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Abstract: The deep-sea is rich in mineral resources, and deep-sea polymetallic nodules are considered
to be the most likely resource for commercial exploitation. Since the discovery of polymetallic
nodules by mankind, researchers around the world have made long and arduous explorations in
the exploitation of deep-sea polymetallic nodules and have proposed various mining methods, such
as the dragging bucket type, the continuous bucket rope type, the automatic shuttle boat type, and
the pipeline -lifting type, and have carried out technical verification accordingly. In the collection of
seabed polymetallic nodules, the development and testing of towed type, spiral-driven type, crawler
self-propelled type, and suspended type technologies have been carried out, basically realizing the
mining technology verification of seabed polymetallic nodules and providing technical support for
commercial development. However, according to the demand for commercial development, there are
still many technical difficulties in polymetallic nodule-collecting technology, and more focus needs
to be placed on the efficiency, environmental protection, intelligence, safety, and reliability of the
collecting system in the future. This paper compares the existing progress in collection technology
and equipment, and provides ideas and references for the research and development of deep-sea
polymetallic nodule-mining technology and equipment.

Keywords: deep-sea mining; polymetallic nodules; collecting technology; commercial development;
new energy minerals

1. Introduction

The evolutionary history of human beings is the history of the use of resources. With
the use of materials ranging from stone and bronze to steel and alloy, the degree of human
utilization of mineral resources perfectly reflects the degree of progress in human society.
The bottom of the vast ocean is abundant in mineral resources, and the deep-sea mineral
resources with development potential include polymetallic nodules, cobalt-rich crusts,
polymetallic sulfides, and rare earth-rich sediments. Among them, polymetallic nodules
are characterized by large reserves and wide distribution, and the reserves of manganese,
nickel, cobalt, and other metals they contain are much higher than those on land [1–3]. The
first discovery of polymetallic nodules by Sofia in the Kara Sea of the Arctic Ocean was
made in 1868; since then, a long and arduous quest for key technologies and equipment to
achieve effective mining of deep-sea polymetallic nodules has begun [4]. In 1957, MERO
first analyzed the technical and economic efficiency of nodule-mining; since then, deep-sea
mineral development has attracted lots of attention [5]. The process of deep-sea mining
will not only release a large amount of mud and dissolved chemicals, forming sediment
plumes, but also generate loud noise that will spread to the upper waters, which may
adversely affect the ecology and biodiversity of the deep and middle-level waters located
at a depth of 200–5000 m [6]. If commercial mining can be conducted safely and efficiently,
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and the impact on the marine ecological environment in the operation process is well-
controlled, the abundant marine minerals will become alternative resources of the onshore
mineral resources and meet the economic demand of human society in the future [7,8].
Therefore, most countries with marine resource reserves and technical possibilities are
intensifying the exploration and exploitation of marine mineral resources, with particularly
fierce competition in the mining of polymetallic nodules [9]. Any country or organization
is required to obtain an exploration contract from the International Seabed Authority (ISA)
before proceeding with the exploitation of deep-sea mineral resources. At present, the
United Nations International Seabed Authority has issued 31 deep-sea mineral exploration
contracts to 22 contractors from China, the United Kingdom, Russia, India, South Korea,
France, and other countries, including 19 polymetallic nodules, seven polymetallic sulfides,
and five cobalt-rich crust exploration contracts [10].

In the late 1950s, the countries with a high level of scientific development, mainly
including the United States, Europe, and Japan, took the lead in studying exploration and
commercial mining programs for deep-sea polymetallic nodules [11,12]. In the 1980s or
1990s, China, South Korea, and India also joined the deep-sea mineral resources develop-
ment team to explore the design of mining systems and commercial mining solutions [13].
In the past few years, most countries have carried out single or comprehensive mining
testing, and significant progress has been made in deep-sea mineral resource development
technology and equipment, especially deep-sea polymetallic nodule-mining technology
and equipment.

The mining of deep-sea mineral resources is a huge and extremely complex engi-
neering system, which is constrained by stringent environmental protection requirements,
economic requirements, and the uncertainty of a complex marine environment, as well as
the mutual influence of the structural design, operation mode, reliability, and operation and
maintenance technology of the mining system. These factors make the deep-sea mineral
resource exploitation technology system more complex. Since the 1980s, the world has car-
ried out the chain bucket type [14], towed type [15], shuttle warehouse type, self-propelled
type, and other different technical solutions and researches of different technical depths.
With the deepening understanding of deep-sea polymetallic nodule-mining technology
in the industry, a mining system consisting of three major parts, namely a subsea min-
ing vehicle, an intermediate transportation system, and a surface support system, has
gradually been formed [16,17]. Seafloor ore-collection is the top priority in the process of
polymetallic nodule-mining, which directly affects the economy, environmental protection,
and reliability of the mining system [18].

2. Development Status

The worldwide development programs for deep-sea nodule resources are mainly
divided into four categories: towed bucket type, continuous bucket rope type, automatic
shuttle boat type, and pipeline-lifting type. The first three mining methods have been
considered to be of no research value, due to their low collection efficiency and serious
impact on the environment [9]. At present, pipeline-lifting deep-sea mining systems are the
focus of research [19], including seabed ore-collection equipment, ore-conveying equipment,
and water surface support equipment.

2.1. Time Phases and Progress

The technological development of polymetallic nodules can be divided into three
periods [20]. The first period is from the 1950s to 2000. During this period, a variety
of different deep-sea mining methods and system ideas were proposed, and a number
of offshore tests were conducted to verify feasibility. Although some of these ideas did
not yield development-worthy results, some studies have demonstrated the feasibility of
deep-sea mining, especially deep-sea polymetallic nodule collection. The direction of the
subsequent key technological efforts was pointed out. The second stage is from 2000 to
2020. During this period, more countries joined the deep-sea mining technology research
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and development effort and carried out corresponding verification tests. Based on the
characteristics of the resources contained in their mining areas and the existing technology
base, each country and institution has carried out targeted research and development of
key technologies for deep-sea mining. However, the depth of technology research and
development is not enough; both are in the field of single technology verification, and the
offshore mining tests in the mining area have not been completed. The third stage started in
2020. The increase in society’s demand for metallic mineral resources has caused countries
to pay great attention to the commercial development of deep-sea mineral resources. The
mining area management system is maturing and organizations are increasing the layout of
related research based on the goal of commercial mining. Deepwater operation technology
is gradually maturing, and technology development is focused on the overall linkage
system that can realize commercial deepwater resource extraction. At the same time,
concerns about the environmental impact of deep-sea mining are also increasing.

Several international consortia, such as the Marine Management Company, success-
fully collected polymetallic nodules on the seabed of about 5000 m in the Pacific Ocean in
the 1970s [21]. Subsequently, Russia, Germany, Japan, India, South Korea, and other coun-
tries have carried out sea tests to inspect the performance of their technical equipment [22].
In the past few years, the European Union has launched a number of projects aimed at
the exploitation of deep-sea mineral resources, such as “Blue Mining”, “Blue Nodules”,
and ¡VAMOS! (Viable Alternative Mine Operating System) [23]. Table 1 summarizes the
development status of deep-sea polymetallic nodule-mining technology. Relevant research
institutions at home and abroad have carried out technical verification of the core seabed
mining technology and equipment in deep-sea mining through a large number of offshore
trials. At present, the submarine crawler self-collected mining operation technology system
has been formed; its key technologies involve efficient collection, steady walking, intelli-
gent control, high-precision positioning, collaborative control, long-term operation and
maintenance, low environmental disturbance, etc. Given the future commercial develop-
ment, the mining technology will develop in the direction of high efficiency, environmental
friendliness, intelligence, safety, and reliability.

Table 1. Development status of deep-sea polymetallic nodule-mining technology.

Stage Year Country/Organization Depth/m Representative Content

phaseI
(1950~2000)

1978 US, Canada, Germany, Japan/Ocean
Management Institution (OMI) [24] 5200 Sea trials of polymetallic nodules

1978 American/Ocean Mineral Association
(OMA) [17] 4570 Sea trials of polymetallic nodules

1979 American, Dutch/Ocean Mining
Corporation (OMCO) [13] 5000 Sea trials of polymetallic nodules

1996
India/National Institute of Ocean

Technology (NIOT); Germany/Sign
University [25]

500 Mining and mining vehicle
walking and collection test

1997
Japan/polymetallic tuberculosis mining

system research and development
project [26]

2200 Towing-type mining test
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Table 1. Cont.

Stage Year Country/Organization Depth/m Representative Content

phaseII
(2000~2020)

2001
China/Changsha Institute of Mining

Research, Changsha Research Institute
of Mining and Metallurgy [27,28]

143 Mining system linkage test

2002 Japan/Japan Oil,Gas & Metals National
Corp (JOGMEC) [9] 1600 Walking test of the

mining collector

2006 India/National Institute of Ocean
Technology (NIOT) [25] 450 Mining vehicle sea trials

2012 Japan/Japan Oil,Gas & Metals National
Corp (JOGMEC) [29] 1600 Collection and test of the

mining vehicle

2013 Korea/Korea Institute of Ocean Science
and Technology (KIOST) [30,31] 1370 Mining vehicle sea trials

2017 Belgian/Global Sea Mineral Resources
(GSR) [32] 4571 Walking test of the

mining collector

2018 Dutch/Royal IHC Corporation (Royal
IHC) [9] 300 Mining car walking sea trials

2018 China/Changsha Research Institute of
Mining and Metallurgy [33] 514 Mining vehicle collection and

walking sea trials

phase III
(2020~)

2021 Belgian/Global Sea Mineral Resources
(GSR) [34,35] 4500 Mining test and environmental

impact monitoring

2021

China/Ocean Association, Changsha
Research Institute of Mining and

Metallurgy, Changsha Research Mining
Institute [36,37]

1300 Mining system linkage test and
environmental monitoring test

2022 Canada/The Metals Corporation TMC 4400
Mining system linkage test and

environmental
impact monitoring

2.2. Progress Made by Countries and Institutions
2.2.1. OMI, OMA, and OMCO

Ocean Management Institution (OMI) and Ocean Mineral Association (OMA) dragged
sled-mounted mining collectors through the lifting pipes of mining vessels to passively
move around the seabed with an operating water depth of 5200 m. They conducted three
sea trials and collected a total of 800 t polymetallic nodules with a capacity of 40 tons per
hour (as shown in Figure 1). As seen in the figure, both mining methods are based on towed
collectors for collecting; the one on the left is the pneumatic lifting mining system designed
by OMA, and the one on the right is the system of the hydrodynamic lifting method with
submersible electric pumps adopted by OMI. The results obtained from this sea trial laid
down the composition of the deep-sea mining system with the basic framework of a seafloor
collector, hoisting system, and surface support system.

The mining collector of Ocean Mining Corporation (OMCO) adopted the Archimedes
spiral propulsion mechanism to realize self-propelled walking. The operating water depth
was 5000 m, and about 1000 t polymetallic nodule ore was collected [29]. A mining
robot with a spiral groove at the bottom and a large surface support vessel supporting
its operation is shown in Figure 2. It can be imagined that it is difficult to achieve high-
precision path-tracking by relying on a pipeline more than 5000 m long pulling the mining
collector. The self-propelled Archimedes spiral walking mechanism should theoretically
have this ability. However, because the sediment is easy to lay on the spiral groove during
travel, it leads to serious walking slip, difficult turning, low bearing capacity, and large
disturbances to the seabed. Additionally, the carrying capacity is relatively low, and the
disturbance to the seabed is large [38–41].
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2.2.2. Japan Oil, Gas & Metals National Corp (JOGMEC), Japan

In 1997, Japan developed a towed ore-collection mechanism (as shown in Figure 3)
and completed the offshore collection test in the 2200-meter deep-sea area [26]. In 2002,
Japan’s JOGMEC developed a self-propelled ore-collector to complete the seabed walking
test at a depth of 1600 m, and completed the seabed mining test in 2012. In 2020, JOGMEC
collected 649 kg of cobalt- and nickel-rich seabed crust during a world-first test aboard the
marine resource research vessel “Hakurei” [42].
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2.2.3. National Institute of Ocean Technology (NIOT), India

The Indian National Institute of Ocean Technology (NIOT) conducted partial sea trials
of the mining system at 410 m and 450 m water depths in 1996 and 2006, respectively [25].
Two sea trials were completed by using crawler walking and hydraulic collection (as shown
in Figure 4). The working performance of the miner when walking on the seabed was
tested, and the sand mining and transportation tests of the pump on the seabed were
carried out.
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2.2.4. Korea Institute of Ocean Science and Technology (KIOST)

South Korea developed the “MineRo I” and “MineRo II” mining vehicles from 2007 to
2013, and completed the polymetallic nodule collection simulation test at a water depth
of 1370 m. The test used the crawler walking mechanism and the hydraulic mechanical
composite collection mechanism (as shown in Figure 5). The machine weighs 28 t in the air
and 10 t in the water, and it collected 1535 t of polymetallic nodules. The test examined the
performance of the vehicles on the seabed [30,31]. At the same time, the performance test
of the mining collector was also conducted to verify the good path control ability of the
mining collector on the seabed.
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2.2.5. Global Sea Mineral Resources (GSR), Belgium

After completing the walking test of the 4571 m-deep mining vehicle in 2017, the
Belgian GSR, together with the German Federal Institute for Geosciences and Natural
Resources (BGR), applied to the International Seabed Authority in 2018 to carry out the
mining vehicle walking and nodule collection tests in the International Seabed Polymetal-
lic Nodule Exploration Contract Area, together with environmental impact assessment
studies in conjunction with the tests [32]. In April 2019, the GSR developed a crawler
walking and hydraulic collection test prototype (as shown in Figure 6). The sea trials
started in the contract area. The sea trial’s depth was 4500 m, the size of the collector was
12 m × 4 m × 4.5 m, the weight in the air was 25 tons, the weight in the water was 8.5 tons,
the production capacity was 110~120 t/h, and the collection depth was 5~12 cm. The test
was interrupted, however, due to the failure of the optical fiber cable. In April 2021, GSR
started the sea trial of the miner in the contract area again and completed the walking and
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collection test of the miner on the seabed in the contract area in May 2021. The driving
distance was 54.2 km, and the cumulative running time was 107 h, which verified the
feasibility of crawler walking and hydraulic acquisition technology. At the same time, the
environmental impact test of polymetallic nodule-mining was carried out.
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2.2.6. Changsha Research Institute of Mining and Metallurgy, China

Since the 1980s, China has engaged in deep-sea polymetallic nodule technology re-
search and development. The Changsha Research Institute of Mining and Metallurgy
researched the crawler polymetallic nodule mine laboratory prototype in 1995. In 2001, the
Changsha Institute of Mining Research, the Changsha Research Institute of Mining and
Metallurgy, and other units jointly developed a 135 m water depth polymetallic nodule
ore prototype with a capacity of 35 t/h, and completed a 143 m water depth lake test in
Yunnan Fuxian Lake, which preliminary verified the walking collection function [27,28]. In
2018, the Changsha Research Institute of Mining and Metallurgy, combined with Central
South University and other units, completed the development of the polymetallic nodules
mining machine "Kun Long 500" (as shown in Figure 7) [33], completed the sea trial in the
China South Sea, and verified the crawler walking mechanism and the hydraulic collection
mechanism in the experiment. The authors and their team were involved in the pre-design
and sea trials of this research. In the experiment, the maximum operating water depth is
514 m, the collection capacity of polymetallic nodules is 10 t/h, the longest distance of a
single drive is 2881 m, and the underwater positioning accuracy is 0.72 m, which realizes
the ability of the predetermined path in the autonomous driving mode, and a pentagram
with a unilateral length of 120 m emerges from the seafloor along a set path [43,44].
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In 2021, under the organization of the China Oceanic Association, the Changsha
Research Institute of Mining and Metallurgy, the Changsha Research Institute of Mines,
Central South University, and other dozens of enterprises, research institutes, and universi-
ties jointly developed a 3500 m water depth, 1/10 commercial mining scale mining vehicle
(as shown in Figure 8), and a more than 1000 m water depth test lifting pump and pipeline
system ( which can be extended to 3500 m water depth ) [36,37]. In July of the same year, the
joint test of the 1300 m water depth system was completed. In the experiment, a series of
tests were completed, such as the steady walking of the tracked mining truck on the seabed
and hydraulic mining. A total of 1166 kg of polymetallic nodules were collected by the
vehicle during the test. This is the first deep-sea polymetallic nodule system-wide mining
test since the 1970s, after the completion of the sea trial of polymetallic nodule-mining by
OMI and OMCO in the United States. It is also the world’s first mining linkage sea trial of
tracked, self-propelled collectors and hydraulic pipeline-lifting.
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2.2.7. The Metals Company (TMC), Canada

In 2022, Canada’s TMC company developed a polymetallic nodule collection, trans-
portation, and water surface system. Its ore collector adopts a crawler driving mechanism
and a hydraulic ore-collecting mechanism. In November 2022, the 4400 m deep-sea min-
ing test and environmental impact monitoring were completed (as shown in Figure 9).
The mining truck’s size is 12 m × 6 m × 5 m, its weight is 90 t, its production capacity
is 100 t/h, its climbing ability is 4◦, its collection depth is 5 cm, its sea test distance is
52 km, and its walking speed is 0.1 to 0.75 m/s, to 3021 tons of ore on the surface. The
offshore test is the world’s first multi-metal nodule self-propelled collector mining off-
shore test, and it completed system-wide technical validation and data monitoring for
environmental impact.
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The main countries and institutions described above have contributed to the devel-
opment of deep-sea polymetallic nodule-mining. The investigations of OMI, OMA, and
OMCO have laid the foundation for deep-sea mining and identified suitable design meth-
ods for polymetallic nodule-mining systems. JOGMEC has made various attempts and
provided references for the development of the structural design of the moving and collect-
ing parts of mining vehicles. Subsequently, the Changsha Research Institute of Mining and
Metallurgy and KIOST carried out further research based on this structure and improved
the hydraulic collecting method. The two institutions have developed a highly reliable
hydraulic structure and a combined hydraulic-mechanical collection method with low
environmental disturbance. The highlight of GSR’s research is the deeper sea trial water
depth, and the TMC achieved the integration and coordination of a complete deep-sea
mining system.

3. Technical Difficulties of Commercial Mining

The mineral resources on land are decreasing day by day, while the ocean contains
rich mineral resources, such as polymetallic combinations. If the commercial development
of deep-sea mineral resources can be realized, the shortage of land resources can be solved.
After years of research by various countries, breakthroughs have been made in some
separate technical areas of deep-sea mining. However, the sea trials that have been carried
out so far are only single partial subsystem tests, and the sea trial time and performance
verification are limited. The commercial development of polymetallic nodules is still facing
many common problems and obstacles in terms of efficient and stable operation, deep-sea
environment and biological protection, and integrated operation.

3.1. Efficiency and Disturbance

Commercial mining of deep-sea polymetallic nodules requires high collection efficien-
cies to ensure economic benefits and disturbance conditions that do not harm the seafloor
environment. Polymetallic nodules are two-dimensional ore bodies scattered on thin, soft
sediments, which are easily pressed into the sediments by walking mining vehicles. It is
necessary to collect as much ore as possible at one time to achieve maximum collection
efficiency. Although the hydraulic ore-mining technology has passed the 1000 m degree
sea trial, there are some problems with low collection efficiency and large environmental
disturbance. At the same time, it lacks the ability of intelligent perception and recognition
of the abundance of submarine nodules in the collection process, so intelligent evaluation
and decision-making adjustments of relevant parameters cannot be realized to improve the
collection rate.
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3.2. Walking Technology on the Submarine Substrate

The technology of deep-sea mining vehicles traveling on the substrate faces the prob-
lems of low adaptability and high disturbance. The sediment on the seabed is extremely
soft, and it is difficult for heavy deep-sea equipment to touch the bottom. The disturbance
and diffusion of sediment caused by walking are two of the main sources of environmental
impact. Therefore, achieving robust, flexible, and low-disturbance walking is the key to
achieving green mining.

3.3. Positioning and Navigation Technology

In the deep, strongly disturbed seabed mining operating environment, the accuracy
of mining vehicle positioning and navigation is difficult to guarantee. Due to the large
noise of the heavy load operation of the mining vehicle during the operation, the acoustic
signal of the acoustic positioning system is disturbed, and accurate positioning cannot be
achieved. At the same time, high-precision mining path planning and tracking are the keys
to achieving efficient mining, which can effectively reduce repeated paths and improve
operation efficiency. However, the tracking accuracy of the current path needs to be
further improved.

3.4. Power Transmission Technology

The existing power transmission technology cannot meet the demand for long-distance
high-power transmission. The mining vehicle is a heavy-duty piece of high-power op-
eration equipment, and all its power sources are transported by surface ships through
long-distance cables. However, given the impact of the mining environment and complex
sea conditions, achieving long-distance, high-power, stable transmission is the only way to
ensure deep-sea mining operations.

3.5. Cooperative Control Technology

The intelligent control technology required for collaborative operations is not yet able
to meet the needs of large-scale mining. Stable control of mining trucks is the premise
for ensuring their efficient and safe operation in the complex deep-sea environment. At
present, the control method for deep-sea tracked vehicles is the traditional control method
represented by the PID. Because the traditional control method does not consider the actual
dynamic characteristics of the mining system, it is hard to achieve high precision and
stable control in a complex interference environment. In particular, the stable control of
mining vehicle walking is one of the keys to realizing reliable mining. The accuracy of
walking tracking and collection control is further improved, which can effectively improve
operational efficiency.

3.6. Deployment and Recovery Technology

With the large depth of heavy-duty operating equipment in a complex environment,
safe deployment and recovery of collaborative control capabilities need to be improved.
The water surface support deployment and recovery system is complex and difficult to
coordinate. To make deep-sea mining develop towards the deep ocean and long-term
production, the system needs to adapt to worse sea conditions, and the load of deployment
and recovery increases sharply. Especially when heavy mining equipment enters and
leaves the water, it is affected by wind and waves, which produce large-angle, fast swing,
and heave motions. It is necessary to further study the anti-swing technology of heavy
loads, and the intelligence, automation, and collaborative control abilities of deployment
and recovery systems need to be further improved.

3.7. Large-Scale Sea Trials

Large-scale technology validation and application have not yet been carried out, and
the reliability and stability of polymetallic nodule collection technology, equipment, and
the overall system will restrict the commercialization of deep-sea mining. The deep-sea
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polymetallic nodule-mining area is located in the international seabed area, and the current
mining test is not long, which has not effectively verified the stability and reliability of the
entire system. Therefore, in the subsequent research, determining how to complete the
reliability and stability verification economically and efficiently will be a major difficulty.

4. Trends and Prospects

Nowadays, the research and development of polymetallic nodule-mining technology
has ushered in a new opportunity. The demand for metals in the new energy market has
accelerated the upgrading of mining technology, but the increasingly strict environmental
impact assessment also makes the polymetallic nodule-mining technology develop towards
a more environmentally friendly direction. This is a new stage in the development of
deep-sea polymetallic nodule-mining technology.

The development of mineral collection technology is geared toward commercializa-
tion and sustainability. Achieving commercialization will enable humans to economically
sustain the exploitation of seafloor minerals, and achieving sustainability means reducing
the impact on the marine environment and ensuring marine biodiversity. Currently, the
focus and difficulties of the development of the mineral collection technology are to im-
prove mining efficiency, reduce the impact on the environment when mining, improve the
accuracy of positioning and navigation, accelerate the improvement of intelligent control
technology, and improve the reliability and efficiency of deployment and recovery.

4.1. High Demand in the New Energy Market

The current demand for metals such as cobalt, nickel, and copper from rapidly develop-
ing new energy technologies may facilitate the commercial mining of deep-sea polymetallic
nodules [45]. DeepGreen and SOAC have jointly established The Metals Company. At the
same time, they have established partnerships with well-known enterprises in the industry,
such as Glencore, Maersk, ALLSEAS, and HATCH. They plan to submit development con-
tract applications to the ISA in 2023, start small-scale commercial production in 2024, and
start large-scale production in 2025–2026 [46]. The deep-sea polymetallic nodule-mining
technology will become the key research and development object of related industries
and enterprises in the world, and will achieve greater development driven by commercial
interests and national strategies.

4.2. Environmental Impact Assessment

Some experts argue that deep-sea mining has less impact on the environment than
land-based mining [47]. However, some experts oppose deep-sea mining, arguing that the
deep-sea environment is extremely fragile and that humans do not really understand the
ocean [48]. Therefore, it is essential to minimize the environmental impact of deep-sea min-
ing. The environmental impact assessment of deep-sea mining is an important prerequisite
for applying for an exploitation contract. According to the review procedure stipulated
in the ISA regulations, the environmental plan provided by the applicant related to the
“exploitation contract” should be publicly released, and the written opinions of the mem-
bers and stakeholders of the Authority should be solicited. Before the review procedure
for the environmental plan is completed, the authority will not consider and approve the
application. The development regulations based on exploration contracts propose system-
atic norms and standards for contractors’ environmental plans, covering multiple types
of data throughout the mining process. The environmental impact assessment of mining
operations is an important part of the sea trial. The International Seabed Authority is also
formulating guidelines for environmental impact assessments of deep-sea mineral resource
exploitation. Carrying out an environmental impact assessment of deep-sea mining will
support our country’s right to participate in the formulation of international rules [49].
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4.3. Guaranteed Collection Efficiency

Efficient mining of deep-sea polymetallic nodules is the economic basis for achieving
commercial exploitation. The deep-sea polymetallic nodule-mining area is far away from
the land, the nodules are distributed in the deep seabed, and the cost of offshore mining
is high. At the same time, the polymetallic nodule is a two-dimensional deposit, and the
substrate is thin and soft. Once the collection efficiency is low, the uncollected nodules will
be buried under the sediment, causing great waste of resources and greatly reducing the
economic benefits of mining and the possibility of commercial mining. Therefore, efficient
mining is the basis of deep-sea polymetallic nodule-mining.

4.4. Low Disturbance Operation Technology

The low-disturbance operation technology will be an important indicator for the eval-
uation of the environmental friendliness of the mining systems. Improving the awareness
and standards of environmental protection is an inevitable trend in the development of
human society. As an emerging industry, the environmental impact of deep-sea mining
is of great concern to the international community. Reducing the impact on the deep-sea
environment is an important prerequisite for deep-sea mining, which is conducive to sus-
tainable development. Minimizing the disturbance to the seabed sediments and inhibiting
the sediment plume during the collection process have become important research objec-
tives of the collection head and crawler design. Equipment design and a process plan with
low environmental disturbance must be the direction and rigid index of the development
of a deep-sea polymetallic nodule-mining system.

4.5. Enhanced Accuracy and Intelligence Requirements

As the development of polymetallic nodules shifts from technical research to commer-
cial applications, collecting technologies also need to evolve toward high reliability, high
performance, and high intelligence. All-weather multi-functional water surface support
platforms in the extreme marine environment, high-precision positioning, navigation, and
coordinated control of deep-sea operation equipment in the deep-sea environment with
strong interference, intelligent perception of submarine nodule occurrence in the process
of submarine nodule collection, intelligent control and safety guarantee of solid-liquid
two-phase flow in the process of transportation, intelligent detection, and evaluation main-
tenance of underwater equipment health status, safe and rapid deployment and recovery of
underwater heavy-duty operation equipment under complex sea conditions, etc., are all re-
quirements for mining equipment and systems in commercial mining, and are also the key
technologies that must be mastered in the research of deep-sea polymetallic nodule-mining
systems in the next stage.

4.6. Efficient and Safe Deployment and Recovery Operations

The key research direction in the future is deployment and recovery technology that
meets the requirement of large operating depths while also being fast, efficient, safe, and
reliable. As the water depth of the mining test increases, there may be a risk that the
deployment of recovery windows in deep-sea and low-sea conditions will have a relatively
short period. Therefore, higher requirements are put forward for the speed and efficiency of
deployment and recovery. It is necessary to place mining vehicles and underwater pipelines
from the surface platform to the 5000 m seabed in a shorter period and quickly recover
them if necessary. Therefore, fast, efficient, safe, and reliable deployment and recovery
technology is also a key research direction in the future. It can be combined with artificial
intelligence technology to reduce the number of operators, reduce the intensity of work,
and eventually move toward unmanned development.

5. Conclusions

Deep-sea mineral resources are abundant and have been attracting human exploration
for 150 years since their discovery. The mining of polymetallic nodules has received more
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attention in global deep-sea mining research. The basic technology prototype, consisting
of a surface mining vessel, a subsea tracked self-propelled ore-collector, and a hydraulic
pipeline-lifting system, has been initially formed. The collecting technology is the primary
link in the technology chain of the pipeline-lifting deep-sea mining system for polymetallic
nodules, which directly affects the economy, environmental protection, and reliability of
the integrated deep-sea mining operations. Some progress has been made in deep-sea
polymetallic nodule-collecting technology, and relevant practical operations have been
carried out. However, the high productivity, high reliability, and high environmental
protection requirements of commercial mining bring new challenges to the research and
development of deep-sea polymetallic nodule-mining technology and systems, and there
are still many gaps to be filled in low-disturbance collection technology, walking technology,
positioning and navigation technology, and deployment and recovery technology. High
efficiency, green, intelligent, safe, and reliable deep-sea mining technology is the key
research direction in the future.
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