platform,
and Halliburton signed strategic agreements with Accenture and Microsoft. BP and Microsoft also entered into a strategic
partnership, while companies like Chevron, Eni, and Abu Dhabi National Oil Company have undertaken intelligent platform
research. China’s intelligent collaborative platform development started relatively later and is currently in the transition from
digitization to intelligence. China National Petroleum Corporation (CNPC) has developed the “Exploration and Development
Dream Cloud” platform, Sinopec has established the “Petrochemical Intelligence Cloud” platform for the energy and chemical
industry, and China National Offshore Qil Corporation (CNOOC) is dedicated to creating collaborative working environments
and onshore-offshore coordination systems for exploration and development. Although China has achieved preliminary
advancements in domestic intelligent collaborative platform construction, overall technology still lags behind foreign
counterparts. Currently, the global level of informatization in the oil and gas industry remains relatively low, well below the
industry average. In the future, key research directions include the artificial intelligence technology, intelligent oil and gas
exploration, integrated geological engineering, intelligent equipment research and development, cloud computing platform
construction, and data sharing, etc.
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Regarding the engineering development front of “research on intelligent collaborative platform for oil and gas exploration and
development”, the major patent-producing countries are China and the USA, with respective publication numbers of 240 and
21, accounting for 87.27% and 7.64%, respectively. The patent publications of other countries related to relevant technologies
all account for less than 2.00%. China has the highest citations (441), accounting for 71.36%, while the USA accounts for 26.54%,
and other countries all account for less than 5.00%. The USA has the highest citations per patent (7.81), as shown in Table 2.2.7.
In terms of patent-producing institutions (Table 2.2.8), major contributors include China Petroleum and Chemical Corporation
(12), Southwest Petroleum University (9), China University of Petroleum (Beijing) (8), PetroChina Company Limited (8), China
Railway Tunnel Group Company Limited (7), and Central South University (7). Among them, institutions with a percentage

Table 2.2.7 Countries with the greatest output of core patents on “research on intelligent collaborative platform for oil and gas exploration
and development”

Published Percentage of published

Percentage of Citations per

Country patents patents/% I citations/% patent
1 China 240 87.27 441 71.36 1.84
2 USA 21 7.64 164 26.54 7.81
3 Canada 5 1.82 27 4.37 5.40
4 France 5 1.82 27 4.37 5.40
5 Netherlands 5 1.82 27 4.37 5.40
6 Saudi Arabia 5 1.82 5 0.81 1.00
7 India 5 1.82 0 0.00 0.00
8 Russia 2 0.73 4 0.65 2.00
9 Norway 2 0.73 3 0.49 1.50
10 Republic of Korea 1 0.36 6 0.97 6.00

Table 2.2.8 Institutions with the greatest output of core patents on “research on intelligent collaborative platform for oil and gas exploration
and development”

Institution Published Rercentage of Citations Pe_rce_ntage of Citations per
patents  published patents/% citations/% patent
1 China Petroleum and Chemical Corporation 12 4.36 34 5.50 2.83
2 Southwest Petroleum University 9 3.27 12 1.94 1.33
3 China University of Petroleum (Beijing) 8 291 16 2.59 2.00
4 PetroChina Company Limited 8 291 8 1.29 1.00
5 China Railway Tunnel Group Company Limited 7 2.55 36 5.83 5.14
6 Central South University 7 2.55 20 3.24 2.86
7 Schlumberger Technology Corporation 6 2.18 27 4.37 4.50
8 China National Offshore Qil Corporation 5 1.82 4 0.65 0.80
9 Dalian University of Technology 4 1.45 9 1.46 2.25
10 Shandong University of Science and Technology 4 1.45 5 0.81 1.25
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of citations exceeding 5.00% include China Petroleum and Chemical Corporation (5.50%) and China Railway Tunnel Group
Company Limited (5.83%). Countries emphasizing cooperation include the USA, the Netherlands, Canada, and France (Figure
2.2.8), with collaborative research between institutions focused on PetroChina Company Limited and Southwest Petroleum
University (Figure 2.2.9).

The intelligent collaborative platform for oil and gas exploration and development holds significant prospects in achieving data
interconnection, technological exchange, and collaborative research. It is applicable to upstream oil and gas operations such as
exploration, drilling, and production. In the next 5 to 10 years, its key development directions include interdisciplinary integration,
enhanced data sharing, top-level design, and refined technological architecture.

By organically integrating hardware facilities, software development, digital technology, and oil and gas expertise, a fully digitized,
automated, and intelligent professional application environment is expected to be built for the exploration and development
process, achieving collaboration in multi-domain in oil and gas exploration and development (Figure 2.2.10). This transformation
aims to alter the exploration and development work model, enhance efficiency, maximize comprehensive benefits, and drive the
digital transformation and intelligent development of the oil and gas industry.

Netherlands

.Saudi Arabia
. India
/
4

Canada

. Russia
.Norway

USA '

China Republic of Korea

Figure 2.2.8 Collaboration network among major countries in the engineering development front of “research on intelligent collaborative
platform for oil and gas exploration and development”

China Railway Tunnel Group Company Limited

PetroChina Company Limited. . . Central South University

China University of Petroleum (Beijing). . Schlumberger Technology Corporation

. . China National Offshore Oil Corporation
Southwest Petroleum Universityl S

0Dalian University of Technology

China Petroleum and Chemical Corporation Shandong University of Science and Technology

Figure 2.2.9 Collaboration network among major institutions in the engineering development front of “research on intelligent collaborative
platform for oil and gas exploration and development”
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Figure 2.2.10 Roadmap of the engineering development front of “research on intelligent collaborative platform for oil and gas exploration
and development”
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V. Civil, Hydraulic, and Architectural Engineering

1 Engineering research fronts

1.1 Trends in Top 10 engineering research fronts

The Top 10 engineering research fronts in the field of civil, hydraulic, and architectural engineering are summarized in Table 1.1.1.
These fronts cover a variety of disciplines, including structural engineering, architectural design and theory, geological engineering,
transportation engineering, municipal engineering, hydraulic engineering, urban planning and landscaping, and surveying and
mapping engineering. The experts nominated three of these fronts: “performance perception assessment and rehabilitation of in-
service road, rail, and airport infrastructure”, “multi-scale spatial optimization of high-density urban built environment guided by
safety and resilience”, and “risk identification and control of pathogenic microorganisms in urban water system”. The other seven
were identified using the co-citation clustering method applied to the top 10% of highly cited papers, and they were agreed, in
expert panel meetings, to be worthy of places in the Top 10. Table 1.1.2 presents annual statistics on the core papers published

between 2017 and 2022 that are relevant to these Top 10 research fronts.
(1) Al-based structural damage identification and performance prediction

Al-based structural damage identification and performance prediction is a technology that aims to build intelligent models by
integrating cutting-edge information technologies, methods and equipment, such as the Internet of Things, big data, machine
learning, etc., for the accurate identification of structural damage and the prediction of performance under different loadings and
environmental conditions. It is also possible for the model to conduct self-learning and reinforcement based on fusion of real-time

Table 1.1.1 Top 10 engineering research fronts in civil, hydraulic, and architectural engineering

Engineering research front Core papers  Citations Citations per paper Mean year

Al-based structural damage identification and performance

1 . 54 3616 66.96 2020.6
prediction
) Methods and technologies for carbor_1-em|55|on reduction in urban 45 2979 49.53 2020.0
regeneration
3 Spatio-temporal d|str|but!on ar.1d |ntell|ge.nt evaluation of giant 109 6081 55.79 2019.6
geological disaster chains
4 Performance perceptloq assessr.nent a.nd rehabilitation of in-service 95 852 34.08 2019.9
road, rail, and airport infrastructure

5 Life-cycle disaster resilience of structural and engineering systems 37 1456 39.35 2020.8

6 Co-fermentation of municipal sl.u_dge. and refuse for efficient 73 3012 4126 2020.0
resource utilization

7 qurdlnated e.volutlon of groundwater quan'Flty, quallvty an'd 7 5307 73.71 2020.1

environmental impact and groundwater sustainable utilization
8 Multl-scale‘spatlal opt|rjn|zat|on of h|gh-den5|F¥ urban built 16 681 42,56 20203
environment guided by safety and resilience

9 Risk identification and control of pathogenic microorganisms in 17 816 48.00 2019.4
urban water systems

10 Intelligent object detection in high-resolution remote sensing 151 14 846 98.32 20202
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Table 1.1.2 Annual number of core papers published for the Top 10 engineering research fronts in civil, hydraulic, and architectural

engineering
Engineering research front 2017 2018 2019 2020 2021 2022
1 Al-based structural damage identification and performance prediction 1 3 8 9 19 14
2 Methods and technologies for carbor'1-em|55|on reduction in urban 5 5 8 6 11 10
regeneration
3 Spatio-temporal distribution ar'1d |ntell|ge.nt evaluation of giant geological 17 18 14 21 2 17
disaster chains
Performance perception assessment and rehabilitation of in-service road,
4 . X . 3 3 6 2 4 7
rail, and airport infrastructure
5 Life-cycle disaster resilience of structural and engineering systems 1 2 5 6 4 19
Co-fermentation of municipal sludge and refuse for efficient resource
6 S 1 1 2 1 6 2
utilization
7 qurdlnated e.volutlon of groundwater quan'Flty, quallityan'd 1 5 9 10 14 23
environmental impact and groundwater sustainable utilization
Multi-scale spatial optimization of high-density urban built environment
8 . L 1 0 3 4 5 3
guided by safety and resilience
9 Risk identification and control of pathogenic microorganisms in urban 5 4 6 5 1 4
water systems
10 Intelligent object detection in high-resolution remote sensing images 11 15 18 38 29 40

data from structural responses and from radar/vision/sound sensors. The research on Al-based structural damage identification
and performance prediction is of great significance, as it can improve the functionality, economy, reliability and safety of structures
during their life cycles. The major topics covered by this research front include: (O new sensing equipment for structural damage
detection and monitoring; (2 standardization and fusion of structural health monitoring data; (3 structural damage detection
and localization based on machine learning algorithms; (@ data-driven structural performance prediction methods; and &
physics-informed intelligent models for structural performance prediction. The main development trend is to build a system for
the holographic perception of structural status and providing intelligent diagnosis, and to improve ability in structural damage
identification and performance prediction models in terms of interpretability, generalization, accuracy, etc. With the integration
of physical information and prior knowledge, models can be evolved and widely applied in engineering projects in complex
scenarios. Between 2017 and 2022, 54 core papers relevant to this research front were published. These papers received 3 616
citations, with an average of 66.96 citations per paper.

(2) Methods and technologies for carbon-emission reduction in urban regeneration

The methods and techniques for carbon-emission reduction in urban regeneration primarily refer to the integration of strategies to
reduce carbon emissions relating to urban renewal design. These methods and techniques introduce carbon-emission reduction
approaches and technologies into the process of updating various urban elements, thereby significantly promoting low-carbon
development and sustainability in cities. The primary technological directions encompass: (D simulation of energy consumption
and microclimate environments in existing urban areas; (2 optimization of urban regeneration design schemes and decision-
making tools that are subject to carbon reduction goals; 3 integration of carbon-emission reduction technologies with building
materials and innovative construction techniques in urban regeneration; and (@ integrated design of carbon-emission reduction
technologies for diverse types and scales of urban regeneration elements. The development trend in the field involves integrating
interdisciplinary knowledge such as building energy-saving technologies, renewable energy technologies, geographic information
science, computer science, and artificial intelligence. This integration facilitates the blending of urban regeneration elements with
carbon-emission reduction technologies. Furthermore, the development of digital platforms allows for multi-scenario simulations,
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application, and monitoring feedback, effectively supporting sustainable and organic urban regeneration. Between 2017 and
2022, 45 core papers relevant to this research front were published. These papers received 2 229 citations, with an average of 49.53
citations per paper.

(3) Spatio-temporal distribution and intelligent evaluation of giant geological disaster chains

The giant geological disaster chain refers to a series of geological disaster events, which include one or more secondary disasters
induced by an initial event, directly or indirectly. Compared to a single geological disaster, a giant geological disaster chain shows
significant uncertainty. It features a complex formation mechanism with multiple disasters affecting each other and a disaster-
enlarging effect caused by the chain-like cumulative amplification process. In recent years, the engineering constructions in high-
altitude and cold regions in China, represented by the Sichuan-Tibet Railway, have been facing the threat of giant geological
disaster chains. The disaster scale has reached hundreds of millions cubic meters and serious casualties and economic losses have
resulted. Accurately predicting the spatio-temporal distribution of such chains and intelligently assessing their ongoing disaster
risks is crucial for ensuring the safety, economy, and sustainability of engineering constructions. The current research focuses
on: (D spatio-temporal distribution characteristics and intelligent identification of geological disaster chains in complex disaster
prone environments; 2 formation and evolution mechanism of geological disaster chains and establishment of dynamic models;
3 resilience and risk assessment and optimization methods for preventive structures of geological disaster chains; and @ real
time monitoring and warning, intelligent evaluation and response to preventive decisions for large-scale giant geological disaster
chains. The development trend involves distinguishing the spatio-temporal distribution pattern of giant geological disaster chains
and clarifying the catastrophe mechanism. On this basis, multi-source data and intelligent algorithms can be integrated to predict
the development trend of geological disaster chains and to assess potential risks and impacts. Meanwhile, a real-time monitoring
and early warning system needs to be developed based on intelligent technology. At last, an intelligent risk assessment,
prevention, control and decision-making system should be built for large-scale and giant geological disaster chains. Between 2017
and 2022, 109 core papers relevant to this research front were published. These papers received 6 081 citations, with an average of
55.79 citations per paper.

(4) Performance perception assessment and rehabilitation of in-service road, rail, and airport infrastructure

The assessment and rehabilitation of in-service road, rail, and airport infrastructure involve the utilization of intelligent perception
technologies and comprehensive evaluation methodologies for real-time monitoring, assessment, and prediction of the
performance status of existing transportation infrastructure such as roads, railway tracks, and airport facilities. This is essential
for accommodating the growing demand for passenger and freight transportation by facilitating necessary improvements and
expansions to enhance safety, reliability, and sustainability of transportation infrastructure and adapt to the continually evolving
environment and user needs. Compared to new infrastructure development, repair and expansion of in-service road, rail, and
airport projects are confronted with more intricate temporal, spatial, and ecological constraints. Research directions within this
field encompass the following: (O structural health monitoring and assessment, i.e., utilizing sensor technologies, non-destructive
testing methods, and other tools to perform real-time monitoring and comprehensive assessment in order to detect potential
structural issues, prevent accidents with efficient and precise assessment, and enhance structural and functional durability;
(2 traffic load perception and optimization, i.e., leveraging intelligent transportation systems, with big data analytics, and related
methodologies to real-time perceived traffic flows for accurate traffic management and scheduling; 3 environmental assessment
and enhancement, i.e., monitoring and analyzing factors such as climate and geology to study the impact of traffic loads and
environmental changes on structures for optimizing the design and maintenance strategies of transportation infrastructure
and ultimately enhancing durability and adaptability; and (@ rehabilitation and expansion planning and design, i.e., integrating
analysis of structural in-service state evolution patterns and performance perception assessment to formulate rational plans for
facility rehabilitation and expansion, aligning with future transportation development demands. Future developments in this field
are anticipated to concentrate on the following areas: high-precision intelligent perception and assessment; sustainability and
environmentally friendly low-carbon design; comprehensive performance optimization algorithms and decision models; digital
construction and engineering management. Between 2017 and 2022, 25 core papers relevant to this research front were published.
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These papers received 852 citations, with an average of 34.08 citations per paper.
(5) Life-cycle disaster resilience of structural and engineering systems

The life-cycle disaster resilience of structural and engineering systems refers to the evaluation and improvement of their resilience
to natural and man-made disasters throughout their entire life cycle, including design, construction, maintenance, and demolition.
Traditional research on disaster resilience of structural and engineering systems is mainly focused on design and construction
stages, with less attention paid to maintenance and demolition stages. As a great number of structural and engineering systems
accumulate in various countries around the world, research on disaster resilience of existing structural and engineering systems
has significant social significance and strategic value for the construction of resilient cities. Its main research directions include:
(D assessment of life-cycle disaster resistance and resilience improvement of a single structure; @ assessment and improvement
of disaster resilience of building systems throughout their entire lifespan; (3 assessment and improvement of disaster resilience
of lifeline systems such as water, electricity, gas and communication networks; and @ construction of resilient cities with
multiple systems for considering disaster resilience throughout infrastructure lifespan. The main development trend for future
research relates to the life-cycle damage mechanism, resilience assessment and resilience improvement for complex and giant
systems. Based on this, combined with health monitoring, big data and artificial intelligence, accurate assessment and significant
improvement of the life-cycle disaster resilience of urban engineering systems can be achieved. At the same time, the development
of intelligence of urban engineering system resilience and disaster prevention can be accelerated, and the disaster resistance safety
of urban engineering systems can be improved. This will also lead to establishment of a resilient disaster prevention and control
system for the entire lifespan of urban engineering systems. Between 2017 and 2022, 37 core papers relevant to this research front
were published. These papers received 1 456 citations, with an average of 39.35 citations per paper.

(6) Co-fermentation of municipal sludge and refuse for efficient resource utilization

Municipal sludge is the inevitable product of municipal sewage treatment, with the dual attributes of “pollution” and “resource”.
Harmless treatment and resource utilization of sludge are the key measures for promotion of the synergy between pollution control
and carbon-emission reduction in the field of water pollution prevention and control. The collaborative anaerobic fermentation
treatment of municipal sludge and organic wastes such as refuse can produce significant economic and environmental benefits,
which is conducive to improving the degradation efficiency of organic matter and the stability of fermentation systems, and
significantly increasing the output of high-value products. Thus, the co-fermentation of municipal sludge and refuse is an effective
way to realize the harmless treatment and resource utilization of municipal sludge. The current research focuses on: (D the co-
fermentation mechanism and resource efficiency of municipal sludge and refuse under different conditions; 2 optimization and
control technology of municipal sludge and refuse co-fermentation; 3 the high-value directional transformation mechanism of
municipal sludge and refuse co-fermentation; and (@ research and development of municipal sludge and waste co-fermentation
equipment. The main development trend in the future is gradual clarification of the influencing factors regarding urban sludge
and waste co-fermentation efficiency and energy consumption. On this basis, attention is placed on optimization of the resource
path of the municipal sludge and refuse co-fermentation process, strengthening the production of new clean biofuels in the co-
fermentation process, further reducing the cost of co-fermentation, and building an efficient resource technology and equipment
system of municipal sludge and refuse co-fermentation. Between 2017 and 2022, 73 core papers relevant to this research front
were published. These papers received 3 012 citations, with an average of 41.26 citations per paper.

(7) Coordinated evolution of groundwater quantity, quality and environmental impact and groundwater sustainable utilization

Groundwater plays a critical role in the urban and rural water supply, economic and social development, and ecological and
environmental maintenance in China. The coordinated progress relating to groundwater quantity, quality and environmental
impact concerns the interactions and change in groundwater resources, involving water quality and ecological and geological
environmental effects. The sustainable utilization of groundwater is aimed at ensuring that groundwater resources can meet the
long-term stable development of human society and the whole environmental system, and can avoid ecological and geological
problems and disasters caused by over-exploitation. China’s groundwater resources are under great threat due to increased human

#&[ Engineering
" Fronts



Civil, Hydraulic, and Architectural Engineering

activity and climate change. The current research focuses on: () theoretical research of groundwater circulation and distribution,
and pollutant migration and transformation; @ development of methodology of groundwater monitoring-simulation-evaluation;
(3 technological investigation of groundwater over-exploitation prevention and groundwater remediation; and 4 management of
sustainable utilization of groundwater. Future development trends include the following: D) addressing the challenging theoretical
task of groundwater circulation as well as the migration and transformation of material and energy in a changing environment;
(2 developing new methods for air-space-ground integrated groundwater monitoring and interpretation; (3 establishing multi-
scale multi-process technical systems for groundwater simulation and prediction and groundwater quantity-quality-environmental
impact evaluation; @ to exploring key technologies for warning, control and prevention of groundwater over-exploitation and its
secondary disasters; & completing key technical challenges on contamination source identification and ecological restoration;
® creating multi-source groundwater storage and sustainable utilization technologies in the continent and ocean; and
(@ proposing multi-objective optimization management system for different scenarios and groundwater resource regulation
measurements and strategies. Between 2017 and 2022, 72 core papers relevant to this research front were published. These papers
received 5 307 citations, with an average of 73.71 citations per paper.

(8) Multi-scale spatial optimization of high-density urban built environment guided by safety and resilience

The high-density urban built environment, guided by requirements for safety and resilience, concerns urban planning and design
that prioritizes the creation of a living environment that is both secure, disaster-resistant, and sustainable under conditions of
high population density. Unlike conventional cities, high-density cities face distinct challenges such as heightened safety risks
associated with high-risk buildings, suboptimal performance of disaster-resistant building, low standards of evacuation of
buildings, and inadequate building maintenance systems. In recent years, China’s increased frequency of extreme weather and
climate events, has subjected the country’s high-density urban disaster prevention systems to rigorous testing. Consequently, the
safety and resilience of high-density urban development have formed the basis of a critical research trend. It is of great importance
to explore typical disaster scenarios related to high-risk, disaster-resistant, and disaster-avoidance buildings and bolstering urban
resilience to effectively manage the profound impacts of climate change. The current research focuses on: (O reevaluation and
reformulation of building codes tailored to high-density cities; 2 ongoing dynamic monitoring and assessment of buildings within
high-density urban areas; (3 enhancement of the resilience and sustainability of buildings in high-density environments; @ the
renewal and renovation of high-density urban building stocks; and (& optimizing disaster resilience in high-density urban and
rural built environments within land-sea integrated regions. The development trend of research is to identify vulnerabilities and to
gauge the quality of the built environment in high-density cities. On this basis, a combination of research into safety hazards and
resilience, coupled with multi-scale analysis and predictive assessment of the myriad risks inherent in mega-city environments, will
drive the optimization of high-density urban settings from the perspective of sustainable development. Advanced methodologies
like deep learning, data mining, and digital twin technology will be harnessed for this purpose. Between 2017 and 2022, 16 core
papers relevant to this research front were published. These papers received 681 citations, with an average of 42.56 citations per

paper.
(9) Risk identification and control of pathogenic microorganisms in urban water systems

Urban water environment is closely related to natural circulation and human production activities. There are risks of outbreak
and spread of pathogenic microorganisms such as pathogens and viruses in urban water system, mainly from human and animal
feces, garbage, domestic sewage and hospital sewage. The migration and spread of pathogenic microorganisms in urban water
systems can lead to outbreak of epidemic diseases, posing a serious threat to environmental safety and public health. Effective
identification, control, and deep reduction of pathogenic microorganisms in urban water systems, as well as ensuring water safety,
are urgent issues that need to be addressed. The main technical directions include: @ building a basic database of the specific
types, distribution, transmission patterns, and removal pathways of pathogenic microorganisms in urban rivers/lakes; (2 rapid
identification, characterization, and risk assessment of pathogenic microorganisms in the water quality monitoring and evaluation
system; 3 the inactivation of pathogenic microorganisms by conventional disinfection techniques (chlorine based disinfectants,
ozone, UV, etc.) and combined disinfectants; @ development of novel membrane separation technologies and adsorbents
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based on the principles of physical separation and adsorption; (® microbial metabolism technologies such as activated sludge
process, membrane bio-reactor (MBR) process, etc.; and (&) progress towards a comprehensive risk management and control
technology system for pathogenic microorganisms, including water source control, water plant removal, and pipeline network
protection. Facing the ecological security of urban water systems, future research focuses and challenges mainly include building a
database of resistance groups/pathogens/pathogenic viruses in typical water systems, developing a list of water borne pathogenic
microorganisms for priority control in river basins, establishing indicative pathogenic microorganisms for health risk assessment,
developing high-throughput detection methods with supporting equipment, and establishing a comprehensive control technology
system. Between 2017 and 2022, 17 core papers relevant to this research front were published. These papers received 816 citations,
with an average of 48.00 citations per paper.

(10) Intelligent object detection in high-resolution remote sensing images

Intelligent object detection methods in high-resolution remote sensing images utilize knowledge engineering, deep learning,
logical reasoning, swarm intelligence, and other new artificial intelligence technologies and means, to obtain category and
location information from high-resolution remote sensing images. Such technologies are widely used in military and civilian
fields such as reconnaissance, surveillance, early warning, and search and rescue. Development trends in this research front
include: (D general intelligent target detection methods, which aim to address the challenges faced in remote sensing image
target detection, such as class imbalance, high background complexity, multi-scale changes in targets, special imaging
perspectives, and small/micro object detection; and (2 development of specialized object intelligent detection methods in
remote sensing images for significant targets such as airports, buildings, aircraft, ships, vehicles, clouds, and sea ice. The main
development trend in the future will be a focus on the challenges of small object detection and multimodal object detection,
continuously optimizing the intelligent object detection model, constructing an intelligent high-resolution remote sensing
object detection method system guided by knowledge and based on algorithms, thereby promoting intelligent understanding
of remote sensing scenes and providing support for the construction of remote sensing image intelligent interpretation systems.
Between 2017 and 2022, 151 core papers relevant to this research front were published. These papers received 14 846 citations,
with an average of 98.32 citations per paper.

1.2 Interpretations for three key engineering research fronts

1.2.1 Al-based structural damage identification and performance prediction

The damage of civil engineering structures is related to their health status, and directly affects their safety and serviceability.
Traditional methods of structural damage identification and performance prediction usually rely on physical sensors and
mechanical models, while using Al methods can extract complex damage feature patterns from large amounts of multi-
source multi-modal data, and analyze the key parameters that characterize structural performances. Additionally, the
model can perform self-learning and reinforcement based on real-time data, to improve the accuracy and robustness of the
results in damage identification and performance prediction. The research on Al-based structural damage identification
and performance prediction can provide a scientific basis for structural health monitoring, maintenance reinforcement and
performance enhancement. This is of great significance in reducing infrastructure operation and maintenance costs, improving
management and maintenance strategies, and optimizing the life-cycle design of structures. The major topics in this research
field include:

1) New sensing equipment for structural damage detection and monitoring. Efforts are devoted to: (1) achieving qualitative
perception and quantitative determination of structural damage in different scenarios and scales using various sensing technologies,
such as visual and acoustic sensors, microwave radar, distributed Fiber Bragg Grating, nanomaterial sensors, etc.; 2 developing
new integrated equipment and the corresponding distributed intelligence technology for structural damage detection and
monitoring; and 3 establishing intelligent structural damage detection and monitoring systems that are capable of serving in an
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autonomous, comprehensive, and efficient way.

2) Standardization and fusion of structural health monitoring data. For the development of Al algorithms and model optimization,
studies are carried out to establish the standard for the acquisition, transmission, storage, and usage of structural monitoring data.
Technologies such as knowledge graphs, Bayesian networks, probabilistic graphical models, etc., are applied for the aggregation
of multi-source and multi-scale data, providing high-availability data for structural damage identification and performance
prediction.

3) Structural damage detection and localization based on machine learning algorithms. Based on machine learning models such
as deep learning, support vector machine, clustering algorithm, etc., the damage mechanism is studied and surrogate models
are built for structural damage detection and localization. Meanwhile, the models are iterated autonomously for self-learning and
reinforcement using real-time data for environmental and structural concerns, thereby improving the accuracy and reliability of
damage identification.

4) Data-driven prediction methods of structural performance. Considering the complex influencing factors of performances
and the scarce data feature of engineering structures, data processing methods are proposed for feature extraction and feature
analysis, and the data dimension is reduced effectively and efficiently. By combining active learning, reinforcement learning,
and transfer learning, data-driven models relating to key characteristic parameters are established to predict various aspects
of structural performances, including the mechanical performance, disaster prevention and mitigation resilience, and life cycle
performance.

5) Physics-informed intelligent models for structural performance prediction. By the development of data, knowledge, models,
and intelligent algorithms, mechanical theories and experts’ priori knowledge can be introduced to propose a hybrid paradigm
of physics-informed intelligent modeling for structural performance prediction. It is important for Al models to break through the
bottleneck of the data dependency of model training and the deficiency in interpretability and generalization ability due to the
“black box”. Such a breakthrough can drastically improve the accuracy and practicability of the data-driven model for performance
prediction on engineering structures.

As shown in Table 1.1.1, 54 core papers concerning “Al-based structural damage identification and performance prediction” were
published between 2017 and 2022, with each paper being cited 66.96 times on average. The top five countries in terms of output of
core papers on this topic are Vietnam, Belgium, China, Republic of Korea, and the USA (Table 1.2.1). China is one of the most active
countries, having published 25.93% of the core papers. The five countries with the highest average citations were the USA, Algeria,
Belgium, Vietnam, and Japan. The papers published by Chinese authors were cited 66.36 times on average, which is slightly
below the overall average. As illustrated by the international collaborative network depicted in Figure 1.2.1, close cooperation was
observed among the ten most productive countries.

The five institutions that published the most core papers were Ghent University, Ton Duc Thang University, Ho Chi Minh City Open
University, Southeast University, and University of Transport & Communications (Table 1.2.2). In terms of number of publications,
the top three institutions collaborated frequently, focusing on Al models for structural damage identification. They proposed
various algorithms to solve the inverse problems in structural health monitoring, i.e. identifying structural damage based on
responses such as structural stiffness, frequencies, and strain energy, etc. Their research primarily applies to laminated composite
structures, and is also applicable in actual bridges. As illustrated in Figure 1.2.2, the ten most productive institutions have
conducted collaborative studies in this regard.

As shown in Table 1.2.3, the five most active countries in terms of paper citing were China, the USA, Vietnam, Republic of Korea,
and Iran. The top five institutions in terms of citing core papers were Tongji University, Southeast University, Ghent University, Ho
Chi Minh City Open University, and Harbin Institute of Technology (Table 1.2.4). According to the citations of core papers, there
were differences between the top five countries in terms of output of core papers and the five most active countries in terms of
paper citations, which indicates that this front has received attention from scholars from different countries.
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Based on the above statistics, the proportion of paper citations in China is far higher than the proportion of core papers from
China, indicating that Chinese researchers pay close attention to this front.

In the next ten years, the key development direction in this research front is to build a holographic perception system for
structure status, to establish a structure intelligent diagnosis system driven by multi-modal large models and to enhance
model performance for structural damage identification and performance prediction. On one hand, these developments rely
on highly-integrated intelligent perception technology, combined with multi-source multi-modal data fusion modeling, which
significantly improves the capacity and quality of available data. On the other hand, the damage mechanism and performance
evolution process of structures under multi-factor multi-objective conditions can be taken into account for the exploration
of the new paradigm that combines knowledge-driven learning models and physics information. Hence, it can achieve the
improvement of structural damage identification and performance prediction in terms of interpretability, generalization,
accuracy, etc. Relevant research studies can be applied to the operation and maintenance of existing structures, as well as to
the design and construction of new structures, thus there is a great potential of development and a wide range of practical
scenarios (Figure 1.2.3).

Table 1.2.1 Countries with the greatest output of core papers on “Al-based structural damage identification and performance prediction”

Percentage of core

Citations per

Country Core papers papers/% Citations paper Mean year
1 Vietnam 22 40.74 1607 73.05 2020.2
2 Belgium 20 37.04 1585 79.25 2020.0
3 China 14 25.93 929 66.36 2020.9
4 Republic of Korea 14 25.93 913 65.21 2020.9
5 USA 10 18.52 1041 104.10 2020.2
6 Algeria 10 18.52 900 90.00 2020.2
7 Japan 6 11.11 430 71.67 2020.0
8 Italy 6 11.11 266 44.33 2020.2
9 Canada 5 9.26 289 57.80 2021.2
10 India 4 7.41 279 69.75 2021.2

Republic of Korea’,

China

Italy
Belgium

Vietnam India

Figure 1.2.1 Collaboration network among major countries in the engineering research front of “Al-based structural damage identification
and performance prediction”
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Table 1.2.2 Institutions with the greatest output of core papers on “Al-based structural damage identification and performance prediction”

Percentage of core

Citations per

Institution Core papers papersi% Citations paper Mean year
1 Ghent University 20 37.04 1585 79.25 2020.0
2 Ton Duc Thang University 13 24.07 1192 91.69 2019.5
3 Ho Chi Minh City Open University 8 14.81 500 62.50 2021.2
4 Southeast University 8 14.81 380 47.50 2021.2
5 University of Transport & Communications 7 12.96 499 71.29 2020.0
6 Chang’an University 6 11.11 256 42.67 2021.3
7 University of California, Los Angeles 4 7.41 393 98.25 2019.8
8 Hanyang University 4 7.41 351 87.75 2020.2
9 Mouloud Mammeri University of Tizi-Ouzou 4 7.41 319 79.75 2020.5
10 Tongji University 4 7.41 Bill5 78.75 2020.5

University of Transport & Communications

Southeast University Chang’an University

Ho Chi Minh City Open University . University of California, Los Angeles

Ton Duc Thang University

Mouloud Mammeri University of Tizi-Ouzou

Ghent University Tongji University

Figure 1.2.2 Collaboration network among major institutions in the engineering research front of “Al-based structural damage
identification and performance prediction”

Table 1.2.3 Countries with the greatest output of citing papers on “Al-based structural damage identification and performance prediction”

Country Citing papers Percentage of citing papers/% Mean year
1 China 868 40.07 2021.7
2 USA 235 10.85 2021.5
3 Vietnam 169 7.80 2021.4
4 Republic of Korea 144 6.65 2021.6
5 Iran 142 6.56 2021.6
6 India 138 6.37 2021.7
7 Italy 105 4.85 2021.7
8 Australia 102 4.71 2021.7
9 Canada 99 4.57 2021.7
10 Saudi Arabia 87 4.02 2021.6
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Table 1.2.4 Institutions with the greatest output of citing papers on “Al-based structural damage identification and performance prediction”

Institution Citing papers Percentage of citing papers/% Mean year
1 Tongji University 95 17.66 2021.7
2 Southeast University 87 16.17 2021.7
3 Ghent University 74 13.75 2021.0
4 Ho Chi Minh City Open University 43 7.99 2021.7
5 Harbin Institute of Technology 41 7.62 2021.8
6 The Hong Kong Polytechnic University 40 7.43 2021.9
7 Ton Duc Thang University 36 6.69 2020.5
8 Dalian University of Technology 33 6.13 2021.7
9 Yonsei University 31 5.76 2021.7
10 University of Transport & Communications 30 5.58 2020.8

High-speed data transmission
and storage technology

High-integration of intelligent sensing
equipment

Construction of holographic
perception system for
structural status

Integrated theory on inspection and monitoring of structures

Optimized deployment
theory of intelligent
sensing equipment

Figure 1.2.3 Roadmap of the engineering research front of “Al-based structural damage identification and performance prediction”

1.2.2 Methods and technologies for carbon-emission reduction in urban regeneration

Urban regeneration, optimizing the physical conditions, spatial forms, and functions of the entire urban system, plays a
crucial role in improving the currently high-energy consumption and high-carbon-emitting components of cities. It offers
pivotal intervention for reducing urban carbon dioxide emissions. However, the current approach to urban regeneration
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primarily relies on traditional models, which face challenges such as difficulty in integrating urban regeneration targets with
carbon-emission reduction technologies, limited perspectives on integration, low digital precision, and a lack of practical
applications.

Therefore, the forefront and focus of research and development in urban regeneration methods and technologies lie
in establishing systematic integration and collaborative mechanisms for applying various carbon-emission reduction
technologies in urban regeneration. This involves exploring methods utilizing machine learning, genetic algorithms, and
other techniques to optimize design and decision-making processes, as well as innovation of the integration of high-
performance building materials with carbon-emission reduction technologies. The primary technological directions
encompass:

1) Simulation of energy consumption and microclimate environment in existing urban areas. This involves leveraging extracted
building big data information and relevant standard specifications, combined with GIS and building energy simulation tools,
to automatically generate regional models of building energy consumption and carbon emissions. These models enable rapid
modeling at the regional scale and can be automatically calibrated based on real-world data.

2) Optimization of urban regeneration design schemes and decision-making tools under carbon reduction goals. This involves
utilizing advanced technologies and methods such as machine learning, big data analytics, and genetic algorithms to develop
systems and platforms for scenario simulation and low-carbon assessment. These systems and platforms identify the current
carbon dioxide emissions status and reduction potential of different urban regeneration measures, and generate the most suitable
urban regeneration schemes through multi-objective optimization.

3) Integration of carbon-emission reduction technologies with building materials and innovative construction techniques in
urban regeneration. The construction industry is considered a major consumer of raw materials and energy. In the maintenance
and renovation of existing buildings and infrastructure, the application of high-performance building materials and innovative
construction techniques integrated with carbon-emission reduction technologies can prove advantageous in addressing the
challenges of low energy efficiency and high carbon emissions faced by the construction industry.

4) Integrated design of carbon reduction technologies for diverse types and scales of urban regeneration elements. Urban
regeneration involves comprehensive and complex system engineering projects. In addition to in-depth research on the
application of carbon-emission reduction technologies to individual urban regeneration elements, it is essential to establish the
coupling of emission reduction technologies to utilization by various urban elements. This includes areas such as energy, buildings,
transportation, waste management, and carbon sequestration techniques.

As shown in Table 1.1.1, 45 core papers concerning “methods and technologies for carbon-emission reduction in urban
regeneration” were published between 2017 and 2022, with each paper being cited 49.53 times on average. The top five countries
in terms of output of core papers on this topic are China, the USA, the UK, Italy, and Australia (Table 1.2.5). China is the most active
country, having published 55.56% of the core papers. The five countries with the highest citations per paper were China, Australia,
the USA, Singapore, and Israel. The papers published by Chinese authors were cited 62.40 times on average, which is above the
overall average. As illustrated by the international collaborative network depicted in Figure 1.2.4, close cooperation was observed
among the ten most productive countries.

The five institutions that published the most core papers were China University of Mining & Technology, East China Normal
University, Wuhan University, Shanghai Jiao Tong University, and University of Shanghai for Science and Technology (Table
1.2.6). The forefront directions at China University of Mining and Technology primarily include research on the development of
renewable energy, smart city policies, and industrial integration to enhance energy efficiency, reduce carbon emissions, and
mitigation of the impact of air pollution. This research aims to provide empirical evidence and policy insights. At East China
Normal University, the forefront directions mainly involve studying the spatio-temporal variations of CO, from a multi-scale
perspective and examining the impact of government policies on ecological efficiency. This research aims to provide scientific
foundations for feasible CO, emission reduction policies. At Wuhan University, the forefront directions focus on studying
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the distribution characteristics and deployment potential of different renewable energy sources, as well as the influencing
mechanisms on their power generation efficiency. Additionally, attention is given to the spatio-temporal distribution patterns
of PM2.5, CO,, and their influencing factors. As illustrated in Figure 1.2.5, the ten most productive institutions have conducted
collaborative studies in this regard.

As shown in Table 1.2.7, the five most active countries in terms of citations were China, the USA, the UK, Australia, and Italy. The
top five institutions in terms of citations were Chinese Academy of Sciences, China University of Mining & Technology, Chongging
University, Wuhan University, and Tsinghua University (Table 1.2.8). China ranked first in the quantity of core papers produced and
the number of citations of core papers, indicating that Chinese researchers pay close attention to this front.

Summarizing the above statistics, Chinese scholars have performed well and become leaders in the research of “methods and
technologies for carbon-emission reduction in urban regeneration”.

The key development directions for the forefront of “Methods and technologies for carbon-emission reduction in urban
regeneration” in the next 5-10 years will be as follows: the development and application of carbon reduction materials in urban
regeneration; integration of new energy and building technologies; optimization of low-carbon design in urban regeneration;
integration of carbon-emission reduction technologies; application of digital technologies and verification of carbon-emission
reduction effectiveness.

Specifically, in the construction and computation of energy consumption and carbon emissions simulations, efforts will be made
to improve the accuracy of precise accounting and dynamic prediction of carbon emissions from urban-scale building clusters,
catering to different scales of urban regeneration design.

In terms of technology integration and application, there will be a focus on promoting iterative updates of individual carbon-
emission reduction engineering technologies in urban and neighborhood renewal projects, while establishing integrated carbon-
emission reduction technologies for multi-system coupling in urban regeneration projects.

Regarding the development of decision support tools for low-carbon urban regeneration, the emphasis will be on establishing
comprehensive platforms for optimizing solutions with various emission reduction technologies, and clarifying the “low-carbon”
goals, indicators, and technological pathways for different regions and stages of urban development (Figure 1.2.6).

Table 1.2.5 Countries with the greatest output of core papers on “methods and technologies for carbon-emission reduction in urban

regeneration”
Core papers Percc;gtr;agrz /S/Z COre Citations Citations per paper Mean year
1 China 25 55.56 1560 62.40 2020.3
2 USA 5 11.11 258 51.60 2021.2
3 UK 4 8.89 157 39.25 2021.0
4 Italy 4 8.89 65 16.25 2019.2
5 Australia 3 6.67 171 57.00 2018.0
6 Singapore 3 6.67 130 43.33 2017.7
7 Germany 3 6.67 122 40.67 2019.3
8 Bangladesh 3 6.67 98 32.67 2022.0
9 Malaysia 3 6.67 98 32.67 2022.0
10 Israel 2 4.44 84 42.00 2019.0
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Figure 1.2.4 Collaboration network among major countries in the engineering research front of “methods and technologies for carbon-

emission reduction in urban regeneration”

Table 1.2.6 Institutions with the greatest output of core papers on “methods and technologies for carbon-emission reduction in urban

10

regeneration”

Percentage of core o Citations per
Citations
papers/% paper

Institution Core papers

Mean year

China University of Mining & Technology 6 13.33 327 54.50 2021.7

East China Normal University 4 8.89 311 77.75 2018.2

Wuhan University 4 8.89 244 61.00 2019.5

Shanghai Jiao Tong University 4 8.89 212 53.00 2020.0

University of Shanghai for Science and 4 8.89 212 53.00 2020.0
Technology

Chongging University 3 6.67 202 67.33 2021.3

Hebei University of Technology 3 6.67 202 67.33 2021.3

Technical University of Munich 3 6.67 122 40.67 2019.3

Khulna University of Engineering and 3 6.67 98 32.67 2022.0
Technology

Rajshahi University of Engineering and 3 6.67 98 32.67 2022.0

Technology

University of Shanghai for Science and Technology

Shanghai Jiao Tong University

-

Hebei University of Technolo
Wuhan University . y )

Chongging University

. Technical University of Munich

East China Normal University.

Khulna University of Engineering and Technology

China University of Mining & Technology Rajshahi University of Engineering and Technology

Figure 1.2.5 Collaboration network among major institutions in the engineering research front of “methods and technologies for carbon-

emission reduction in urban regeneration”
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Table 1.2.7 Countries with the greatest output of citing papers on “methods and technologies for carbon-emission reduction in urban

regeneration”
Citing papers Percentage of citing papers/% Mean year
1 China 1194 66.70 2021.5
2 USA 149 8.32 2021.3
3 UK 100 5.59 2021.5
4 Australia 75 4.19 2021.3
5 Italy 59 3.30 2021.1
6 Spain 43 2.40 2021.3
7 Singapore 37 2.07 2021.2
8 Germany 36 2.01 2021.2
9 Japan 33 1.84 2021.3
10 Malaysia 32 1.79 2021.6

Table 1.2.8 Institutions with the greatest output of citing papers on “methods and technologies for carbon-emission reduction in urban

regeneration”

No. Institution Citing papers Percentage of citing papers/% Mean year
1 Chinese Academy of Sciences 126 23.25 2021.0
2 China University of Mining & Technology 62 11.44 2021.8
3 Chongging University 60 11.07 2021.5
4 Wuhan University 54 9.96 2021.1
5 Tsinghua University 41 7.56 2021.2
6 China University of Geosciences 37 6.83 2021.2
7 Tianjin University 35 6.46 2021.5
8 Beijing Normal University 33 6.09 2020.8
9 Shandong University 33 6.09 2021.2
10 Shanghai Jiao Tong University 32 5.90 2020.9

1.2.3 Spatio-temporal distribution and intelligent evaluation of giant geological disaster chains

Giant geological disaster chains often occur in high-altitude frigid mountainous areas worldwide. With the increase of
construction scale, major engineering constructions around the world gradually expand to those regions with harsh
geological conditions. However, complex terrain and geomorphic conditions, dense regional fault zones, and frequent
strong earthquake activities pose significant disaster risks to engineering construction and safe operation. In addition, as
“amplifiers” of global warming, high-altitude frigid mountainous areas have been affected by frequent extreme climate
events worldwide in recent years, accelerating the occurrence of giant geological disaster chains, posing huge challenges
to major engineering construction, operation, and management. Studying the spatio-temporal distribution and intelligent
evaluation of giant geological disaster chains is of great significance for ensuring safe production and accelerating
infrastructure construction.

pr] 1 H H
158 :'g.’,,, Engineering

" Fronts



Civil, Hydraulic, and Architectural Engineering

Integrated smart power grid Zero carbon district heating and cooling

Smart energy
infrastructure Green hydrogen infrastructure
renovation

City level smart energy management platform

Figure 1.2.6 Roadmap of the engineering research front of “methods and technologies for carbon-emission reduction in urban
regeneration”

Currently, the major topics of this research front include:

1) The spatio-temporal distribution characteristics and intelligent identification of geological disaster chains in complex disaster-
prone environments. The geological disaster chain often occurs in high-altitude remote mountainous areas. The following issues
are of interest: (1) combining multi-source heterogeneous data interpretation algorithms based on the comprehensive remote
sensing technology of multiple sources such as satellite, aerial, ground, and underground; 2 establishing a database of geological
disaster chains in mountainous areas to reveal the relationship between the formation of geological disasters and complex
disaster gestation factors; (3 identifying the main disaster causing factors and summarizing the spatio-temporal development
and distribution patterns of geological disaster chains; @ establishing early identification markers for different types of geological
disaster chains by machine learning image recognition technology; and ® realizing intelligent identification of key sections of
potential mutual transformation in the geological disaster chain.

2) The construction of a dynamic model for the genetic and chain evolution mechanism of geological disasters. Efforts are devoted
to: (D the effects of complex disaster gestation conditions such as seismic motion, rainfall, and temperature on the mechanical
properties of disaster bodies such as pore water pressure, stress, and strength; @ coupled studies from the perspectives of
macroscopic geological dynamic processes and microscopic particle mechanical characteristics to reveal the critical mechanical
conditions for the transformation of multiphase (solid-liquid) and multistage (flow-blockage-collapse) disasters; and 3 establishing
a multi-scale coupled dynamic model that considers the macro and micro interconnected effects.

3) Establishment of resilience and risk assessment and preventive structure optimization methods for geological disaster chains.
The aims are to: (O construct a random evaluation method for the disaster range to address the suddenness, uncertainty, and
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complex attributes of the giant geological disaster chain; @ conduct large-scale spatio-temporal risk prediction and risk zoning
evaluation combined with artificial intelligence algorithms; 3 use a Pareto optimality method to achieve local optimization and
adjustment of high-risk section lines; @ evaluate the impact resistance performance of different types of protective structures with
stochastic dynamic equations and obtain the stochastic dynamic response laws of engineering structural performance indicators;
and (® characterize the failure probability and vulnerability of engineering structures from the probability density function level
and carry out structural design based on the concept of recoverability.

4) Real time monitoring and warning, intelligent evaluation, and response to preventive decisions for large-scale giant geological
disaster chains. The aftermath of geological disaster chains often involves large-scale hazards across administrative regions
(national boundaries, provincial boundaries, county boundaries), resulting in delay in disaster assessment and difficulty in
intelligent coordination of risk management. The requirement, therefore, is to: (1) upgrade the risk assessment parameters of
intelligent algorithms based on multi-source monitoring data and dynamic numerical simulation results; @ build an intelligent
dynamic evaluation system and a standardized early warning system for the entire processes of geological disaster chains,
including early identification, investigation and evaluation, monitoring and warning, and risk zoning; and (3 make different

resilient risk prevention and control measures for different warning levels.

As shown in Table 1.1.1, 109 core papers concerning “spatio-temporal distribution and intelligent evaluation of giant geological
disaster chains” were published between 2017 and 2022, with each paper being cited 55.79 times on average. The top five
countries in terms of output of core papers on this topic are China, Australia, the USA, Italy, and the UK (Table 1.2.9). China is one of
the most active countries, having published 77.06% of the core papers. The five countries with the highest citations per paper were
Norway, India, Vietnam, Iran, and Australia. The papers published by Chinese authors were cited 56.32 times on average, which is
above the overall average. As illustrated by the international collaborative network depicted in Figure 1.2.7, close cooperation was
observed among the ten most productive countries.

The five institutions that published the most core papers were China University of Geosciences, Chengdu University of Technology,
Nanchang University, Chinese Academy of Sciences, and Newcastle University (Table 1.2.10). China University of Geosciences has
focused on landslide displacement prediction based on multi-source data fusion and artificial intelligence algorithms, Chengdu
University of Technology and Nanchang University have focused on the landslide susceptibility prediction based on machine
learning algorithms. As illustrated in Figure 1.2.8, the ten most productive institutions have conducted collaborative studies in this
regard.

As shown in Table 1.2.11, the five most active countries in terms of paper citations were China, the USA, Italy, Iran, and India.
The top five institutions in terms of citations of core papers were China University of Geosciences, Chinese Academy of Sciences,
Chengdu University of Technology, Chang’an University, and Duy Tan University (Table 1.2.12). China ranked first in the quantity of
core papers produced and the number of citations of core papers, indicating that Chinese researchers pay close attention to this
front.

Based on the statistical data above, research on “spatio-temporal distribution and intelligent evaluation of giant geological
disaster chains” is still in its infancy. Compared with foreign peers, Chinese scholars are in a leading position.

In the next decade, the frontier in this field must lie in the following areas: spatio-temporal development characteristics
and early identification of geological disaster chains based on multi-source heterogeneous data analysis; the clarification of
the genetic mechanism and chain evolution mechanism under multiple disaster factors; the establishment of resilient and
risk assessment and preventive optimization methods for geological hazard chains under extreme climate change; and the
promotion of real-time monitoring, warning, and intelligent disaster prevention decision-making system development. At
the same time, this front will gradually develop towards quantification, intelligence, and systematization. With increasingly
harsh geological environments and frequent extreme weather conditions encountered during engineering construction and
operation, this cutting-edge research achievement will be widely applied in engineering construction and safe operation, with
huge development potential (Figure 1.2.9).
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Table 1.2.9 Countries with the greatest output of core papers on “spatio-temporal distribution and intelligent evaluation of giant geological
disaster chains”

Percentage of

Citations per

Country Core papers core papers/% Citations paper Mean year
1 China 84 77.06 4731 56.32 2019.7
2 Australia 14 12.84 1124 80.29 2019.2
3 USA 14 12.84 984 70.29 2019.6
4 Italy 13 11.93 913 70.23 2019.5
5 UK 6 5.50 273 45.50 2018.2
6 Norway 4 3.67 631 157.75 2018.2
7 Iran 4 3.67 489 122.25 2020.2
8 India 3 2.75 465 155.00 2019.7
9 Vietnam 3 2.75 458 152.67 2020.0
10 France 3 2.75 135 45.00 2019.7
UK
Norway
Iran
USA
India
Australia
Vietnam

China France

Figure 1.2.7 Collaboration network among major countries in the engineering research front of “spatio-temporal distribution and intelligent
evaluation of giant geological disaster chains”

Table 1.2.10 Institutions with the greatest output of core papers on “spatio-temporal distribution and intelligent evaluation of giant
geological disaster chains”

Percentage of

Citations per

Institution Core papers core papers/% Citations paper Mean year
1 China University of Geosciences 23 21.10 1901 82.65 2019.3
2 Chengdu University of Technology 15 13.76 819 54.60 2020.0
3 Nanchang University 12 11.01 941 78.42 2019.7
4 Chinese Academy of Sciences 12 11.01 548 45.67 2019.9
5 Newcastle University 11 10.09 996 90.55 2019.4
6 Tsinghua University 9 8.26 295 32.78 2020.7
7 Sichuan University 5 4.59 293 58.60 2020.0
8 Tongji University 5 4.59 201 40.20 2020.8
9 Chang’an University 5 4.59 92 18.40 2021.2
10 The Hong Kong University of Science and 4 367 155 38.75 2020.5
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Figure 1.2.8 Collaboration network among major institutions in the engineering research front of “spatio-temporal distribution and
intelligent evaluation of giant geological disaster chains”

Table 1.2.11 Countries with the greatest output of citing papers on “spatio-temporal distribution and intelligent evaluation of giant
geological disaster chains”

[\[o} Country Citing papers Percentage of citing papers/% Mean year
1 China 2588 54.11 2021.2
2 USA 358 7.48 2020.8
3 Italy 306 6.40 2020.9
4 Iran 284 5.94 2020.7
5 India 276 5.77 2021.3
6 UK 232 4.85 2020.9
7 Vietnam 198 4.14 2020.5
8 Australia 175 3.66 2020.8
9 Germany 135 2.82 2020.8
10 Canada 117 2.45 2020.8

Table 1.2.12 Institutions with the greatest output of citing papers on “spatio-temporal distribution and intelligent evaluation of giant
geological disaster chains”

Institution Citing papers Percentage of citing papers/% Mean year

1 China University of Geosciences 369 20.79 2020.9
2 Chinese Academy of Sciences 350 19.72 2021.1
3 Chengdu University of Technology 253 14.25 2021.2
4 Chang’an University 129 7.27 2021.2

Duy Tan University 108 6.08 2020.1
6 Tongji University 104 5.86 2021.2
7 Southwest Jiaotong University 103 5.80 2021.4
8 Sichuan University 94 5.30 2021.3
9 Chongging University 94 5.30 2021.3
10 Wuhan University 89 5.01 2021.1
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il geological disaster spatial scale data heterogeneous data
prevention and collection processing

control

Figure 1.2.9 Roadmap of the engineering research front of “spatio-temporal distribution and intelligent evaluation of giant geological
disaster chains”

2 Engineering development fronts

2.1 Trends in Top 10 engineering development fronts

The Top 10 engineering development fronts in the fields of civil, hydraulic, and architectural engineering are summarized in Table
2.1.1. These fronts cover a variety of disciplines, including municipal engineering, surveying and mapping engineering, urban
planning and landscaping, architectural design and theory, transportation engineering, hydraulic engineering, construction
materials, geotechnical and underground engineering, and structural engineering. The panel experts nominated the following
development fronts: “intelligent detection and rehabilitation technology of drainage pipe leakage”, “core technology for 1 mm
level global and regional coordinate frame”, and “advanced technologies for the construction and maintenance of road, rail, and
airport infrastructure in extreme environments”. The remaining development fronts were identified from patent maps and agreed
in the expert panel meetings. Table 2.1.2 presents annual statistics on patents registered between 2017 and 2022 related to these

Top 10 development fronts.
(1) Intelligent detection and rehabilitation technology of drainage pipe leakage

Drainage pipe leakage has become one of the main bottlenecks restricting the safe discharge of stormwater and complete
collection and treatment of wastewater. Intelligent detection and rehabilitation technology is designed to detect, diagnose
and evaluate the level of structural defects in drainage pipe, and carry out low disturbance, high quality and proactive repair,
which makes the drainage pipe run safely and efficiently. Moreover, along with the development of the Internet of Things, big
data and cloud computing, the leakage detection technology will shift from periodic passive detection to proactive monitoring,
providing support for preventive response to potential problems in drainage pipes. The main research areas include: (D digital
base technology, including a domestic geographical information system and accurate measurement under complex medium
conditions; (@ intelligent detection technology, including identification of hidden risks and structural health monitoring via
electromagnetic and sound waves; @) smart assessment technology, including health prediction and adaptive modeling driving by
data and models; and @ efficient early-response technology suitable for large and extra-large drainage pipes, including availability
of materials suitable for long distance transportation, corrosion environment and demanding mechanical conditions. The main
development trend in the future mainly focuses on precise quantitative detection technology, high strength and high adaptability
early-response technology, and detection and rehabilitation quality process control technology based on mobile Internet
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Table 2.1.1 Top 10 engineering development fronts in civil, hydraulic, and architectural engineering

Published Citations per

Engineering development front patents Citations patent

Mean year

Intelligent detection and rehabilitation technology of drainage

1 . 22 43 1.95 2020.8
pipe leakage
9 Core technology for 1 mm level global and regional coordinate 55 95 173 2020.3
frame
3 Digital technolqu fgrthe protection and utilization of urban 19 129 6.42 2020.0
historical and cultural resources
4 Generatlon.te.chnlque for space pro.g.r:f\m!nmg.of large public 21 27 1.29 2021.1
buildings supported by artificial intelligence
5 Advanceq techno.logles.for the constrgctlon and mal.ntenance 19 4 291 20204
of road, rail, and airport infrastructure in extreme environments
6 In-situ observation technologies and equn‘pment in complicated 47 234 4.98 2019.8
and extreme underwater environments
7 The technology of preparing cafrbon-n.egatlve building 106 985 9.29 2019.5
materials from multi-source industrial byproducts
8 Fast and accurate drlllmg_and sensing technology in complex 258 1257 487 2019.3
geological environment
9 Prefabricated structures with components and modular units 286 1694 5.92 2019.3
10 Smart irrigation and drainage technology and equipment for 185 1679 9.08 2019.4

high productivity farmland

Table 2.1.2 Annual number of core patents published for the Top 10 engineering development fronts in civil, hydraulic, and architectural

engineering
Engineering development front 2017 2018 2019 2020 2021 2022
1 Intelligent detection and rghabllltatlon technology of drainage 1 0 1 6 7 7
pipe leakage
oy Core technology for 1 mm level global and regional coordinate 6 ) 6 16 8 17
frame
Digital technology for the protection and utilization of urban
3 R . 3 1 3 4 2 6
historical and cultural resources
Generation technique for space programming of large public
4 . o . 1 0 4 0 3 13
buildings supported by artificial intelligence
Advanced technologies for the construction and maintenance
5 ; . . ) . 3 1 1 3 3 8
of road, rail, and airport infrastructure in extreme environments
6 In-situ observation technologies and eqUI.pment in complicated - 8 3 3 10 i
and extreme underwater environments
7 The technology of preparlng c;?rbon—n.egatlve building 15 19 23 16 17 16
materials from multi-source industrial byproducts
s Fast and accurate drllllng.and sen.smg technology in complex 47 4 53 51 4 23
geological environment
9 Prefabricated structures with components and modular units 37 57 52 72 65 3
10 Smart irrigation and drainage technology and equipment for 35 28 13 36 97 2%

high productivity farmland
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technology. Between 2017 and 2022, 22 patents relevant to this research front were registered. These patents received 43 citations,
with an average of 1.95 citations per patent.

(2) Core technology for 1. mm level global and regional coordinate frame

A coordinate framework is a foundation for describing changes of the Earth, including in terms of shape, expressing geospatial
information. It is also a key geospatial information infrastructure for expanding human activities and promoting social
development. At present, the latest international Earth reference framework cannot meet the needs of large-scale or global
millimeter level Earth system dynamic change monitoring, so the core technology for millimeter level coordinate frameworks
has become the forefront in this field. Development trends in this research front include the following. () Precision spatial
geodetic data processing technology determines the optimal VLBI/SLR/GNSS/DORIS data processing strategy through refined
mathematical models. Based on this, global benchmark station data is uniformly reprocessed to eliminate or weaken the impact
of technical system errors, providing more accurate input data for the establishment of millimeter level coordinate frameworks.
(2 Modeling the nonlinear motion of the reference station, aiming at the nonlinear displacement caused by geophysical effects,
integrating environmental loads, thermal expansion, and other models to establish millimeter level reference station geophysical
motion modeling, providing support for the establishment of a millimeter level coordinate framework. 3) A combination of spatial
geodetic techniques, such as VLBI, SLR, GNSS, DORIS, etc., providing progress towards establishing a global coordinate framework;
® Modeling of geocentric motion, combining multiple spatial geodetic techniques and geophysical models to invert geocentric
motion, solves the inconsistency between the definition and implementation of the coordinate frame origin, and provides a more
accurate geocentric reference framework for geodynamic research. The future development of this front involves precision spatial
geodetic data processing technology, nonlinear motion modeling of reference stations, and combination of spatial geodetic
technologyand geocentric motion modeling. Between 2017 and 2022, 55 patents relevant to this research front were registered.
These patents received 95 citations, with an average of 1.73 citations per patent.

(3) Digital technology for the protection and utilization of urban historical and cultural resources

Protection and utilization of urban historical and cultural resources is an important topic of global concern, involving many fields
such as urban cultural heritage, a mixture of natural and cultural heritage, and cultural landscapes. China’s urban historical and
cultural resources are exceptionally rich, but there are still problems in the field of resource protection and utilization, such as
lagging behind others in theoretical research, insufficient systematicity and completeness of basic data, and limited scope of
application of new technological methods. Along with the development of a new round of digital technology, the latest intelligent
digital technology is being introduced globally into the traditional field of historical and cultural resources protection and
utilization, which improves the systematization of the resource protection work and expands the breadth and depth of historical
and cultural resources utilization. Thus, strengthening the development and application of the digital technology system for the
protection and utilization of urban historical and cultural resources engineering development in China is of great significance for
enhancing cultural self-confidence and building a strong cultural country. The forefront of research and development is primarily
reflected in the following aspects: () database construction technology for urban historical and cultural resources; @ intelligent
protection technology for urban historical and cultural resources; 3 digitally empowered utilization technology for urban
historical and cultural resources; and @ integrated technology for preservation and utilization of urban historical and cultural
resources. The key development directions focus on multiple data source integration, risk perception monitoring, assessment and
projection, spatial planning response, value dissemination and utilization, and planning technology integration. Between 2017
and 2022, 19 patents relevant to this research front were registered. These patents received 122 citations, with an average of 6.42
citations per patent.

(4) Generation technique for space programming of large public buildings supported by artificial intelligence

Facing the urgent need to strengthen the whole-process control of large and complex construction projects, the generation
technique of architectural space programming integrates multi-disciplinary and whole-process data in architectural design with
the utilization of frontier development of artificial intelligence. The technique is able to make complex decisions in architectural
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space programming, achieving a closed-loop of data interchange from precise diagnosis, through intelligent programming, to
integral design. Thus it improves the quantitative nature of decision-making in architectural design and will contribute to solving
related problems, such as provision of intelligent decision-making tools for complex architectural programming, acquisition and
correlation of spatial performance and human perception data, conversion and connection mechanisms for lifecycle design data,
and internal mapping mechanisms between architectural programming and post-occupancy evaluation. The main technical
directions include: (D uncertain and fuzzy complex decision-making technique based on graph topology; @ coupling technique
of objective evaluation of spatial environment and multi-dimensional ubiquitous human perception information; (3 intelligent
integral design technique throughout the building lifecycle; and @ application of feed-forward inference technique of post-
occupancy evaluation data. The major development directions of this study are as follows. Firstly, the scope of application of the
technique will be expanded from architecture to full-scale urban space, shifting the focus from the form of spatial composition
to places and spatial networks with an emphasis on the correlation of elements within the system. Secondly, the technique will
evolve from being data-oriented to being data-driven, strengthening dynamism and connectivity of data, thereby providing
powerful data support for achieving intelligent architectural space programming. Thirdly, while the aim is developing from
assisting low-dimensional decision-making to solving complex high-dimensional problems, the technique will carry out intelligent
technology integration demonstration applications for architectural programming and post occupancy evaluation of large
construction projects with intelligence as the main path. Between 2017 and 2022, 21 patents relevant to this research front were
registered. These patents received 27 citations, with an average of 1.29 citations per patent.

(5) Advanced technologies for the construction and maintenance of road, rail, and airport infrastructure in extreme environments

The objective of advanced technologies for the construction and maintenance of road, rail, and airport infrastructure in extreme
environments is to address challenges posed by extreme weather conditions, geological factors, and natural disasters. These
technologies employ advanced maintenance and upkeep techniques to ensure that infrastructure, such as roads, railway tracks,
and airports, maintains outstanding construction quality, efficient operational performance, and long-term durability under
extreme conditions. This field focuses on ensuring the reliability and stability of transportation systems under adverse
environmental conditions, such as high temperatures, heavy rainfall, severe freezing and thawing, chloride salt erosion,
while also addressing natural disasters like typhoons, earthquakes, and heavy rainfall to ensure safety. Key technical
directions include: (D adaptation of materials and structural design for extreme environments, and development of new
materials and structural designs to ensure stability and durability of road, rail, and airport facilities under extreme climate
and geological conditions; @ intelligent monitoring and maintenance, with utilization of sensor technologies, monitoring
systems, and other tools for real-time monitoring of the status of engineering facilities during construction and operation
phases, and with early detection of anomalies to ensure high-quality construction and safe and stable operation of the
facilities; @ disaster resilience assessment and early warning, including use of data analysis and simulation techniques
to assess and predict the risks of natural disasters in extreme environments, providing a scientific basis for prevention and
response; and (3 emergency response and recovery, with development of emergency response plans and establishment of rapid
recovery mechanisms to ensure timely repair and recovery work in the event of disasters. In the future, advanced technologies
for the construction and maintenance of road, rail, and airport infrastructure in extreme environments will evolve in the following
directions: 1) green and sustainable development; 2) digitalization and intelligent applications; 3) adoption of new materials and
techniques; and 4) enhancement of structural resilience. Between 2017 and 2022, 19 patents relevant to this research front were
registered. These patents received 42 citations, with an average of 2.21 citations per patent.

(6) In-situ observation technologies and equipment in complicated and extreme underwater environments

Underwater on-situ observation involves collection, analysis and display of dynamic change data such as submarine sediment,
submarine geological environment and the benthic boundary layer, etc. Such data can be widely used in marine disaster warning,
marine resource development and utilization, as well as marine ecological environment protection, governance and restoration,
etc. Complicated and extreme marine environments, with features that may include underwater geological conditions, underwater
currents, storm surges, and tsunamis, not only cause significant changes in the submarine sediment, submarine geological
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environment and benthic boundary layer, but also have an impact on the safety of the underwater in-situ observation system, on
the accuracy of observation data and on the stability of information transmission. The main issues that need to be studied and
solved regarding in-situ observation technologies and equipment in complicated and extreme underwater environment include
the following: (O development of high-precision, high stability and long lifespan independent observation instruments suitable
for various observation purposes in complicated and extreme underwater environments; (2 development of safe and reliable
autonomous mobile observation platforms suitable for complicated and extreme underwater environments, to expand the
spatial scale of observations; (3 development of wide area real-time information transmission and precise time synchronization
information transmission system, and building large-scale spatio-temporal scale intelligent control underwater in-situ observation
networks; and @ development of high energy density, long lifespan and high safety energy storage systems, to provide reliable
energy and power support for systematic, collaborative and intelligent underwater in-situ observations. Between 2017 and 2022,
47 patents relevant to this research front were registered. These patents received 234 citations, with an average of 4.98 citations
per patent.

(7) The technology of preparing carbon-negative building materials from multi-source industrial byproducts

The technology of preparing carbon-negative building materials from multi-source industrial byproducts involves preparation
of carbon-negative building materials by the carbonation reaction of alkaline earth metals, e.g., Ca®* and Mg™, contained
in industrial byproducts. The property of the materials prepared and the energy consumed via processing can be further
optimized by introducing multiple byproducts and their physical and chemical effects. This technology contributes to carbon
emission mitigation in the construction sector and facilitates the recycling of waste materials. The most investigated topics in
this field include: (@ the carbonation reactivity of calcium (alumino-) silicate materials and approaches to enhancing the
reactivity; (@ the carbonation reaction, crystallography of carbonation products, and microstructural changes induced by the
reaction; (3 approaches to enhancing CO, transportation and the carbonation reaction; and @ industrial processing and facilities.
The application of this technology relies on a balance between the materials engineering and environmental performances.
For future research, breakthroughs can be made on: O high-performance cementitious systems with multi-source
byproducts; @ multiple reaction mechanisms coupling carbonation and hydration; 3 characterization of the reaction-transport
processes by 3D and in-situ test methods; @ coupling materials preparation with other industrial processes; and (5 standards
on materials performance and the assessment of environmental impacts. Between 2017 and 2022, 106 patents relevant to this
research front were registered. These patents received 985 citations, with an average of 9.29 citations per patent.

(8) Fast and accurate drilling and sensing technology in complex geological environments

“Fast and accurate drilling and sensing technology” refers to the use of advanced drilling technology and equipment to rapidly
obtain underground physical data and characterize geological conditions in the face of extremely complex geological conditions
during deep underground exploration and engineering construction. Through technologies such as transmission, control,
information perception, and data fusion, this approach enables the perception of equipment status and geological environment,
precise determination of various parameters, reliable execution of instructions, and the development of intelligent detection
equipment, standardized drilling processes, controllable borehole quality, advanced accident prediction, intelligent control of
process parameters, and self-assessment of geological parameters. These enhancements ultimately increase the efficiency of
obtaining underground physical data and geological information in drilling projects. In deep and complex geological environments,
challenges include high temperatures, high pressures, long implementation periods, and significant protocol parameters. These
challenges lead to issues in drilling projects such as inadequate drilling equipment power, reduced service life of downhole tools,
difficulties in controlling borehole trajectories, and the susceptibility of well-logging instruments to high-temperature failures. The
primary technological directions for fast and accurate drilling and sensing technology in complex deep geological environments
include: M development of deep and intelligent automated drilling systems and drilling tools; @ multi-process efficient and high-
speed drilling techniques; 3 efficient core sampling technology for complex deep formations; @ horizontal directional
drilling and in-hole comprehensive testing techniques; & in-well data measurement, transmission, intelligent drilling
control based on advanced sensors; (& enhancement of reliability for tools and instruments in high-temperature hard
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rock formations; and (@) advanced ahead-of-time perception technology regarding the downhole formation environment and
drilling equipment status. The future development trend is towards lightweight, end-to-end, and automated drilling technology
equipment upgrades, as well as the construction of advanced intelligent sensing, measurement, transmission, control, and closed-
loop drilling technologies, integrating multiple sources of information from the underground environment. Between 2017 and
2022, 258 patents relevant to this research front were registered. These patents received 1 257 citations, with an average of 4.87
citations per patent.

(9) Prefabricated structures with components and modular units

Construction industrialization has an inevitable tendency by which the traditional construction industry follows the
modern industrial mode of production with a purpose of improving construction efficiency, saving energy, reducing
consumption, and achieving high quality development. The main characteristics may include standardized design,
factory production, assembly construction, integrated decoration and information management, etc. As an efficient way
to realize construction industrialization, prefabricated buildings can be assembled on-site with standardized components
prefabricated by factory production lines. Therefore, it is of utmost importance for construction industrialization
to research and develop effective prefabricated building structural systems, as well as corresponding building
components and construction technologies. Current research focuses on: (D prefabricated building structure systems
and corresponding design methods; @ prefabricated building components and modular units (including connection
components) with different degrees of integration and corresponding design methods; @ prefabricating technology for
factory production of building components and assembling technology for buildings on-site; @ integrated construction
technology; and ® digital and intelligent construction technology. For the ongoing research trend, prefabricated building
structure systems will be developed directly from effective components with high-efficiency and high-performance instead
of reasonable decomposition of traditional RC, steel or timber structure systems, i.e. using the forward design method.
New research fields on intelligent disaster prevention, structural toughness improvement according to prefabricating and
assembling construction logistic will develop. The building components will facilitate a high degree of integration, taking
forms such as 2D panels or 3D modular units, and standardization and serialization will be emphasized to satisfy the
diversity of buildings. Integrating all professionals and the whole industry is focused rather than a single integ