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1 | INTRODUCTION

| Yun-WeiDong?! |

Liu-Yi Huang! |
Li-Min Han® | Da-HaiLi®

Yan-Gen Zhou?! |

Abstract

Open offshore areas boast strong physical self-purification capacity and abundant
non-fossil energy resources, such as wind, waves, and solar energy. Consequently,
the global community anticipates nearshore aquaculture to transition towards off-
shore to help increase production, alleviate eutrophication, and reduce greenhouse
gas emissions. To date, China has constructed over 40 sets of deeper-offshore aqua-
culture (DOA) infrastructures, encompassing various types of pens, cages and closed
containment systems. Although DOA holds vast potential to address food security
and aquaculture sustainability in China, its current development trajectory struggles
to meet those goals and primarily achieves profitability by focusing on high-value
species or products. For DOA to realize its potential, innovative production systems
must tackle three key contradictions: enterprise profitability versus product afford-
ability, clean energy-based products versus carbon-intensive products, and auto-
mated operation versus re-employment of coastal fish farmers. Resolving these
contradictions requires the development of a large-scale, anti-typhoon offshore
enclosure that integrates mariculture with other industries, such as wind farming,
food processing, and tourism. This approach will foster a sustainable balance
between profitability, environmental impact, and employment opportunities in the
sector.
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mariculture products, could potentially reduce land requirements

for feed crops as the global population is expected to reach 9.7 bil-

Since 1961, global consumption of aquatic foods has grown at an
average annual rate of 3.0%, outpacing both the annual world pop-
ulation growth rate (1.6%) and the combined meat production
rate of all terrestrial animals (2.8%) for the same period. With aqua-
culture production, including seaweed, surpassing capture
production,! it plays an increasingly crucial role in ensuring food
security and alleviating poverty and hunger. Aquatic animals use
feed more efficiently than farmed terrestrial animals, so increasing

consumption of farmed aquatic food products, especially

lion by 2050.2°

Aquaculture presents significant potential for creating healthy,
diversified, empowering and environmentally sustainable food sys-
tems, with production predicted to double by 2050.* As the world
faces the pressing challenges of expanding population, resource con-
straints, water eutrophication, and climate change, the global commu-
nity expects aquaculture to fulfil the goals of helping increase food
production, relieve eutrophication, and reduce greenhouse gas

emissions.”®
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In this instance deeper-offshore aquaculture (DOA) refers to
mariculture activities in open offshore or archipelagic areas, utilizing
strong storm-resistant infrastructures with rigid steel structures or
closed containments and automatic feeding systems. DOA offers
advantages such as vast space for expansion, strong physical self-
purification capacity, access to non-fossil energy resources such as
wind, waves, and solar energy, and reduced exposure to anthropo-
genic pollution sources.’” 12 If properly developed, DOA could be a
viable approach to increasing seafood production, alleviating water
eutrophication, and reducing greenhouse gas emissions. This article
reviews the practices, challenges and development strategies of DOA
in China, providing insights essential for the sustainable growth of this
emerging mariculture production system worldwide.

2 | DOAPRACTICES IN CHINA

China is a leading aquatic food producer, contributing 57.5% of the
world's farmed aquatic food products in 2020.* However, China ranks
among the 13 most water-scarce countries globally, with its per capita
water resources being only a quarter of the global average.'® Addi-
tionally, China faces a shortage of arable land resources, with a per
capita arable land area less than 40% of the global average.* The
scarcity of water and arable land resources constraints further devel-
opment of inland aquaculture in China through expanding aquaculture
ponds or increasing water exchange rates. In this context, the Chinese
have high expectations for mariculture to meet the rising demand for
food and proteins, particularly for DOA.*>~%7

While nearshore bivalve and seaweed cultivation remain the pri-
mary components of China's mariculture (Figure 1a), their growth
rates have slowed down substantially over the past decade (Figure 1b)
due to the limited carrying capacity of nearshore waters and competi-
tion with other marine-related industries.*® China's nearshore aqua-
culture area comprises around 40% of the total sea area within the
—10 m isobath, close to the carrying capacity threshold.'® In contrast,
offshore fish farming has grown at an annual rate of 14.9% during the
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FIGURE 1 Status of China's mariculture. (a) Production of
nearshore and offshore aquaculture; seaweed production expressed
as dry weight.'” (b) Average annual growth rates of nearshore and
offshore aquaculture systems over the past decade.

same period (Figure 1b).1? This has led to a general trend in Chinese

mariculture moving from the nearshore to offshore areas.

2.1 | Definition of DOA

The great diversity of coastal hydrographical environments across dif-
ferent countries complicates the definition of offshore aquaculture
and DOA. The United States has defined aquaculture in the exclusive
economic zone of 3-200 nautical miles as offshore aquaculture.?°
Lovatelli et al. (2010)° defined offshore aquaculture based on hydrog-
raphy, environment, access, operation, and exposure as the activity
located in areas >2 km or out of sight from the coast, in water depths
>50 m, and under the influence of strong hydrodynamic energy. Some
scholars have also defined offshore aquaculture as the aquaculture
practiced in open sea areas with water depths >20 m.*21¢2!

The continental shelf of China is generally flat, and the scale of
mariculture is enormous. Currently, bivalve and seaweed culture rafts
in many Chinese sea areas have extended to the areas 15 km off the
coast, where the water depth remains less than 20 m. Therefore, off-
shore aquaculture in China is defined as aquaculture activities in open
sea areas with a depth of >20 m, employing wind-wave resistant facil-
ities such as high-density polyethylene (HDPE) frame cages.”’

In this review, DOA refers to mariculture activities located in
open offshore areas or archipelagic areas using storm-resistant
infrastructures typically composed of rigid steel structures or
closed containments and automatic feeding systems. DOA pos-
sesses the potential to be operated in deeper-offshore areas or on
high seas. In recent years, the term ‘deep-sea aquaculture’ has
become more popular.1>142223 However, oceanologists and geolo-
gists do not consider the sea areas where mariculture activities take
place as truly deep-sea locations. Therefore, DOA is a more appro-
priate term than ‘deep-sea aquaculture’.?*

In the 1980s, Sweden and the former Soviet Union began devel-
oping steel frame infrastructure for farming fish in open seas.®'* Sub-
sequently, the United States developed several DOA infrastructures
for offshore fish farming.® Although there were primitive fish culture
cages in China 2200 years ago, the common modern cages were intro-
duced to China from Japan in 1973.2° It was not until 2017 that
China built its first DOA infrastructure, an aquaculture vessel with a
displacement of 3500 tons. Currently, Norway and China are at the
forefront of DOA,*?4728 with a total of more than 40 sets of DOA
infrastructures built in China mainly in the last 5 years (Table 1).

Classifying DOA infrastructures is challenging due to its diverse
types.2’ 73 If based on their relationship with the seabed, DOA infra-
structures can be divided into pens and cages; if based on water per-
meability, they can be divided into closed containments and pens or
cages; and if based on their status in water layers, they can be divided
into floating, submersible, and semi-submersible cages. In this review,
the types of DOA infrastructures are categorized into six groups: off-
shore pens, stabilized cages, floating cages, submersible cages, semi-

submersible cages, and closed containments (Table 2).
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TABLE 1 Deeper-offshore aquaculture infrastructures built in China.
No. Images Name and type Company and location Parameters Status
1 ‘Lanzuan 1°, Mingbo Aquatic; 400 m in perimeter; Built in 2018
Offshore pen Operating in Laizhou Bay of the Bohai Culture volume of 160,000 m® In operation
Sea
2 ‘Lanzuan 2, Mingbo Aquatic; 160 m in perimeter; Built in 2020
Offshore pen Operating in Laizhou Bay of the Bohai Culture volume of 20,000 m® In operation
Sea
3 ‘Dachendao’, Jiaojiang Xinglang Mariculture; 360 m in perimeter; Built in 2021
Offshore pen Operating in the Jiaojiang Sea area of Culture volume of 50,000 m® In operation
the East China Sea
4 ‘Changjing 1°, Yantai Jinghai Marine Fishery; 66 m long and 66 m wide; Built in 2019
Stabilized cage Operating in the Changdao Sea area Culture volume of 64,000 m® In operation
of Bohai Sea
5 ‘Genghai 1°, Shandong Modern Fisheries 80 m in diameter total; Built in 2020
Stabilized cage Corporation; Culture volume of 27,000 m® In operation
Operating in the Yantai Sea area of
the Bohai Sea
6-13 ‘Jinghai 001’ Yantai Jinghai Marine Fishery; 68 m long and 68 m wide; Built in 2021~
series, Operating in the Changdao Sea area Culture volume of 70,000 m® 2023
Stabilized cage of the Bohai Sea In operation
14 ‘Dehai 1°, Zhuhai Xinpingmao Fishery; 91.3 mlong and 27.6 m wide; Built in 2018
Floating cage Operating in the Wanshan Sea area of  Culture volume of 30,000 m® In operation
the South China Sea
15 ‘Tianan Lanjing’, Penglai Zhongbailinglu Shipping; 52 m in perimeter; Built in 2020
Floating cage Operating in the Changdao Sea area Culture volume of 31,000 m® In operation
of the Bohai Sea
16 ‘Kenhuang 1°, Zhejiang Guangsheng Fishery A single point mooring system without Built in 2022
Vessel-shaped Operation in Taizhou Sea area of the turbine;
floating cage East China Sea 148 m long, culture volume of
63,500 m®
17 ‘Wanqu Zhuhai Agriculture Investment Damping structures; Built in 2021
Hengzhou’, Holding; Culture volume of 91,000 m® In operation
Submersible cage  Operating in the Hengzhou Sea area
of the South China Sea
18 ‘Zhenyu 1°, Shanghai Zhenhua Heavy Industry Rugby cage; Built in 2022
Rotatable floating Group; Culture volume of 13,000 m® In operation
cage Operating in the Lianjiang Sea area of
the East China Sea
19-21 ‘Taiyu 1’ series, Fujian Taiyuan Shipping; Octagonal cage; Built in 2021
ST Rotatable floating  In the Dinghai Bay of the East China Culture volume of 10,000 m® In operation
m cage Sea
22-23 T ‘Dinghai 1" and Fujian Xinmao Fishery; Octagonal cage; Built in 2022
-&,,_ ‘Dinghai 2 Operating in the Lianjiang Sea area of Culture volume of 15,800 m® In operation
< Rotatable floating the East China Sea
cage
24-25 ‘Qiandong 1° Fujian Qiandong Marine Granary Octagonal cage; Built in 2022
series, Tech; Culture volume of 20,000 m® In operation
Rotatable floating  Operating in the Lianjiang Sea area of
cage the East China Sea
26 Zhenyu 2, Shanghai Zhenhua Heavy Industry Liftable cage; Built in 2022
Liftable floating Group; Culture volume of 20,000 m® In operation
cage Operating in the Lianjiang Sea area of
the East China Sea
27 ‘Deep Blue 1°, Rizhao Wanzefeng Fishery; Submersed in summer; Built in 2018
Submersible cage  Operating at 120 nm to the Yellow Culture volume of 50,000 m® In operation

Sea
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110 m in perimeter and culture volume

Multi-functional platform for tourism

86 m long, 18 m wide, and 14 tanks;

DONG ET AL.
TABLE 1 (Continued)
No. Images Name and type Company and location Parameters
28 ‘Shenghai 1°, Zhejiang Shenlan Marine S & T Co.,
Submersible cage Ltd. of 10,000 m®
Operation in Zhoushan Sea area of
the East China Sea
29 ‘Ningde 17, Ningde Jinao Industry; Submersed under bad conditions;
Semi- Operating in the Sishuang Sea area of Culture volume of 50,000 m®
Submersible the East China Sea
cage
30 ‘Penghu’, Guangzhou Institute of Energy Wave power fish farm;
Semi-submersible Conversion, CAS; Culture volume of 10,000 m?
cage Operating in the Wanshan Sea area of
the South China Sea
31 ‘Hongdong 1°, Fujian Mintou Deep-sea Aquaculture
Semi-submersible Equipment Leasing; etc.;
cage Operating in the Dinghai Bay of the Culture volume of 62,000 m®
East China Sea
32 ‘Fubao 1, Fujian Zhongxin Yongfeng Industry; 37.3 mlong and 33.3 m wide;
Semi-submersible  Operating in the Lianjiang Sea area of 12,960 drawer-like net boxes for
cage the East China Sea abalone farming
& ‘Guobao 1, Shandong Nanhuangcheng Marine 36 m long and 36 m wide;
Semi-submersible Development; 36,988 drawer-like net boxes for
cage Operating in the Changdao Sea area abalone farming
of the Bohai Sea
34 ‘Lulan Yuyang Rizhao Wanzefeng Fishery;
61699°, Operating at 120 nm to the Yellow Culture volume of 2000 m® for
Aquaculture Sea salmonid farming
vessel
35 ‘Minde’, Hainan Minde Marine Development; 98.2 m long, 22.8 m wide and side
Aquaculture Operating in the Haikou Sea area of opening;
vessel the South China Sea Culture volume of 6200 m®
36 ‘Guoxin 001°, Qingdao Guoxin Development; 96.8 m long, 16.6 m wide;
Aquaculture Operation in the Yellow Sea and the Culture volume of 945 m®
vessel East China Sea
37 ‘Guoxin 1°, Qingdao Guoxin Development; 249.9 m long and 45 m wide;
Aquaculture Roaming among the Chinese Seas Culture volume of 90,000 m®
vessel
38 ‘Haixia 17, Fuding City Construction Investment;

39

40

41

42

43

Semi-submersible
cage

‘Lanxin’,

Floating cage

‘Zhenbao 1°,
Semi-submersible
cage

‘Zhenbao 2’,
Semi-submersible
cage

‘Shaobing’,
Submersible cage

‘Ocean Farm 1,
Semi-submersible
cage

Operated in the Fuding Sea area of
the East China Sea

Weihai Haien Lanhai Aquaculture;
Trialled in the north Yellow Sea

Fujian Zhongxin Yongfeng Industry;
Operating in the Lianjiang Sea area of
the East China Sea

Shanghai Zhenhua Heavy Industry
Group;

Operating in the Putian Sea area of
the East China Sea

Weihai Haien Lanhai Aquaculture;
Trialled in the North Yellow Sea

Ocean Farming AS, Norway;
built at CSIC, Qingdao, China

The net cage is 141 m in diameter and
12 m high;
Culture volume of 150,000 m?

For salmonid farming;
Culture volume of 60,000 m®

24.6 m long and 16.6 m wide;
5000 drawer-like net boxes for abalone
farming

23 m long and 15 m wide;
5000 drawer-like net boxes for abalone
farming;

For salmonid farming;
Culture volume of about 500 m®

110 m in diameters, high 69 m, with
culture volume of 150,000 m®
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Status

Built in 2020
In operation

Built in 2022
In operation

Built in 2019
In operation

Built in 2022
In operation

Built in 2019
In operation

Built in 2020
In operation

Built in 2017
In operation

Built in 2020
In
modification

Built in 2021
In operation

Built in 2022
In operation

Built in 2020
Scraped

Built in 2020
Scraped

Built in 2018
Scraped

Built in 2019
Scraped

Built in 2019
Scraped

Built in 2017
In operation in
Norway

(Continues)

85U8017 SUOWILLOD BAEa.D 3|t (dde aup Aq peussnob afe ssoiie VO ‘8Sn JO SNl 10} ARIqiT8UlIUO /8|1 UO (SUORIPUOD-PUR-SWIBI W00 A8 | 1M ATeIq1 U1 |UO//SdNL) SUOIPUCD pUe sl | 8y} 885 *[6202/60/22] Uo ARiqiTauljuo A8|IM ‘epLOd JO A1seAIUN - ONONY A AOY Ad 85821 De/TTTT 0T/1I0p/w00 A8 |im Areiq1juljuo//sdny wouy papeojumod ‘Z ‘202 ‘TETSESLT



648 REVIEWS IN Aquaculture 1)\ | DONG et AL
TABLE 1 (Continued)
No. Images Name and type Company and location Parameters Status
44 ‘Jostein Albert’, Norwegian Nordlaks, Dynamic positioning with turbine; Built in 2020
Vessel-shaped built at CIMC Raffles, Yantai, China 385 m long, 59.5 m wide, culture In operation in
floating cage volume of 400,000 m® Norway
45 ‘Haiwei 1°, Guangdong Haiwei Agricultural Group 46 m long and 23 m wide, culture Built in 2022
Semi-submersible Co,, LTD; volume of 15,000 m® In operation
cage Operating in the Zhanjiang Sea area of

the South China Sea

TABLE 2 Types and features of deeper-offshore aquaculture infrastructures.

Types

Offshore pens or enclosures

Stabilized cages

Floating cages

Submersible cages or
submerged cages

Semi-submersible
cages

Closed containments

Floating platform cages

Rotatable or liftable cages

Vessel-shaped floating
cages

Integrated submersible or
submerged cages

Simple submersible or
submerged cages

Semi-submersible fish
cages

Semi-submersible abalone
cages

Aquaculture vessels

Sea-based aquaculture
tanks

Features and cases

Rigid steel or concrete structure or copper alloy net; less cost to build, but weak resistance to
storm and waves and restricted to relatively shallow waters; The ‘Lanzuan 1’ (No. 1 in
Table 1)

Stabilized to the seabed by pile legs or central column; easy to operate, but lacks of structure
elasticity and | restricted to relatively shallow waters; The ‘Jinghai 001’ (No. 6)

Gravity-based equipment; resilience to wave forces, but easy to deformation; The ‘Dehai 1’
(No. 14)

Exposed to the air partly; antifouling, but high structure loads; The ‘Dinghai 1° (No. 21)

With and without turbomachinery; great ability to withstand storms, but high carbon
footprints or prone to hypoxia; ‘Jostein Albert’

With a feeding system in superstructure; avoidance of bad surface conditions, but high
operating costs; beware of fish body malformation; The ‘Deep Blue 1’ (No. 26)

Without a feeding system on it; Avoidance of bad surface conditions, simple structure, but
need a service vessel or barge for feed delivery; beware of fish body malformation; The
former ‘Deep Blue 1’ and ‘Aquapod™”

Less affected by wave loadings and has a multi-function platform, but high construction cost;
The ‘Ningde 1’ (No. 27)

Feed is delivered to drawer-like net boxes severally; less affected by wave loadings but
feeding is complicated; The ‘Fubao 1’ (No. 30)

Movable to search for a suitable farming site or to avoid unfavourable conditions; high cost
and high carbon footprint; The ‘Guoxin 1’ (No. 35)

Prevention of sea lice, but high cost and high carbon footprint; The ‘Neptun’

2.2 | Offshore pens
Offshore pens, which utilize rigid steel, concrete structures, or copper
alloy nets, are often employed for fish farming in China's archipelagic
areas. The primary distinction between offshore pens and offshore
cages lies in the absence of a bottom net in pens, which exposes them
to the natural seabed, whereas cages possess a permeable bottom net
and usually float on the water surface or are suspended in the water
column. Though offshore pens are less expensive to construct, they
lack structural elasticity and have a limited capacity to withstand
strong storms. Therefore, they are often placed in archipelagic areas
or on the leeward side of a peninsula.

The ‘Lanzuan 1’ (No. 1 in Table 1) and the ‘Dachendao’ (No. 3)
are typical offshore pens in China. The former has a circumference of
400 m®! and is located in the Laizhou Bay of the Bohai Sea, on the

leeward side of the Shandong Peninsula. The pen is used for farming
groupers (only in summer), spotted knifejaw (Oplegnathus punctatus),
and tongue sole (Cynoglossus semilaevis). It features two walking corri-
dors and two multi-functional platforms for recreational fishing, sight-
seeing, and catering. The ‘Dachendao’ is situated in the Taizhou Sea
area of the East China Sea, with a 360-m perimeter, and is used for
cultivating large yellow croakers (Larimichthys crocea). The upper part
of the netting is made of ultra-high molecular weight polyethylene,
and the lower part is made of a copper alloy.3*

2.3 | Stabilized cages

Stabilized cages are steel frame cages stabilized in the waters by pile

legs or central columns. These types of cages are easy to operate but
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have high structural loads, limited structural elasticity, and are
restricted to relatively shallow waters. The ‘Jinghai 001° (No. 6) is an
example of pile leg cages in China, located in the Yantai Sea area of
the Bohai Sea. It has a culture volume of 70,000 m?, mainly used for
farming black snapper (Sebastodes fuscescens) and sea bass (Lateolab-

rax japonicus).

24 | Floating cages

Floating cages are a type of DOA that relies on the buoyancy pro-
vided by a floating platform. They include floating platform cages,
rotatable or liftable cages, and vessel-shaped floating cages (Table 2).
Floating platform cages maintain their netting shape through the
floating platform and the gravity of sinkers. They have high resilience
to wave forces but can easily deform under strong currents. The
‘Dehai 1’ (No. 14) and the ‘Tianan Lanjing’ (No. 15) are typical floating
platform cages. The former has a culture volume of 30,000 m? for
farming large yellow croakers and cobia (Rachycentron canadum) in the
Zhuhai Sea area of the South China Sea.

Rotatable or liftable cages are designed for antifouling applica-
tions. A portion of the cage can be exposed to air, allowing sunlight to
kill biofoulers when the underwater net mesh becomes excessively
fouled. The ‘Dinghai 1’ (No. 22) is a typical rotatable cage for farming
large yellow croakers with a culture volume of 15,800 m®. The ‘Zhe-
nyu 2’ (No. 26) cage can be lifted for antifouling or harvesting pur-
poses. Antifouling is crucial for improving the safety and efficiency of
DOA,*? but the cages' resistance to strong typhoons requires further
testing.

Vessel-shaped floating cages feature robust, storm-resistant steel
frames with or without turbomachinery. The ‘Kenhuang 1’ (No. 16) is
a vessel-shaped cage with a single-point mooring system without a
turbine, while the ‘Jostein Albert’ (No. 44) is a powered vessel-shaped
cage built in China and operated in Norway. The former measures
148 m in length and has a culture volume of 63,500 m® for farming
large yellow croakers, while the latter spans 385 m and has a culture
volume of 400,000 m® for farming salmon.>® The advantage of the
vessel-shaped floating cages is their exceptional ability to withstand
strong storms, but their net cage units located at the stern without
turbomachinery are prone to hypoxia sometimes due to their elon-
gated structure.®* In contrast, powered cages can adjust their direc-
tion to avoid hypoxia, but this comes at the cost of an increased

carbon footprint and higher operational expenses.

2.5 | Submersible and submerged cages

The terms ‘submersible cages’ and ‘submerged cages’ are often used

12.27.28 and share similar struc-

in the literature of offshore aquaculture
tures. The distinct difference between them is the primary mode of
operation. The primary mode for the normal operating conditions
of the submersible cages is on the surface, whereas that of the sub-

merged cages is in a submerged position.

Submersible cages may need to be sunk into the water
temporarily to avoid adverse weather conditions,?’ benefit from low-
temperature water beneath the thermocline,> or reduce sea lice
infestations.®® However, long-term submerged culture can cause
gas loss in the swim bladders of physostomous fish
(e.g., Salmoniformes, Cypriniformes and Clupeiformes) and malforma-
tion in farmed fish.3”38 Therefore, floating culture is the norm for
these species. In contrast, physoclistous fish (e.g., Perciformes) and
most aquatic invertebrates can thrive in water for long period with-
out access to atmospheric air. Thus, submerged cages can be used
as the normal mode for these species, with cages floated only dur-
ing maintenance or harvesting.

Submersible cages can be classified as integrated and simple
(Table 2). Integrated submersible cages come equipped with feeding
systems in their superstructure, enabling self-sustaining submerged
culture for a specific duration. Simple submersible cages lack feeding
systems, requiring service vessels or barges for feed delivery while
submerged. These cages can effectively avoid storms and do not need
structures as robust as floating cages. However, they have higher
operating costs than floating cages due to reduced visibility during the
submerged period.

The ‘Deep Blue 1’ (No. 27), located 120 nautical miles south-
east of Qingdao in the Yellow Sea, is an integrated submersible
cage with a culture volume of 50,000 m® for farming salmonids.>®
The surface water of the Chinese seas is too warm in summer to
culture cold-water fish species using floating cages. However, there
is a cold-water mass beneath the thermocline in the central Yellow
Sea in summer,? where water temperature and dissolved oxygen
levels are suitable for culturing salmonids.®>*° In summer, the
‘Deep Blue 1’ submerges below 20 m depth, allowing farmed fish
to survive the warm season. When the water temperature drops
below 18°C in late autumn, the cage is brought back and floated to
the surface, enabling year-round salmonid farming. Salmonids are
physostomous fish that often swim to the water surface to replen-
ish gas in their swim bladders and maintain buoyancy.38 When the
‘Deep Blue 1’ is submerged during summer for several months, air
domes are needed for the fish to replenish gas in their swim
bladders.3538

Russian ‘Sadco’ and American ‘Aquapod™’ are examples of sim-
ple submersible cages.”?” In fact, the ‘Deep Blue 1’ mentioned above
was initially a simple submersible cage, but after modifications, includ-
ing the addition of a tube tower with a feeding system, it was trans-

formed into an integrated submersible cage.

2.6 | Semi-submersible cages

Semi-submersible cages are the most popular type of infrastructure
used in DOA worldwide.”'12728 The main difference between
floating cages and semi-submersible cages is that the buoyancy of
the former is provided by the buoyant tanks (pontoons) on the
water surface, whereas the buoyancy of the latter is provided

mainly by larger buoyant tanks (pontoons) below the water surface.
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These can be ballasted or de-ballasted to match payload and free-
board needs, as well as to raise the platform from a deep to shallow
draft. Compared with submersible cages, semi-submersible cages
are designed to have small water-plan areas, which are less affected
by wave loadings. A multi-function platform on the semi-
submersible cage can be used for aquaculture operations, tourism,
game fishing, and catering.

The ‘Ningde 1° (No. 29) in the Ningde Sea area of the East
China Sea is a semi-submersible cage with a culture volume of
65,000 m® for culturing large yellow croaker. When a typhoon
approaches or harmful algal blooms occur around the farming area,
parts of the infrastructure can be submerged in deeper water to
avoid the effects of the typhoon or harmful algal blooms. The ‘Pen-
ghu’ (No. 30) in the Zhuhai Sea area of the South China Sea pos-
sesses a culture volume of 15,000 m® to culture golden pompano
(Trachinotus ovatus) and groupers. Power is provided by wave
energy generators.>®

The ‘Fubao 1° (No. 32) is a semi-submersible abalone cage
located in the Lianjiang Sea area of the East China Sea and possesses
12,960 drawer-like net boxes for abalone farming.** During feeding,
the boxes are lifted above the water. After feeding, the boxes are sub-
merged in water. More labourers or complex facilities are required to

feed the animals.

2.7 | Closed containments

Closed containments include aquaculture vessels and sea-based aqua-
culture tanks. Aquaculture vessels powered with turbomachinery are
movable to search for suitable farming sites or to avoid unfavourable
conditions such as typhoons or harmful algae blooms. Sea-based
aquaculture tanks have been tested to protect farmed salmons from
sea lice in Norway.?”-28

The ‘Lulan Yuyang 61699’ (No. 34) is the first aquaculture vessel
in China, converted from a flush deck vessel in 2017. It possesses a
culture volume of 2000 m? and is locates in the cold-water mass area
of the Yellow Sea for culturing salmonids by pumping cold water
beneath the thermocline in summer and pumping surface water in
other seasons.®® The ‘Guoxin 1’ (No. 37) has a culture volume of
90,000 m® and moves among the Chinese seas depending on the sea-
sons (water temperature) to culture large yellow croaker.

Sea-based mariculture tanks do not currently exist in China. How-
ever, the ‘Neptun’ and the ‘Hauge Aqua’ have been trialled or
designed in Norway. The ‘Neptun’ is 40 m in internal diameter and
22 m in depth, and is made from glass fibre reinforced polymer ele-
ments and reinforced with steel in areas that bear the most stress.?”

Both aquaculture vessels and sea-based aquaculture tanks need
to refresh their water constantly in order to maintain proper tempera-
ture, sufficient oxygen and waste removal. Therefore, comparing with
other DOA types, offshore closed containments consume a substan-
tial amount of diesel and have higher operation costs and larger car-
bon footprints, which can affect the market competitiveness of their

products.?74243

3 | CHALLENGES TO ADDRESS

Since the ‘Brown Bear’ was converted to a floating hatchery vessel
for coho salmon (Oncorhynchus kisutch) in Puget Sound of Manches-
ter, USA, in 1971% and some steel structure DOA infrastructure
capable of farming fish in high sea conditions were developed in
1980s,”1* DOA worldwide has gone through more than 50 years of
history. Although DOA has the advantages of vast space for expan-
sion, tremendous carrying capacity, reduced conflict with other sea
users, lower exposure to human sources of pollution, and fewer para-
sitic diseases, its development has not met expectations in the
past,”’ 2 except in China and Norway.?”?64° By developing DOA,
Norwegians hope to reduce nutrient pollution of fjords and sea lice

4647 \whereas the Chinese aim to reduce nutri-

infestations in salmon,
ent pollution of nearshore areas and ensure food security.2>¢ The
‘Blue Granary’ plan has been put forward to accelerate DOA in
China. >’

In addition to technical difficulties, the disadvantages of DOA also
include high investment intensity, high risk, unclear property rights,
and a lack of corresponding legal protection.*?> The Western public is
also concerned about its potential environmental impact and ecologi-
cal risks.8244® An expert evaluation has shown that both advantages
and disadvantages of offshore aquaculture are very prominent.*’ The
sustainability of current DOA in China is not high because it addresses
little issues like food security, employment, CO, emissions, although it
can significantly improve the quality of farmed fish, save arable land
and reduce freshwater consumption.*’ The following parts will focus
the issues of food security, employment and CO, emissions.

To ensure that DOA achieves the goals of the ‘Blue Granary’
plan, that is, legally and sustainably producing sufficient, stable and
safe aquatic products, the DOA development in China must address
several key challenges in addition to regulatory obstacles. Particularly,
three pairs of contradictions must be effectively dealt with: striking a
balance between enterprise profitability versus product affordability,
navigating the relationship between energy use and carbon emissions,
and reconciling automated operation with the re-employment of
coastal fish farmers.

3.1 | Enterprise profitability vs. product
affordability

DOA is a capital-intensive aquaculture activity with high start-up
costs and high operation costs owing to the harsh offshore environ-
mental conditions.*?*3° From the participating enterprise's perspec-
tive, in the current coexistence of ponds and nearshore aquaculture in
China, DOA can only be profitable by farming the high-value species
or products that are difficult to cultivate elsewhere or by gaining addi-
tional benefits (premium).

Among all six types of DOA infrastructures (listed in Table 2), off-
shore pens have the lowest in start-up costs, about 188 CNY/m?>. The
start-up costs for DOA cages range from 500 to 2246 CNY/m?, while
4375-8750 CNY/m?® for aquaculture vessels.>* The operational costs
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of mariculture are clearly related to mariculture types and equipment
used. In Norway, the operational cost for open cages (30.6 NOK/kg)
is lower than that of sea-based containment tanks (37.9 NOK/kg), as
open cages in the sea can make full use of marine ecosystem services,
such as physical self-purification.?®4?

Aquaculture vessels are perhaps the most controversial type of
DOA. The ‘Lulan Yuyang 61699 (No. 34 in Table 1) was originally
built for salmonid grow-out. However, after 2 years of field trials, it
was found that the production cost was much higher than that of the
submersible cage ‘Deep Blue 1°. Hence, the current functions of
the vessel have been changed from grow-out to primary processing
and fish transportation (for parrs and harvest). In another trial, rain-
bow trout with an average weight of 25 g were stocked in an aquacul-
ture vessel and reached a final weight of 3.7 kg after an 11-month
culture period. However, a huge amount of diesel was consumed.*® It
is probably owing to high operational costs that few aquaculture ves-
sels are still in operation outside China. At least five huge aquaculture
vessels are to be built in China. Therefore, the economic feasibility of
aquaculture vessels requires urgently to be studied in China.

The ‘Deep Blue 1’ and the ‘Lulan Yuyang 61699’ are used around
the centre of the Yellow Sea to culture higher-value salmonids, which
cannot survive the summer in other sea areas in China.>>%® One of
the goals of DOA is to minimize fish diseases.?”*447:50 |n Norway,
more than 10% of the cost of farming Atlantic salmon in fjords is for
the prevention of sea lice,'? while the density of sea lice is low and
the disease is nothing serious in deeper-offshore waters in China.

The quality of large yellow croaker farmed in offshore pens is sig-
nificantly better than that farmed in nearshore net cages, resulting in
a much higher price for the former.>? In addition, aquaculture vessels,
like the ‘Guoxin 1°, can move seasonally to different seas, which can
prompt the growth of farmed fish if properly arranged.?”

The market price of aquatic products is closely related to the
supply. From the perspective of sustainable profits of participating
enterprises, the current DOA models are unable to produce abundant
low-priced products that ordinary people can afford, which is a vital
goal of China's DOA development. This contradiction between the
affordability of DOA products and the profitability of participating
enterprises should be addressed in the future development of DOA.

3.2 |
products

Use of renewable energy vs. carbon-intensive

Open offshore areas possess strong physical self-purification capacity
and abundant renewable energy sources such as wave, wind, and solar
energy.!t3%* Therefore, DOA is expected to become a high-
productivity, low-pollution and low-carbon activity if renewable
energy sources are used to support DOA operation. However, due to
the limited scale of renewable energy and simplistic mariculture
models, current DOA practices generally consume diesel and have a
high carbon footprint.274#243

In China, the current synergy between wind farms and offshore

aquaculture is mainly limited to sharing the same sea area. Only if a

large enough and integrated DOA is invented can wind farms be sub-
stantially integrated with DOA to produce profitable products with
low-carbon or even negative-carbon emissions.

The development of renewable energy-based DOA is the only
way to address the high carbon footprints of their products. Sev-
eral sets of DOA equipment use photovoltaic power as a supple-
mentary energy source in China to reduce the carbon footprints of
their products. The ‘Peng Hu’ aquaculture platform is powered by
wave energy generators,33 but its profitability has not yet to be
verified.

Although no consensus has been reached on whether the opera-
tion of wind turbines will affect the growth of farmed fish,>>> many
scholars and organizations have generally accepted the concept of
integrating offshore aquaculture with the wind farms.%°7>8 The cur-
rent synergy between wind farming and offshore aquaculture in China
is mainly limited to sharing the same sea area rather than reducing the
carbon footprint of farmed fish products. There is an urgent need to
develop novel DOA models that substantially integrate mariculture
with wind farms or other renewable energy industries.

3.3 | Automated operation vs. re-employment of
coastal fish farmers

Approximately 827,000 people are engaged in China's coastal aqua-
culture, mainly focusing on seawater ponds and nearshore farming.t?
Due to the implementation of strict environmental protection supervi-
sion, integrated coastal zone management and other policies, China's
coastal aquaculture has begun to shift towards offshore operations on
a large scale.!® Whether these unemployed fish farmers from coastal
aquaculture can be re-employed with the development of offshore
aquaculture or DOA has become a prominent issue from the liveli-
hood points of view (Figure 2).

Considering production safety and enterprise profitability, DOA
generally adopts automated operations, meaning that the current
DOA development pattern is unable to address the aforementioned
re-employment problem. To ensure a smooth transition from coastal
aquaculture to offshore aquaculture or DOA, it is necessary to inno-
vate new DOA types, by which the re-employment issue can poten-
tially be solved through the integrated development of multiple

industries.

4 | INNOVATIONS OF DOA PRODUCTION
SYSTEMS

DOA was conceived in the Global North as a solution to aquaculture
sustainability,”*®>? while in China, DOA is expected to address both
food security and sustainability of aquaculture. China's nearshore
aquaculture is close to it carrying capacity threshold,*® yet the country
still has vast offshore areas available for DOA development.2%¢C The
‘Blue Granary’ plan, therefore, has been put forward to accelerate off-

shore aquaculture, particularly DOA.*>%”
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FIGURE 2

With the active involvement of numerous shipbuilding and marine
engineering equipment manufacturing enterprises and huge govern-
ment subsidies, more than 40 DOA equipment have been built in
China. Nevertheless, most of the current DOA in China are basically
characterized by high-priced and carbon-intensive products, and
decreased employment opportunities (Figure 2). The current DOA
patterns only address the concerns of participating enterprises rather
than the broader concerns of the government and the public, which
include the sustainable production of sufficient, affordable and safe
aquatic products. The development of DOA in China must simulta-
neously consider both market demands for high-quality aquatic prod-
ucts and the public food basket. To meet the latter demand, it is
essential to innovate new DOA types.

As mentioned above, the three pairs of contradictions could
potentially be solved or balanced through innovation in large-scale
integrated DOA systems, such as a giant integrated mariculture enclo-
sure (Figure 2). Such systems could not only produce abundant,
affordable, aquatic products with low carbon emissions but also
ensure profitability for enterprises.

One of the most important reasons for the three characteristics
of high price, high carbon emissions, and less employment in the cur-
rent DOA is the adoption of an industrial monoculture model.®* Inte-
grated aquaculture which involves the culture of aquatic species
within or together with other activities, or ecological aquaculture, is
the most effective way of improving the economic, social, and ecolog-
ical benefits of DOA.614?

Multi-trophic integrated aquaculture, where fed species, such as
finfish, are integrated with inorganic extractive species, is a typical
example of integrated aquaculture. This approach can improve feed

conversion efficiency, reduce nutrient pollution, diversify products,

Large-scale farm ~ -----

~ e ——

Economic, social, and ecological features of different types of deeper-offshore aquaculture models.

and reduce CO, emissions.®>®® The nutrient retention potentials of
integrated aquaculture systems can reach 50%-75% for nitrogen,
40%-65% for phosphorous, and 40%-75% for carbon.®® Additionally,
co-culturing macroalgae can significantly reduce the partial pressure
of CO, in the water of the system.®” In a global review of offshore fin-
fish aquaculture, California Environmental Associates (CEA) highlights
that small-scale offshore farming projects will face significant chal-
lenges in becoming profitable operations.2® Only with the develop-
ment of large-scale DOA can wind farms be substantially integrated
with DOA to produce products with low-carbon or even negative-
carbon emissions. As the scale of DOA and integrated aquaculture
increases, the re-employment issue can also be effectively addressed
(Figure 2).

Experts from China Communications Construction Co., Ltd. and
the Ocean University of China have proposed an innovative DOA sys-
tem called the Offshore Mariculture Town in the East China Sea.*>%®
The Town is an enormous integrated mariculture farm surrounded by
a circular anti-typhoon structure (Figure 3a), in which mariculture is
integrated with other industrial activities, such as wind turbines, food
processing, and tourism (Figure 3b).

Lin (2022)%8 has designed typhoon protection infrastructures
with perimeters of 9.4 km and 15.7 km, in which fish can be farmed
by common high-density polyethylene cages. If 10% of the sur-
rounding area is devoted to fish farming, the construction cost per
unit of water body is about one-tenth that of DOA cages and
closed containments.

Due to enormous scale of the town, it can not only efficiently
produce a large amount of safe and affordable aquatic products for
ordinary people, but also make it possible to hire more workers and

multiply its economic benefits by integrating mariculture with other
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FIGURE 3 Conceptual diagram of the Offshore Mariculture Town in the East China Sea. (a) Typhoon protection infrastructure of the town®®;

(b) integrated mariculture with other activities in the town.**

industries such as wind farming, food processing, logistics, and
tourism.

The main success experience of large-scale inland aquaculture in
China is the culture of low-trophic-level fish species.’ Therefore,
in addition to adopting large-scale farming models and an integrated
multi-trophic aquaculture approach, the selection and domestication
of low-trophic-level fish suitable for farming in DOA is also an
important task.

Although constructing the Offshore Mariculture Town requires a
substantial investment, which may be challenging to initiate, it is one
of the most effective DOA models for achieving the triple-win of the
environment, economy and people's livelihood. Moreover, it could
help address the trilemma of simultaneously increasing production,
reducing nutrient discharge, and reducing greenhouse gas emission

from aquaculture systems.

5 | POLICY RECOMMENDATION

The healthy development of DOA encompasses environmental, eco-
nomic, and societal aspects, necessitating the active participation of
the government, businesses, scholars, and other stakeholders. The
government should formulate and implement detailed, targeted devel-
opment plans to achieve the objectives and goals of the ‘Blue Gra-

nary’ plan. We recommend the following initiating measures:

1. Strengthen comparative studies of different DOA types and for-
mulate a national sustainable development plan for DOA;

2. Incorporate the construction of the anti-typhoon infrastructure for
offshore mariculture towns into the plans of national major agricul-
tural infrastructure and new rural construction (an action plan on
rural construction to improve people's livelihoods in rural areas
and facilitate the country's rural revitalization drive in China) in
order to guide the transition from nearshore to offshore
aquaculture;

3. Introduce policies that encourage the integrated development of
multiple industries, such as mariculture, food processing, cold chain

logistics, wind farming, and tourism, in order to establish novel

DOA paradigms that result in a triple-win of environmental protec-
tion, economic development, and improved livelihoods;

4. Implement multi-sectoral coordinated management policies to pro-
mote the healthy and orderly development of the DOA in the
exclusive economic zones;

5. Support related research on the domestication and breeding of
farmed fish species, carrying capacity of DOA, fish-oriented intel-

lectual technology, and more.

Further advancements in breeding, feed innovation and disease
prevention will ensure a solid underpinning for the healthy develop-
ment of DOA.
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