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With increasing demand for resources to achieve global food-water-energy nexus and rapid decline in land-based
sources, oceans represent both solution and boost to sustainable environment and economy. In addition to
fundamental part of earth’s ecosystem for uncatalogued diversity of life, oceans are undervalued economy
powerhouse with gross marine product value. With sustainable management of existing assets including ship-
ping, transportation, manufacturing, fisheries, tourism and exploration of new business like marine biotech-
nology and renewable energy, the ocean or blue economy has potential to fulfill sustainable development goals
(SDG). In spite of recognition of blue economy as a new economic frontier, investments by existing industries and
emergence of new ones are limited and less known, hence require more in depth attention and scientific un-
derstanding. In the present study, authors present a systematic comparative assessment of blue economy sectors
with distinct challenges and strategies to be further explored and implemented for industrial deployment. The
conceptualization of integrated routes of bio(economy) by the current study can act as gateway for key stake-
holders, i.e. governance, bluepreneurs (scientists and industries) to prioritize technologies for sustainable ap-
plications of marine resources.

costs (Golden et al., 2017). Following this concept, many developing
countries relied on expansion of agriculture to uplift the economic

1. Introduction

The economic development based on finite resources like coal and
related environmentally destructive activities is responsible for massive
levels of climate change causing air pollution (greenhouse gas emis-
sions), water pollution and loss of biodiversity. With these environ-
mental concerns, the sustainability of this economic growth also known
as “brown economy” is highly questioned and criticized (Sakhuja,
2015). To overcome these challenges, the concept “Green economy” was
introduced in Rio+20 held in Rio de Janeiro, Brazil in June 2012 as low
carbon, resource efficient and socially inclusive alternative (UNCSD
et al.,, 2016). As per definition by multiple organizations like UNEP
(United Nations Environmental Program), IUCN (International Union
for Conservation of Nature) and UNCTAD (United Nations Conference
on Trade and Development), green economy is premised on sustainable
development (economic, social and environmental) which involves
recycling of natural resources while reducing environmental risks and

* Corresponding author.

conditions but also remain partly successful due to increased environ-
mental costs along with inequitable social welfare (Antikainen et al.,
2016). The limitation of land-based agriculture to achieve global food
production targets made researchers to look beyond green economy and
realize the presence of another vast repository of natural resources, i.e.
oceans (Bari, 2017; Dundas et al., 2020). In a synthesis report in 2012,
UNEP initiated the consideration of “Green economy in Blue world”
which stated the importance of marine environment as integral
component for urgently needed paradigm shift in bioeconomy called as
“blue economy” as coined by pacific Small Island Developing States
(SIDS)(UNEP et al., 2012). By definition, blue economy is a systematic
way of utilizing ocean resources by integration of short and long term
economic activities based on principles of social inclusion, environ-
mental sustainability and innovations on and around the sea (Smith--
Godfrey, 2016; Spalding, 2016). Realizing the immense potential of
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oceans as major sink of atmospheric CO», rich biodiversity and energy
source (wind, wave, tidal, thermal and biomass energy), the concept of
blue economy is being accepted by many coastal countries to be
implemented by ocean-based industries (Bennett et al., 2019). The op-
portunities of blue economy vary from country to country depending on
whether it is terrestrial dominated or have more marine environment.
The developing countries are most benefited by maritime transportation
followed by coastal tourism which is one of the emerging sectors of blue
economy (Wenhai et al., 2019). Another major economic sector is
marine-based energy which currently fulfills the commercial energy
requirement which is primarily relying on coal and petroleum and with
minor input from natural gas, hydropower, and a few other sources
(Hoerterer et al., 2020). However, the increasing gap between demand
and supply with high CO, emissions of petroleum-based fuels demands
supplementation of alternative sources like waves, tides and winds from
coastal areas to fulfill the sustainable goal of blue economy. One of the
major objectives for stepping from land to sea is to meet global food
demand of a growing population by supply of sustainable food or feed,
transportation/tourism facility, shipbuilding, oil and gas, seabed mining
for mineral sources from the sea as it serves different sources of bio-
logical and non-biological raw materials (Costa et al., 2019; Kasdogan,
2020; Vigani, 2020). Despite promising blue economy potential of
several marine products, the ultimate goal of industrialization is still
facing challenges involving high risk investments and lack of coordi-
nation between public research and private investors (Bari, 2017).

The present review article explores the various resources available
from blue economy and their potential for industrial opportunities by
highlighting the market economics and challenges involved. This review
charted down critical components of blue economy to be identified by
researchers, industrialists and policy makers to lead the way towards an
environmentally sustainable and socially equitable blue economy.
Further sections of this review explains about the various opportunities
involved in the new integrated conceptualizations with blue and green
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economies for the sustainable energy development.

2. Components of blue economy

Ocean is the natural source which covers two-third of the earth
surface and support about 40% population lives near coastlines. In
global history, natural resource exploitation has been proved as the
foundation of economic development and trades at local, national and
global scales in terms of food, energy and superhighway for global trades
(recreation). Sea water and its related contributions towards global
economy is significant. The estimates of the same could be as high as
USD 2.5 trillion as gross marine products based on direct outputs (e.g.
aquaculture, fishing), other services (tourism, education), trans-
portations (e.g. coastal and oceanic shipping) and other related benefits
(e.g. carbon sequestration, biotechnology) (Hoegh-Guldberg, 2015).

Ocean or seawater has significant role and impact on the overall
health of the planet and its sustainable development. It supports all lives
by generating oxygen, absorbing carbon dioxide, nutrient recycling and
regulating global climate and temperature. Being the source of food and
livelihood to the substantial portion of global population as well as
tourism industries, oceans have potential to achieve major sustainable
goals of eliminating hunger and poverty. Additionally, deep sea or
seabed’s are the excellent sources of hydrocarbons and mineral re-
sources which provides 32% of the global supply (Bennett et al., 2019).
The ocean also offers renewable or blue energy from wind, wave, tide
and from thermal and biomass sources as well (Keen et al., 2018). There
are multiple components which are contributing towards blue economy
which can be categorized into biological and non-biological components
(Fig. 1).

2.1. Biological components

In marine ecosystem, eukaryotic photosynthetic organisms belong to
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Fig. 1. Schematic of blue economy components (biological and non-biological) with potential bio-products. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)



Table 1

Summary of global transdisciplinary projects of biological components of blue economy.

S.No.
Microalgae
1

Macroalgae
1

Projects & Duration

FUEL4ME, FUture European League 4
Microalgal Energy
(Jan 1, 2013-Dec 31, 2016)

DEMA - Direct Ethanol from
MicroAlgae

(December 1, 2012-May 31, 2017)
Grant agreement ID: 309086
BISIGODOS

November2013-April 30, 2017
Grant agreement ID: 613680

BIOFAT (Biofuels from Algae
Technologies)
60 months

MED-ALGAE
36 months

SIMBA

(Sustainable Innovation of
Microbiome Applications in the Food
System

Nov 2018-Oct 2022

Seaweed Carbon Farming Project

Seaweed Cultivation

Macrofuels

Jan 1, 2016-Dec 31, 2019
Grant agreement ID: 654010
BAL-DuPont

Funding agency & scientific coordinators

European Union, FP7

Research Programme;

Wageningen Food & Biobased Research,
Wageningen University

FP7-ENERGY

University of Limerick, Ireland,

FP7-KBBE
AIMPLAS - Asociacion De Investigacion DE
materiales plasticos y conexas, Spain

European Commission’s Seventh Framework
Program (FP7)

Budget:10 M€

Department of Agriculture, Food and
Environmental Sciences of the University of
Florence (Italy)

European Union

Alexandria University

EU’s Horizon 2020 programme; Natural
Resources Institute Finland (Luke)

Climate Works Foundation, San Francisco, CA
and the Jeremy and Hannelore Grantham
Environmental Trust, Boston, MA

National Fisheries Development Board,
Hyderabad, India

CSIR-Central Salt Marine and Chemicals
Research Institute (CSMCRI), Gujarat &
Mandapam Regional Centre, Tamil Nadu
Funded under H2020 EU.3.3.3.1 & H2020-
EU.3.3.3.3.

Teknologisk Institut, Denmark

DOE’s Advanced Research Projects Agency-
Energy (ARPA-E)

Bio Architecture Lab DuPont and BAL

Objectives

To develop a sustainable, scalable process for biofuels from microalgae and to valorize
the by-products by 2017

Develop, demonstrate and licence a complete economically competitive technology for
the direct production of bioethanol from microalgae with low-cost scalable
photobioreactors by 2016.

Production of valuable algae-derived chemicals, amino acids and high added-value bio-
resins, starting from algae biomass fed directly with CO2 from industrial emissions
(cement, steel factory, thermal power plants, etc.) as a cost-effective and renewable raw
material, a process assisted by solar radiation, nutrients and seawater microalgae
Demonstration project for (i)Process optimization in two pilot scale facilities, each one-
half hectare in size, located in Italy and Portugal; and (ii) Economical modeling and
scale-up to a 10-ha demo facility

Establishment of “The Mediterranean Regional Centre for Bioproduction™ that will be

established in Alexandria as a training centre, demonstration centre, workshop centre

for the region and also one algae growth unit for biodiesel production will be hosted by
this Centre.

Identification of viable land and aquatic microbiomes that can assist in the sustainability
of European agro- and aquaculture

To implement a step change in the scale up of seaweed aquaculture and set seaweed
farming on track to sequester gigatons of carbon CO2, help to restore abundance to the
ocean and create a new, socially just blue economy to help feed and power the world in a
regenerative way

(i)Creation of livelihood opportunities for coastal populations under Blue Revolution
Scheme (ii) Meet the ever increasing industrial demand for manufacture of Agar,
Agarose, Carrageenan and Alginates from Seaweeds. (iii) Mass production of seed
material for commercialization of the seaweed culture and conserving natural resources

To develop technology for the production of fuels from macroalgae or seaweeds which
are suitable as liquid fuels or precursor thereof for the heavy transport sector as well as
potentially for the aviation sector.

Development of a process to convert sugars produced by macroalgae into next-
generation biofuels called isobutanol.

Reference

http://fuel4me.eu/

https://cordis.europa.eu/project/id/
309086

http://www.bisigodos.eu/

http://www.biofat-project.eu/

https://med-algae.com/about/

https://simbaproject.eu/about/proje
ct-overview/

https://www.oceans2050.com/se
aweed

https://nfdb.gov.in/NFDB-Projects

https://www.macrofuels.eu/

https://www.scientificamerican.
com/article/seaweed-algae-du-pont-
feedstock-biobutanol-biofuel/
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micro and macroalgae (based on size) are the primary producers and
provides habitat for the growth of many marine fauna (Eikeset et al.,
2018). These organisms can live and perform photosynthesis from pre-
historic (anoxic to oxygenic) to present carbon rich atmosphere and
witnessed several climatic changes and have overcome many challenges.
Marine algae and coastal ecosystems can fix the alarmingly increasing
greenhouse gases (CO3) through photosynthesis process are now termed
as “blue carbon” fixation (Vigani, 2020) The stored energy can be con-
verted into economically important products for multiple industries like
food, feed, fuel and fertilizer. Table 1 summarizes few major projects
undertaken for economic development of biological components.

2.1.1. Macroalgae

Macroalgae popularly known as seaweeds are multicellular and
macroscopic autotrophs which are taxonomically categorized in three
distinct groups based on their color of the thallus: Chlorophyta (green
algae), Rhodophyta (red algae), and phaeophyta (brown algae). Like
plants, macroalgae sustain several benthic animal communities as pri-
mary producers of the marine food chain and also have ecological role as
bioindicators of water quality for bioremediation (Lourenco-Lopes et al.,
2020).

The commercial seaweed farming involves either direct harvest of
naturally available wild seaweeds or onshore and near shore cultivation.
However, onshore macroalgae cultivation conflicts with other uses of
coastal areas such as aquaculture, recreational activities, and other
compatible activities such as wind energy production and direct har-
vesting leads to overexploitation of wild macroalgae varieties. In this
context, offshore cultivation in sheltered areas and exposed coastal en-
vironments has been proposed and tested by researchers for biofuel and
feed applications. However, the success of seaweed farming requires
selection of suitable macroalgae, cultivation site, determination of
physical and biological factors (light, temperature, nutrients and
extreme currents) and the ability to withstand high waves in offshore
waters. With global production of approximately USD 6 billion, it rep-
resents major component of ocean economy with applications ranging
from molecule to whole plants as food, fuel, feed, fertilizer, pharma-
ceutical, nutraceuticals, cosmetics etc. (Horn, 2009). Among 200
commercially cultivated species, around 10 species are cultivated
intensively for seaweed production. In terms of cultivation, Saccharina
japonica accounts for 33%, followed by Kappaphycus alvararezi (17%)
and remaining includes Undaria pinnatifida, Porphyra spp, Sargassum
fusiforme, Eucheuma, Gracilaria spp, Enteromorpha clathrata, Monsotroma
nitidium and Caluerpa spp.

2.1.2. Microalgae

Similar to macroalgae, the ocean is occupied with small microscopic
microalgae. They are categorized into different classes (Chlorophyta
(green algae), Rhodophyta (red algae), Bacillariophyta (diatoms) and
prokaryotic Cyanophyta (Blue-green algae) based on their pigmenta-
tion, life cycle and cellular structure (Barra et al., 2014). Higher growth
rate, use of non-agricultural land and production of different commer-
cially important compounds are the advantages of microalgae cultiva-
tion (Bhushan et al., 2020). The composition of the microalgal biomass
depends on several factors, such as nutrient concentrations, cultivation
system, environmental conditions (temperature and light), agitation and
pH (Mazzelli et al., 2020;(Choudhary et al., 2020a)). The microalgae
industry uses two major cultivation systems viz. open raceway ponds
(ORP) and closed photobioreactors (PBR) with the main microalgal
species grown being Chlorella and Spirulina for health food, Dunaliella
salina for p-carotene, Haematococcus pluvialis for astaxanthin and several
other species for biofuels & chemicals (Khoo et al., 2019). The other
commercially grown species include Nannochloris, Nitzschia, Cryptheco-
dinium, Schizochytrium, Tetraselmis, Skeletonema, Isochrysis and Chaeto-
ceros. ORPs are most preferred owing to its low energy consumption and
cost of production over the other cultivation systems (Richardson et al.,
2014). According to a study by Norsker et al. (2011), the production
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costs for a 100 ha facility is 4.95 and 5.96 € kg~ ! of biomass for raceway
ponds and PBRs, respectively. In spite of high costs, PBR are preferred
for producing clean biomass for high value products as it offers advan-
tage of greater control over cultivation condition and lower contami-
nation as compared to ORP. Hence, the product of interest and its
economic viability drives the selection of cultivation system for a
microalgae farm. With the global market of USD 5.4 billion, around
7000t of dry algae is being produced as green feedstock for several ap-
plications like bioenergy, biofertilizers animal feed, human nutrition
and bioplastics etc. (Acién et al., 2017; Kumari and Singh, 2019). With
multiple use characteristics, microalgae can be used for resource re-
covery by coupling with wastewater treatment and CO2 sequestration
makes it suitable feedstock for a bio-based economy (Choudhary et al.,
2017; Romero-Villegas et al., 2018).

2.2. Non-biological components

The non-biological components of blue economy are established
sectors in comparison to biological ones. The efforts made in commer-
cialization of these components are summarized in Table 2, including
major projects sanctioned for non-biological economic sectors.

2.2.1. Minerals, metals and hydrocarbons

Deep sea oceans are the excellent sources of marine rare earth
minerals including hydrocarbons, metals, oil and natural gas etc. Deep
sea mining is considered as potential sector for promotion of blue
economy. More than 70 minerals can be extracted from the deep oceans.
Metals like sea floor massive sulphide deposits-copper, lead, zinc, gold,
silver, manganese nodules, cobalt-rich ferromanganese crusts contain-
ing nickel, copper and cobalt, coupled with significant concentrations of
rare-earth and other rare metals. In that case, the potential and perfor-
mance of that sector remains underestimated. In addition, exploration of
seabed resources requires permission of the International Seabed Au-
thority (ISA) (Mohanty et al., 2015).

2.2.2. Marine tourism

Ocean is the primary base for beautiful landscapes and seascapes (e.
g. beaches, islands, coral reefs, panoramic seascapes, marine parks,
water-sports etc.) which led to bloom in tourism industries. Coastal and
marine tourism is the significant share of the industry supporting more
than 6.5 million employment with global growth rate of more than 3.5%
(Brumbaugh and Patil, 2017). Coastal and marine tourism is expected to
be the largest value-adding segment of the ocean economy (26%) by
2030 (Brumbaugh and Patil, 2017). Globally, many countries or regions
like Southeast Asia, Caribbean’s, Mexico, Indonesia, Australia,
Maldives, and Mauritius have million-dollar reefs that generate more
than one million dollars per square kilometre (Brumbaugh and Patil,
2017). Additionally, there are more than 70 such countries around the
world thriving on their million-dollar industry as a contribution for the
blue economy (Patil et al., 2016).

2.2.3. Shipping, port activities and marine manufacturing

Marine ports play significant role in many activities as far as marine
transportation is concerned. Sea is the cost effective and more conve-
nient mode of transportation contributing to 90% word trade (Mohanty
et al., 2015). Many sophisticated technologies have improved the
shipping efficiency which basically helped to sustain in the world sea-
born trade (Mohanty et al., 2015). In international trade, about 50,000
merchant ships (container ships, bulk carriers, ferries and cruise ships)
are engaged. As per 2013 published report, the size of the seaborne trade
is about 9600 million tons (Mohanty et al., 2015). Dry cargo accounts for
more than 70 %of the total volume of seaborne trade in the world. These
include trade in bulk commodities such as iron ore, coal, grain, bauxite,
aluminum, phosphate rock, containerized trade and general cargo
(Mohanty et al., 2015). The sail making, manufacturing, maintenance,
engineering, instrumentations etc. are few activities at dry docking



Table 2

Summary of global projects targeted non-biological components of blue economy.

S.No. Projects & Duration

0il and gas

1. Mars Oil & gas Field Project,
1996 continued to Mars B project
in 2014

2 Block KG-D6 Integrated
Development, Bay of Bengal;
2020-2022

3 Buffalo Oil Field Redevelopment,

Timor Sea, 2016
Marine renewable energy production

1. Hornseal; 2010
Walney Extension
East Anglia ONE
2. Gode Wind farms, Germany,
2017
3. Dhofar Wind Power Project
4. Muppandal wind farms; 2007

Seabed mining

1. SPC-EU Deep Sea Minerals
Project, 2011
2. Solwara 1; 2005

Port activities

1 Sagarmala Project; 2015-2035

2 West Side Modernization project
2011-2022

Tourism

1 Gili Lankanfushi and the Coral

Line Project, Maldives, 2014

2 Climate Projects Juist

Site locations

Gulf of Mexico, US(Shell & BP)
Krishna-Godavari basin of the Bay of Bengal,
India (Reliance Industries and BP)
Timor-Leste (Carnarvon Petroleum)

Horse sea Zone, North Sea, UK; Orsted and
Global Infrastructure Partners.

Germany; Orsted

Oman; Abu Dhabi-based renewable energy
major Masdar and financed by the Abu Dhabi
Fund for Development (ADFD)

Tamil Nadu; Tamil Nadu Energy Development
Agency

Pacific Community (SPC) and the European

Union (EU)
Papua New Guinea; Nautilus Minerals

Ministry of Ports, India

Canada; Port Saint John, the Government of
Canada and the Province of New Brunswick

Maldives

Juist, Germany

Objectives

Mars oil field development

Aim to develop Offshore gas field; Develop approximately 3
trillion cubic feet (tcf) of gas and produce 30-35 million cubic
metres (1bcf) of gas per day for the domestic market.

Oil and gas field redevelopment

Generate renewable electricity

Offshore renewable Power generation

To generate adequate electricity, eliminate 110,000 tonnes of
carbon dioxide emissions, and reduce power generation on
natural gas

Reduce India’s reliance on fossil fuels, in addition to reducing
emissions

To improve the governance and management of their deep-sea
minerals resources

Extract high-grade Seafloor Massive Sulphide (SMS) deposits of
copper, gold, zinc and silver

Port modernization & new port development, port connectivity
enhancement, port-linked industrialization and coastal

community development
Port modernization

Strengthen the regeneration of coral reefs.

Tourism is created for sustainability

Reference

https://www.offshore-technology.com/projects/marshttps
://www.shell.com/about-us/major-projects/mars-b

https://www.nsenergybusiness.com/projects/kg-d6-block-integr
ated-development/

https://www.offshore-technology.com/projects/buffalo-oil-and-
gas-field-redevelopment

https://www.power-technology.com/projects/hornsea-project-on
e-north-sea/

https://www.power-technology.com/projects/gode-wind-1-and
-2-offshore-wind-farms/
https://masdar.ae/en/masdar-clean-energy/projects/dhofar-win
d-project https://renewablesnow.com/news/

https://www.power-technology.com/projects/tamilnaduwind/

https://dsm.gsd.spc.int/https://sustainabledevelopment.un.or
g/partnership/
https://www.mining-technology.com/projects/solwara-project/

http://sagarmala.gov.in/

https://www.sjport.com/port-modernization-project-well-
underway/, https://atlanticbusinessmagazine.net/article/west-si
de-modernization-project-positions-port-saint-john-for-global-gro
wth/

https://www.greenpearls.com/green-projects/coral-lines-project/
https://www.wanderlust.co.uk/content/costa-rica-sensational-an
d-sustainable/
https://www.greenpearls.com/green-projects/climate-project-jui
st/
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centers at respective port areas which can generate blue economy
(Table 2).

2.2.4. Renewable energy

The world population is expected to increase to an estimated 9
billion people in 2050, which is 1.5 times greater than the current
population, resulting in an increase in global demands of fossil fuels
(Mohanty et al., 2015). However, to reduce this burden on fossil fuels
and to meet this huge demand in future renewable energy from natural
resources is mandatory as an alternative source. Currently, there are
traditional ways of trading or marine transportation where ships or
cargos are depending on fuels. Moreover, there are more than 50,000
ships running on fuels around the world, which are creating many
environmental problems (Mohanty et al., 2015). In this context, clean
and low-carbon options in terms of renewable energy are the great op-
portunities. It’s critical and practical need for renewable energy through
natural resources (e.g. Sun or solar energy, wind, waves, tides, currents,
as well as thermal and salinity gradients). Since, these are natural and
abundant resources which can be utilized profusely however it requires
innovations and advanced technologies for implementation (Table 2).

2.2.5. Marine research and development

Research and development and innovative approaches in any in-
dustrial sector is the fundamental pillars for the sustainable growth.
Globally, there are many government and private maritime institutes,
research and development centers, Innovation academies, universities,
which are looking after many aspects related to oceans e.g. Centre for
Maritime research and Experimentation (CMRE), Intergovernmental
oceanographic commissions, International Maritime Organization
(IMO), International Council for exploration of the Sea etc. Their
research and advanced innovations are supporting the sustainable
growth in the marine and maritime sectors which are helping for the
blue economy evolutions efficiently.

3. Industrial potential of different marine resources

Developing a sustainable and equitable blue economy relies on the
identification of components and their commercialization potential,
based on market demand and economic state of the country. Despite
numerous R & D efforts in marine biotechnology, the transfer of
knowledge from fundamental research into technically realizable and
cost-effective products and technologies is still limited. Hence, further
sections explore comprehensive analysis of both biological and non-
biological components of blue economy in context of applications in
different industrial sectors and their technical challenges.

3.1. Potential of ocean bio market

3.1.1. Macroalgae

Islands and countries with coastal lines rich in marine flora and fauna
(Exclusive Economic Zone) are considered as potential market for blue
economy. Unlike other forms of aquaculture, seaweed farming has
unique characteristics of short grow out cycles, minimum technological
and capital requirements and grow without fertilizers (Leandro et al.,
2020). Given these advantages, seaweed farming is considered as po-
tential livelihood strategy with significant socio-economic benefits to
marginalized coastal communities in developing countries. From
ecological point of view, seaweed farming is an ecofriendly activity to
conserve natural populations of concerned seaweeds which additionally
provides continuous supply of uniform quality raw materials for
seaweed industry (Garcia-Vaquero et al., 2017). Mariculture of macro-
algae is also considered as major tool to treat coastal pollution in the sea
and reduce CO in global warming. However, seaweed economy was
affected by many factors such as over exploitation of wild natural re-
sources, more demand-less supply, devastating cyclones, lack of training
and market awareness, lack of technology to improve processed product
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quality and poor cultivation practices, and limited research on novel and
alternative sources of raw materials. In order to make large scale pro-
duction of macroalgae (phyconomy) to be economically and environ-
mentally sustainable, Hurtado et al. (2019) suggested responsible
expansion of farming areas to improve productivity per unit area. It
should be accompanied with use of improved quality and diversity of
seedling and increased investment in research and innovative ap-
proaches such as multitrophic aquaculture. Kappaphycus and
Eucheuma, the two related genera of red seaweeds known collectively as
‘eucheumatoids’, are current global phyconomy leaders which uses
three major types of cultivation practices: single rope floating raft
method (SRFR), fixed bottom long line method (FBLL) and integrated
multi trophic aquaculture (IMTA) method (Vigani, 2020). While single
rope technology is followed in wide area and greater depth, the floating
raft technology is suitable for agarophyte cultivation. The investment in
seaweed farming varies with area and cultivation practice for instance
2500 m? requires US$~500 for fixed bottom method) and US$~1000
for raft longline method. With the given investment, the net farm income
varies from USD 565 crop—1 (fixed off-bottom method) to USD 739
crop—1 (raft long-line and annual 2 crops method) (Samonte, 2017)
With 141-201% high rate of return on investment (ROI) and less than a
year payback period, seaweed farming can be main source of household
income and hence indicates major scope of expansion by both private-
and public-sector value-chain players. Seaweed farming has long history
of large-scale cultivation with low cost technologies and high returns
helps to improve the gross domestic product (GDP) and foreign ex-
change as witnessed by China, Indonesia, Philippines and Zanzibar
(Tanzania). In order to valorize the seaweed farming, government
should frame the integrated coastal zone management policy and
organize the buyer and seller sectors which can create a value chain
from farm to market for sustainable production (Neish and Suryanar-
ayan, 2017).

Global market categorizes the seaweeds mainly into three type
namely edible seaweeds, dried seaweeds and hydrocolloids like agar and
carrageenans. Global seaweed industry produces ~12 million tonnes of
seaweeds per annum worth of US$ 6 billion (FAO, 2018). China is a
major cultivator (50.1%) of seaweeds, followed by Indonesia (34.6%),
Philippines (5.8%) Republic of Korea (4.2%) and remaining rest of
world (5%) (Sadhukhan et al., 2019). With bio-refinery approaches, few
pharmaceutical, nutraceutical and cosmetics industries have success-
fully valorized the seaweeds for multiple products as summarized in
Table 3. Further section explores the industrial value of these seaweeds
in detail.

3.1.1.1. Polysaccharides. Polysaccharides are integral part of macro-
algal cell wall which helps to sustain in the harsh sea environment.
Ulvans isolated from green algae, agar, carrageenans, porphyrans from
red algae, and fucoidan, laminarin, ascophyllan from brown algae are
the major polysaccharides obtained from seaweeds. Carrageenans and
agar are the cost drivers of global phycocolloids industry owing to their
diverse applications in many industries. Apart from emulsifier and sta-
bilizing agent, carrageenan is used as food additives in dairy products (e.
g. yoghurts, flavoured milkshakes, flans, jellies, ice creams, and beers)
and meat products (e.g. hams) Carrageenan and semi-refined carra-
geenan extracted from Kappaphycus (170,000-200,000 MT dwt) and
Eucheuma (40,000-45,000 MT dwt\) are majorly marketed from
Indonesia and Philippines with price ranging from US$ 6 to 15/kg based
on purity and demand (Campbell and Hotchkiss, 2017; Pereira, 2020).
According to report by Campbell and Hotchkiss (2017), the global
carrageenan market is expected to cross US$1 billion by 2024. Similar to
carrageenan, agar also has gelling properties and majorly used as
thickener in food products and a vegetarian substitute for gelatine.
Extracted from red algal species like Gelidium sp., Gracilaria sp. and
Pterocladiella sp., agar is gaining industrial interest as alternative sus-
tainable and biodegradable biomaterial for packaging to replace
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Table 3
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Summary of biological components of blue economy including products, applications and key global industries.

Sources
Macroalgae
Ascophyllum nodosum

Gigartina, Chondrus
Iridaea, Eucheuma
Kelp and other seaweeds

Brown and red seaweeds

Chondrus Crispus,
Lamanaria, Digitata,
Wakame

Ascopharm, Algovert, Sea
Spaghetti, Calseapowder,
Dulse, Lichen, sea lettuce

Mixture of Red, brown and
green seaweed

Microalgae

Spirulina

Chlorella

Haematococcus

Dunaliella

Nannochloropsis

Aquaculture & Fisheries

Fish, Crustaceans (crabs,
lobsters, crayfish, shrimps,
prawns

Products
Seaweed extract
Carrageenan

Alginic acid, food grade algin,
carrageenan, agar, Seaweed
plant hollow capsule, seaweed
strips

Protanal, Alginates Viscarin,
Gelcarin, Lactarin, Lactogel
Carrageenan

Fresh or dried

Ingredients or finished product

Dry powder

Powder, Tablets, Capsules,
Flakes, Liquid, Phycocyanin
Extract

Powder, Tablets, Capsules,
Liquid

Astaxanthin (Oleoresin) in the
form of Capsules, Tablets, Oil,
Softgel

Powder, Extracted beta-carotene

Powder, Liquid Extract, Oil (EPA

& DHA)

Crustaceans, Trout, Tilapia,
Finfish, seabass, salmon, mollu

Companies

Acadian Seaplants Limited,
Canada
Cargill.US

Qingdao Gather Great Ocean
Algae Industry Group CO.,
LTD, China

DuPont, US
Gelymar S.A, Santiago, Chile

Irish seaweeds, UK

Roullier Groupe, France

Ocean Harvest technology
limited, Ireland

Yunnan Green A Biological
Project Co., Ltd, China,
Earthrise Nutritionals, Llc
USA,

Zhejiang Comp Spirulina Co.,
Ltd. China,

E.LD. - Parry Limited, India
Cyanotech Corporation, USA,
Sun Chlorella Corporation,
Japan

E.LD. Parry Limited, India
Taiwan Chlorella
Manufacturing Company,
Taiwan

Fuqing King Dnarmsa
Spirulina, China

Tianjin Norland Biotech Co.,
Ltd. China

Cyanotech Corporation, USA
E.LD. Parry Limited, India
BlueBioTech International
GmbH, Germany
Algatechnologies Ltd. Israel
AlgaeCan Biotech Ltd.
Canada

Seagrass Tech Private
Limited, India

Plankton Australia Pty Ltd,
Australia

Hangzhou OuQi Food co.,
Ltd., China

Monzén Biotech S.L., Spain
AA4F — Algafuel S.A., Portugal
Yantai Hairong Biology
Technology Co. Ltd., China
Cellana, LLC, USA

Clean Algae, SL, Spain
Necton, Portugal

Qualitas Health, Israel

Pentair plc.,US

AKVA Group,Norway

Luxsol Belgium

Pioneer Group (Taiwan),
FREA Aquaculture Solutions,
Denmark

Applications
Fertilizers
Food, personal care and pharma

Food, feed, fertilizer and
pharmaceuticals

Food, dairy, nondairy-beverages,
bakery fillings

Food, High fibre Food rich in iodine,
vitamins, fucoxanthin

Food, Pet food, plant nutrition,
Cosmetics

Pet food

Nutraceuticals,

Food and Beverages,
Pharmaceuticals, Cosmetic,
Personal Care,

Animal Feed, Agriculture,

Functional Food & Beverages,
Nutraceuticals & Health Supplement,
Pharmaceuticals, Personal Care,
Animal Feed

Functional Food and Beverages,
Nutraceuticals, Pharmaceuticals,
Cosmetics

Food and Beverages,

Feed,

Nutraceutical & Health Supplement,
Pharmaceuticals, Cosmetics

Food

Feed

Nutraceutical & Health Supplement,
Pharmaceuticals

Agriculture

Equipment, Chemicals,
Pharmaceuticals, Fertilizers

Reference
www.acadianplanthealth.com, )
www.cargill.com, )
https://en.judayang.com/, )(High,

2020)

(www.dupont.com/now/sustainabl
e-seaweed (360 market updates,
2020)

https://irishseaweed.co.uk/,

https://www.roullier.com/en/acti

vities/algology, 2021)

OceanFeed™ Pet, 2021)

https://meticulousblog.org/, 2020
Kunsel and Sumant (2019)

(/www.marketdataforecast.com/, )

(grand view research, 2020)
(Zion Market Research Report,
2020a)

(Grand view research, 2016)
(Zion Market Research Report,
2020a)

(contrivedatuminsights, 2020)

(The World bank, 2013)
(FAO, 2020)

(www.adroitmarketresearch.com, .)

plastics. Another gelling agent extracted from brown seaweeds (eg.
Laminaria sp., Macrocystis sp.,Lessonia sp., Ascophyllum sp.,) is alginate
which is commonly used in spherification process either with calcium
lactate or calcium chloride for molecular cooking. With these attributes,
the blue economy potential is expected to be USD 214.98 million for
agar market, USD 923.8 million for alginate market and USD 38 million

by for fucoidan market by 2025 (360 market updates, 2020; Grand view
research, 2020). According to this study, over the next five years the
laminarin market might register a 8.7% CAGR in terms of revenue and
can escalate the global market size up to US$ 2 million by 2024 (All
market Insights, 2019).


https://www.grandviewresearch.com/industry-analysis/alginate-market
http://www.acadianplanthealth.com
http://www.cargill.com
https://en.judayang.com/
https://www.dupont.com/now/sustainable-seaweed
https://www.dupont.com/now/sustainable-seaweed
http://www.roullier.com/en/activities/algology
http://www.roullier.com/en/activities/algology
https://meticulousblog.org/
http://www.marketdataforecast.com/
http://www.adroitmarketresearch.com
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3.1.1.2. Edible seaweeds. Seaweeds are rich in macro, micro-nutrients
especially iodine, vitamins and high amount of fiber, essential amino
acids, proteins and low calories food. Many Asian and African countries
consumes seaweeds either as staple food or as an ingredient in prepa-
ration of variety of food and coastal cuisines. China, Republic of Korea
and Japan are top players in growing edible seaweeds and harvests 5
million, 0.8 million and 0.6 million wet tons per annum respectively
(Table 3). Top 3 commercially successful edible seaweeds are Porphyra
(Nori), S. japonica (Kombu) and U. pinnatifida (Wakame) available @ US
$ 16000/dry tonne,US$ 2800/dry tonne, and US$ 6900/dry tonne,
respectively (Ferdouse et al., 2018). Authors reported that 40% of global
seaweed production is for human consumption and hence supports the
food security and reduce the pressure on land based agricultural prod-
ucts (Ferdouse et al., 2018). Price of the edible seaweeds vary based on
country of origin and quality. Additionally, seaweeds tend to accumu-
late heavy metals hence requires strict cultivation practices in compli-
ances with coastal management policy and clean environmental
conditional to be followed during seaweed farming (Froehlich et al.,
2019; Yong et al., 2017). In addition, edible seaweeds or its extract is
being used as fertilizer and also as traditional or folk medicine in many
countries (Nayar and Bott, 2014).

3.1.1.3. Dried seaweeds. Dried seaweeds used as food and for extraction
of phycocolloids have a shelf life of 12 months. China is the major
importer of dried seaweeds and emerged as price setter in global market.
In 2016, China has imported 250 ktonnes of dried seaweeds for their use
and exported from countries like Indonesia, Philippines, Malaysia and
Chile which generates substantial amount of revenues and foreign ex-
change (Table 3).

3.1.2. Microalgae

Microalgae forms the integral part of the ocean ecosystem; and its
derived products contributes as pioneer building blocks of blue economy
concept. With 146 companies worldwide, microalgae biorefinery is
gaining global attention due to high demand of algal biomass for food
and feed ingredients, nutraceuticals, cosmetics, high-value chemicals
and biomaterials (Choudhary et al., 2020b; Rajak et al., 2020). Global
bio-refinery product market is estimated to accrue revenue worth nearly
USD 855.16 Billion by 2026 with CAGR of about 9.3% from 2020 to
2026 (Zion Market Research Report, 2020a). Under an integrated
strategy in the frame of biorefineries, the market potential of microalgae
as blue economy component is reviewed and sectioned in different in-
dustries are summarized in Table 3 and discussed below:

3.1.2.1. Biofuels industry. Microalgae biomass can produce carbon
neutral biofuels namely biodiesel, biogas, bioethanol and bio-hydrogen
through different conversion processes like gasification, pyrolysis, lique-
faction, anaerobic digestion and transesterification (Vieira de Mendonca
et al., 2021). Global algae biofuel market was valued at approximately
USD 4.70 billion in 2017 and is expected to generate revenue of around
USD 9.88 billion by end of 2024, growing at a CAGR of around 8.6%
between 2017 and 2024 (Zion Market Research Report, 2018a).

3.1.2.2. Food and feed industry. Microalgae as food reported long back
and recently available in the form of powder, flour, tablets, capsules and
liquids (Enamala et al., 2020). Owing to their varied chemical proper-
ties, they can act as a nutritional supplement and a source of natural
food colorants (Mehta et al., 2018). The microalgae food market is
mainly dominated by Spirulina, Chlorella, Nanochloropsis, Hematococcus,
Dunaliella etc (Camacho et al., 2019). Most of these algae used in human
food and nutrition because of its high protein, lipid, pigment content
which makes them excellent options over conventional sources (Tor-
res-Tiji et al., 2020). Most of the algae producers sell a wide variety of
nutraceuticals made from these microalgae, such pure powder, tablets,
oil and liquid extract (Vigani, 2020). In addition to its use in human
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food, microalgae found to be used in feed for a wide variety of animals
such as fish, pets, poultry and farm animals (Bleakley and Hayes, 2017).
Essentially, 30% of the current world algal production and over 50% of
the Spirulina production being used for animal feed applications
(Camacho et al., 2019). The main objective of using microalgae for
aquaculture is due to its high nutritional value and provide natural fresh
coloring to the flesh. Also microalgae mainly required for mollusks,
shrimp and fish as direct consumption (Morales et al., 2020). The most
commonly used species for feed are Spirulina, Chlorella, Tetraselmis,
Isochrysis, Phaeodactylum, Chaetoceros, Nannochloropsis, Skeletonema and
Thalassiosira. The nutritional and toxicological evaluations has proved
to be positively affecting the physiology, improve immune response,
fertility and external appearance in animals fed with microalgae sup-
plement. In poultry feed it was recorded that the algae replaced con-
ventional protein source by 5-10% and proved to be safe for animal
consumption (Wayne et al., 2017a).

3.1.2.3. Nutraceutical industry. Microalgal proteins mainly used to
formulate food supplements in the form of whole biomass or and hy-
drolyzed to improve nutritional deficiencies in the people. The hydro-
lyzed protein from biomass with bioactive peptides offers higher
digestibility, and these bio-peptides have demonstrated various biolog-
ical activities such as antioxidant, antimicrobial, antihypertensive,
antitumor and antidiabetic activities beneficial to the human body
(Samarakoon and Jeon, 2012). Recently, amino acid composition of
microalgal proteins engrossed the attention of the nutraceutical in-
dustry, not only due to presence of all the essential amino acids but also
due to its higher bioavailability (Bleakley and Hayes, 2017). The algae
protein market accounted for USD 650 Million in 2018 and is expected
to reach USD 1043.8 Million by 2026, growing at a CAGR of around
6.1% between 2019 and 2026 (Kunsel and Sumant, 2019).

Microalgae lipids have huge commercial interest mainly due to
presence of omega 3 and 6 polyunsaturated fatty acids (PUFAs) such as
eicosapentaenoic (EPA), docosahexanoic (DHA) and gamma linolenic
(GLA) (Katiyar and Arora, 2020). These PUFAs provide benefit in
reduction of complications in cardiovascular effusions, arthritis, and
hypertension; however, they cannot be synthesized by humans (Lupette
and Benning, 2020). They are mainly used as a source of essential fatty
acids in the human food supplements and for the fortification of animal
feed (Pratiwy and Pratiwi, 2020). According to Zion Market Research
Global report (2020a) and grand view research (2020) the algae and
plant (fish-Free) Omega 3 ingredients market growing at a CAGR of
around 6.1% between 2019 and 2026. The global Algae Oil market,
which hit the revenue of 2.1 (USD Billion) in 2019 and is set to accrue
earnings worth 5.2 (USD Billion) by 2026, is slated to register a CAGR of
nearly 4% over 2020-2026.

Microalgae pigments namely chlorophylls, carotenes, phycobilipro-
teins (c-phycocyanin, allophycocyanin and phycoerythrin) and astax-
anthin are responsible for several health benefits, such as anti-
inflammatory, antihypertensive, anticancer, antioxidant, antidepres-
sant, and antiaging (Jacob-Lopes et al., 2019); however, their other
applications are in natural food colorants and cosmetics (Marino et al.,
2020). Additionally, astaxanthin and p-carotene have experienced a
strong and ever growing market of USD 1710.6 Million in 2019, and is
expected to generate revenue of around USD 2273.9 Million by end of
2026, at a CAGR of around 4.15% from 2020 to 2026 (Grand view
research, 2016; Zion Market Research Report, 2020b). The strict regu-
lations for the application of synthetic dyes in the food industry has
motivated studies aimed at the development and use of microalgal
pigments as a food additive (Hosseini et al., 2020). Microalgae are also
rich sources of different vitamins and several algal strains such as Haslea
ostrearia, P. cruentum, D. salina etc. are rich source of vit E (tocopherols),
vit C, vit A (B-carotene), pyridoxine, nicotinic acid, thiamine, riboflavin
and biotin are researched for commercialization (Wayne et al., 2017b).
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3.1.2.4. Biopolymers or Bioplastic industry. Microalgae are able to pro-
duce biopolymers also known as bioplastic, which accumulate inside
cells when grown with excess carbon sources and solar energy and
limited nutrients (N&P) (Oz(;imen et al., 2017).

Microalgae, specifically cyanobacteria synthesize PHA and accu-
mulated inside the cell as insoluble granules (Didem et el 2017). PHB
poly-(hydroxybutyrate) is type of PHA and found abundantly as ho-
mopolymer of hydroxybutyrate in several cyanobacteria such as Spir-
ulina sp., Aphanothece sp., Gloeothece sp., Synechococcus sp. Synechocystis
sp, Gloeocapsa sp, Phormidium sp. etc. (Balaji et al., 2013; Wu et al.,
2001; Gopi et al., 2014). Microalgae derived biopolymers have many
useful applications in field of medical, pharmaceutical and food in-
dustries as novel materials (Morais et al., 2016; Cavalheiro et al., 2012).
Zion Market Research Report (2018b), reported that the global
biopolymer market is estimated to reach up to USD 35.47 billion in
2022, at a CAGR of 12.5% from year 2017-2022.

Considering the role of blue economy in the Sustainable Develop-
ment Goals of the United Nations; microalgae is and will continue to
play very vital role owing to its humongous potential to produce natural
and sustainable bio-products for the wellbeing of human and nature
(Pant et al., 2019). However, considering the rich biodiversity of
microalgae, only limited number of strains are well explored for their
potential in commercial and biotechnological applications. This may be
owing to fewer studies regarding growth characterization and cultiva-
tion optimization in outdoor environment, less attempts to improve
algae cultivation systems, and overall no economic feasibility. To
overcome these challenges, more strains need to be explored including
genetic improvement of strains and need to further improve algae pro-
duction systems for its more competitiveness and economic feasibility.
For multiproduct biorefinery approach, extensive study on different
cultivations such as heterotrophic, mixotrophic cultivation can be tried
to get more productivity of the bio-products(Choudhary et al., 2020b) .
In recent time, the high cost of operation is a major challenge for the
industrial-scale microalgae biorefinery; which can be overcome by
cultivating algae using CO5 from refinery, seawater or wastewater from
industrial effluents (( Lopez-Pacheco et al., 2021;

3.1.3. Potential of other biological sources

3.1.3.1. Fisheries and aquaculture. Marine resources have wide coastal
and marine regions with a wide variety of biodiversity including
shrimps, fishes, crabs, seaweeds, molluscs, mammals, etc. Marine based
aquaculture is mainly with Penaeus monodon (tiger shrimp) and at
limited scale with Scylla serrata (soft shell crab) and major export is
being presently dominated by frozen shrimp and live mud carb. As
compared to inland capture of culture fisheries, marine capture fisheries
are insufficient. But under blue economy, marine fisheries and aqua-
culture sector are extremely promising with the other sectors of
oceangoing resources (Yates et al., 2015). The potentials and opportu-
nities of coastal aquaculture and non-traditional marine species culture
have been discussed in detail as below:

3.1.3.1.1. Marine Fisheries. Large industrial fishery (Trawl fishery)
contributes 14.2%; i.e. 0.084 million tonnes (DoF, 2016) of total marine
production. Large trawlers are used for mostly penaeid shrimps and
finfish fishing within the depth of 40-100 m (Hussain and Rahman,
2010). In particular for marine capture fisheries, countries must come
out of the traditional fishing practices and harness the fishing potentials
(moving beyond the existing fishing grounds) to harvest large pelagic
fishes from deeper zones and even up to the high seas.

For harvesting of large pelagic fish i.e. tuna and tuna like species,
countries should have to adopt appropriate deep-sea fishing technolo-
gies i.e. long line and hook fishing and using supporting gears and
vessels. Similarly, 50-60% of global hilsa catch takes place in the coastal
and marine waters of Bangladesh 20-25% in Myanmar, 15-20% in India
and the remaining 5-10% in other countries (Hossain et al., 2014).

Journal of Environmental Management 291 (2021) 112697

Similarly, harvesting of gravid mother shrimp, P. monodon by trawling
at the depth of 10-40 m of inshore marine waters. This will certainly
conserve the tiger shrimp brood stocks, which will ultimately be used at
onshore shrimp hatcheries to support seeds for shrimp farming at the
coastal farms.

3.1.3.1.2. Marine aquaculture. Tremendous success achieved in
aqua cultivation of species like carps, tilapias, catfishes (Pangasius and
Asian catfish) and climbing perch is due to innovation and development
of artificial breeding techniques and various aquaculture technologies.
There are many opportunities for brackish and aquaculture fish species
culturing. For example, 4000-6000 kg/ha/crop of shrimp production
can be achieved from 60 to 230 kg/ha/crop by adopting semi-intensive
farming methods (Hossain et al., 2014). Breeding and farming of sea
bass, Lates calcarifer, is initiated as an important high value aquaculture
species. If artificial breeding and seed production techniques are
evolved, then land based farming at onshore and cage culture at offshore
locations can be expanded. Similarly, artificial breeding and farming
technologies can be evolved and implemented for fish species (brackish
and marine) viz. mullets, pomfrets, grouper, marine eel etc.

3.1.3.2. Non-traditional Marine species cultivation. The mariculture of
non-traditional marine living species including seaweed, macro algae,
mussel, oyster and other shellfish (edible oysters, Crassostrea sp. Sac-
costrea sp, pearl oyster, Anadra sp. green mussel, Perna viridis, clam,
Meretrix meretrix, Marcia opima, sea snails), sea urchin, sea cucumber
etc. is another less explored sector for its economic potential. Selection
of suitable species and extraction of useful compounds could be per-
formed by screening, isolation and characterization through the
biotechnological tools. Similarly, mussel, Oyster, other shellfish, sea
urchin, and sea cucumber etc. living habitat can also be explored in
costal segments. The application of marine invertebrates is used in many
developing countries to produce pharmaceuticals in cancer treatment.

3.1.3.3. Marine Biotechnology. Marine biotechnology is an application
of scientific and engineering principles in marine biological agents for
goods and services (novel pharmaceutical drugs, chemical products,
enzymes and other industrial products and processes) from oceanic
biological sources in biomaterials, health care diagnostics, fisheries and
aquaculture, sea food safety, bioremediation and biofueling sectors
(Thakur and Thakur, 2006; Zilinskas et al., 1995).

3.1.3.4. Carbon sequestration - mangrove forests. The process of carbon
sequestration (i.e. several decades and centuries) by mangrove forests,
intertidal saltmarshes and seagrass beds of the coastal habitats is owing
to their ability to fix carbon and the stored carbon often referred to as
blue carbon (Carr et al., 2018). These habitats can fix carbon at higher
rate (four times higher than mature tropical forests) per unit area than
land-based systems and are more effective in sequestration of carbon in
long term. These coastal communities, the mangroves, saltmarsh and
seagrass ecosystems are very operative at sequestering and storing car-
bon (Chowdhury et al., 2015).

3.2. Potential of non-biological components of ocean

3.2.1. Oil and gas

Within the maritime territory, there are several rich oil and gas re-
serves, which needs to be explored and exploited. In view of harnessing
and identifying more potential oil and gas reserves, a logical plan and
framework needs to be established by the concerned ministry of the
government (Hodgson et al., 2019). Based on that a thorough survey
needs to be conducted and international companies should be appointed
to accelerate offshore exploration of future energy security (Table 4). In
this public and private partnerships are to be encouraged in data and
information, monitoring with best practices as well (www.oilandgasiq.
com, n. d.).


http://www.oilandgasiq.com
http://www.oilandgasiq.com
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Table 4
Summary of non-biological components of blue economy including products, applications and key global industries.
Sources Products Companies & Countries Applications Reference
Oil & Gas Petrochemicals,Oil, LNG Sinopec, China Exploration and Production of oil & gas for refining (www.oilandgasiq.com,

Marine renewable
energy
production

Seabed Mining

Sea salt

Ship building &
repair

Port Activities

Tourism

Wind energy, Wave energy, Tidal energy,
Ocean current energy, Ocean thermal
energy conversion (OTEC)

Cobalt, Gold, Diamonds, Polymetallic
nodules and sulphides

Salt

Shipbuilding and repairs, commercial
and military

Logistic and infrastructure activities

Travel and tourism

Saudi Aramco, Saudi
Arabia

Royal Dutch Shell, UK-
Netherlands

BP, UK

Orsted, Denmark

PNE AG, German
Vattenfall, Sweden

Next Era Energy, USA
Deep Green, Canada

De Beers Group

Beijing Pioneer Hi-Tech
Development Corporation,
China

Neptune Minerals, USA/
Australia

SaltWorks, USA

INFOSA, Spain

Tata Salt, India

Hyundai Heavy Industries,
South Korea

Samsung Heavy Industry,
South Korea

Fincantieri S.p.A., Italy
JSC united ship Building
Corporation, Russia

PSA International,
Singapore

Hutchison Port Holdings
(HPH), China

Dubai Ports World (DPW),
Dubai

AP Mpgller Terminals,
Netherlands

MSC cruises, Switzerland
Carnival Corporation, USA
Genting Hong Kong, Hong

purposes, Refined products from fuel to chemicals
through downstream processes for myriad of industries

Renewable Power generation — Electrical and
Mechanical

To generate metals from polymetallic rocks to produce
high tech applications, renewable energy, Jewelry
market.

Food & Service Industry, Agriculture, Cosmetic and
Animal feed industries

Production of vessels for merchant fleet and military.

Offshore development facilities like, fixed platforms,
TLPs, and Semi-Submersibles

Global Supply chain; cargo logistics, port terminal
operations, maritime services and free trade zones

Travel and Recreational activities

n.d)

(https://
worldoceanreview.com,
n.d.)

Miller et al. (2018)

(www.theoxygenproject
.com, n.d.)

(www.marketwatch.
com, n.d)

Menon (2021)

(Network, 2021)

(www.
decisiondatabases.com,
2020)

Kong
Royal Caribbean, USA

3.2.1.1. Minerals mining. Besides the exploration of oil and gas re-
sources, there are promising potentials of deposits of marine minerals
from deep sea mining at the seabed areas belonging to the categories like
i) polymetallic sulphides; ii) ferromanganese crusts and nodules; and iv)
rate earth elements e.g. Yttrium etc. They differ in composition, shape
and location. The exploration of entire coastal have contributed in dis-
covery of potentially valuable minerals such as rutile, zircon, leucoxene,
ilmenite, garnet, kyanite, monazite and magnetite etc. (Alam, 2004;
Childs and Hicks, 2019; Miller et al., 2018). This natural capital of
mineral exploration could be converted into jobs, infrastructure, public
service improvements and growth in the domestic private sector
(Table 4). According to Kung et al. (2021) coming future has brought
accelerating utilization of marine minerals resources with potential
scientific and economic benefits. To accelerate the mining of mineral
under blue economy, it is extremely essential to update the potential and
then proceeded to way forwards for expansion even to the onshore,
offshore and deep-sea minerals mining.

3.2.1.2. Marine - renewable Energy production. Marine wind, wave, solar
radiation, tide, water currents etc. are the naturally available energy
sources and could be utilized as renewable alternative for electric power
generated from conventional sources and provides tremendous oppor-
tunities (Table 4). In this sector, necessary plans and strategies needs to
be formulated with respective ministries/departments and subsequently
implement at the coastal belt. Further efforts are required to install the
wind turbines or any other hydro-electric infrastructures to connect the
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generated power lines from the transmission grids with the suitable
offshore areas.

3.2.1.3. Sea salt. The production of common salt, i.e. Sodium chloride
(NaCl) by evaporating marine waters is a traditional ancient practice
throughout the world. The salt reserves in entire oceans have already
been estimated over 50 million billion tones and these source cover over
50% of the world production (Mannar and Bradley, 1984). Most of the
salt farms are small-scale, using manually operated local equipment and
lease the land leading to the lesser yield in the salt production. Enhanced
salt production can be achieved by community-focused land leasing
systems and use of mechanical equipment (water pump, leveler, etc.)
and reliable weather forecasting. Moreover, some of the countries like
Europe and North America are using modern techniques in collecting
and refining in salt mining.

3.2.1.4. Marine trade, shipping and tourism. Worldwide global trade is
mostly handled and rotated by coastal ports and seaborne trans-
portations. This is about 80% of global trade by volume, and over 70%
by value is carried by sea and handled by ports. In the developing
countries, on a national basis, these percentages are typically higher
(Alam, 2014). Marine tourism could be one of the important sources of
income in world and it is one of the five top export earners (Menon,
2021). There are plenty of opportunities in onshore and offshore coastal
areas like capital investment in coastal tourism. In this connection,
countries like Maldives, Malaysia, Myanmar and Thailand are good
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examples in learning the lessons in costal tourism(www.marketwatch.
com, n.d.). The costal tourism at onshore and offshore coastal locations
will be attractive with the medium sized luxury cruise and catamaran
ships and construction of modern hotels, cottages and restaurants at the
tourist spots (Table 4). The costal tourism has the scope of additional
business of rich and middle-class people and jobs for hundreds and
thousands of job seekers in different categories(www. decisiondata-
bases.com, 2020).

4. Comparison of market potential of different blue economy
sources

Economic activities that directly or indirectly take place in the ocean
and use outputs from the ocean, while incorporating goods and services
into the ocean’s economic activities corresponds to Ocean economy.
Marine ecosystems and industrial activity form two support system of
the whole ocean based industries (Park and Kildow, 2014). Ocean
economy has customized definition and sectors in different countries
around the world. Browsing through numerous activities across the
globe we can broadly categorize these into different sectors as discussed
in section 2 which again change depending on the country. Many have
tried to redefine and give structure to these sectors (Park and Kildow,
2014). OECD has estimated an increase of value added by ocean econ-
omy from USD 1.5 trillion in 2010 to USD 3 trillion in 2030 (OECD,
2016). Adapting various scenarios may impact these values, for example
sustainable scenario with high economic growth low environment
degradation and developing resource efficient & climate friendly tech-
nologies resulted a value of USD 3.2 trillion. However, with unsustain-
able scenario it is around 2.8 million and this difference in value will
also grow with technology and time (Fig. 2). Market size contribution to
this $3 trillion economy from specific sectors and industries have been
calculated and estimated for future prediction and trends. Fig. 2 sum-
marizes the sectors and related activities comparing all the sectors along
with estimated market size. Biological sectors contribute majorly in food
industry, serving as world’s largest protein source for 3 billion people
along with employing directly or indirectly around 200 million people
(FAO, 2011). With advancement in research, major ocean flora and
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fauna species are now being explored as substitute for chemicals and
energy. Few of these raw materials and products exclusively can be
produced by marine algae. Several macro and micro-algal species pro-
vides us with a wide range of chemicals for cosmetics, food ingredients,
and fertilizers. With wide range of products and a food source as such,
seaweed industry is estimated to have an annual value of USD 7 billion
(FAO, 2011). Studies on algae for producing renewable energy in the
form of bio-crude, electricity and hydrogen are on-going. Ocean econ-
omy as can be seen from the above market products and market size is a
fast growing economy and OECD predicts that it will outpace global
economic growth within 15 years (OECD, 2016). This predicted growth
is at the expense of marine ecosystem and biodiversity and a great deal
of effort has to be made in order to develop oceans potential without
compromising these resources.

4.1. Challenges for blue world economy

Major research of the blue economy management is based on a
sustainable development and conceptual framework to assess sustain-
able market. The growth blue economy requires joint efforts to achieve
sustainable development in marine ecosystem which is closely linked to
blue growth. The concept of growth in blue economy for sustainable
development increase multidisciplinary research especially on the main
challenges associated with it. There are many challenges involved in
various disciplines of Blue economy.

Fisheries and aquaculture contribute enormously towards food and
nutrition sector, however some forms of aquaculture add environmental
pressures on already suffering, which include habitat destruction,
effluent discharge, disease and escapes, and high use of fishmeal and oil
in feeds (Coppa et al., 2021). Carbon emissions by the direct and indirect
use of fossil fuels in production systems and the conversion of land that
is high in sequestered carbon such as mangroves, sea grass or forest areas
into aquaculture production is another challenge to be addressed (FAO,
2018). The main pressure on the shipping industry, from the environ-
mental perspective, is prevention of pollution of the oceans and coast-
lines which can arise from different sources including: oil, chemical and
liquefied gases in bulk; anti-fouling systems; dangerous goods in bulk

$246.52b

Industrial
Capture
Fisheries

Industrial Fish
processing

Marine
Biotechnology

S 2.6 trillion Market Size

Biological market

é

4

L.

Port Activities
Offshore Wind

Shipbuilding &
Repair

$636b

Non-biological market >

Fig. 2. Comparative representation of biological and non-biological market potential of blue economy. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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and packaged form; sewage; garbage; bio-fouling engine exhaust
(including sulphur, nitrous oxides and carbon dioxide); Cargo vapour
emissions; Chlorofluorocarbons (CFCs); and Noise.

Being in infancy stage and lack of maturity in wave and tidal energy
technologies, there are limited information on GHG emissions or life
cycle assessments from marine energy technologies leading to un-
certainties for commercial deployment (Amponsah et al., 2014). Few of
other uncertain threats of these energy systems include noise pollution
from construction, loss of habitats for various life forms; migration
barriers for birds, sea turtles and whales; changes in seabed from oil
spills, sedimentation and change in estuarine water flow.

Coastal tourism is a major contributor to emissions of greenhouse
gases and thus climate change. Construction and development have
resulted in destruction of coastal wet lands, dune complexes, and man-
groves — decreasing the biodiversity and hence decreasing carbon
sequestration, pollution of land, and water from discharge from various
sources. Balancing environmental aspects of blue world economy needs
to be focused on to overcome consequences like extensive ecosystem
destruction and thus permanent damage to livelihood. These aspects
economically and industrially play a major key role for the sustainable
development of the energy yields from all the types of economics
including blue, green and brown. Among all the integration of the en-
ergy sources from blue and green economical regions may create good
sustainable opportunities in industry and environment perspective as
discussed in following section.

5. Opportunities of integrated blue economy routes

Blue economy follows circular economy approach and ensures no
waste by using an ecological support, mimicking the biological
ecosystem and enhancing productivity in each sector of the economy
(Venkata Mohan et al., 2020). However, implementation and develop-
ment of blue economy intersects land —sea ecosystem boundaries which
raises urgency for revaluating marine and land environment economic
relationships Fig. 1. The extensive literature study suggested that linking
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blue economy to the UN Sustainable development goals (SDG) is even
more challenging when there are potential conflicts between industrial
goals and socio-environmental sustainability. Achieving 17 goals of SDG
requires global change in economic strategies by multi-stakeholder
agreement among countries and government. In this context, this sec-
tion is focused on selection of important drivers of blue economy growth
which could lead towards integrated routes to reach SDG.

(i) Innovations towards greening blue economy

In order to achieve sustainable blue economy, one of the key driver is
coastal urbanisation and conservation which requires introduction of
innovative strategies to minimize pollution and loss of biodiversity
Fig. 3. Enabling low impact and fuel-efficient fishing methods; to
improve the efficiency of fishing industry is one of the initiatives. From
improving the design of the vessel (from body to engine), to mainte-
nance, to reducing the speed; in order to reduce consumption and
pollution are few adopted actions. Along with these, attempts can be
made to use biofuels, having less harmful impact on the environment.
Reduction in energy use and implementing greener refrigeration tech-
nologies with improved waste management in fish handling, processing
and transportation, can significantly reduce negative impacts on the
biodiversity and environment due to GHG emissions (Lee et al., 2020) as
per requirement of SDG 7 and 13. One such endeavour towards
renewable energy by CARICOM (Caribbean community) in Bonaire
where 12 wind turbines with a total of 11 MW of wind power capacity
were constructed. In this case, the price of electricity in Bonaire dropped
from US$0.50 per kWh to US$0.22 per kWh (Patil et al., 2016).

Design and implementation of various programs in aquaculture and
fisheries to practice sustainable management of natural resources and
biodiversity with the local community can create livelihood for the lo-
cals as well as boost up the national economy without loss of biodiversity
fulfilling SDG goals 1, 5 and 8 Fig. 3. Many programs focus on sup-
porting women and sustain their daily livelihood like Try Association
was such program for oyster harvesting females; in Gambia (United

Greening Blue
economy

Coastal
urbanization &

conservation

| =

Bioprospecting

b
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&

SUSTAINABLE
DEVELOPMENT
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blue & green
economy

Integrated flora-
fauna cultivation

%
«

Fig. 3. Conceptualization of integrated bio-economy routes with suitable drivers of growth to achieve SDGs.
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Nations Development Programme, 2013). Another program in Australia
use shellfish aquaculture as a means of getting rid of excessive nutrients
and at same time producing food for the growing population, can be
used to counter negative environmental impact of industries nearby by
hybrid economy concept (Wenhai et al., 2019).

The market potential of macro-algae is huge with its increased de-
mand as food; component of food, cosmetic and medicine indicates
bioprospecting as another important driving agent. As current pack-
aging coatings are based on petrochemical derived waxes and polymers,
the food packaging sector is dwelling into alternative reliable and sus-
tainable coating product (Furopean Commission, 2014). PLANTPACK
project is involved in developing eco-friendly food package coating
product made from seaweed extracts and starch, which will be applied
to paper and cardboard in the form of a spray (European Commission,
2014). Other projects to develop medicine and flavor ingredients from
seaweeds are being spawned throughout the globe. Benefits of seaweed
farming are highly economical if done pertinently and serve as major
carbon sinks for the coast carbon cycle indicating blue carbon as back-
bone of sustainable blue economy (Fig. 3).

(i) Hybridization of green and blue economy

Introducing and hybridizing green economy measures to the ocean
economy for improving the current and future economic and societal
values of the oceans could be novel approach to address key ocean
economy challenges. A demo project called “The Macro-algae Bio-
refinery” funded by Danish Strategic Research Council (Innovation
fund), proposed off shore macro-algae cultivation by utilizing land-
based emissions of air and surface water (Seghetta et al., 2016a). With
expansion of bio-based production, the concept indicated scope to
restore climate balance through circular resource management by
hybrid economy. In a comparative life cycle assessment of Saccharina
latissima for 208 km? area off shore cultivation with average produc-
tivity of 150 mg/km? researchers reported net reduction in aquatic
eutrophication levels of 32.29 kg N eq. and 16.58 kg PO43—eq. per mg
(dry weight) of seaweed for bio-fertilizer and bio-waste system,
respectively (Seghetta et al., 2016b). With expansion of current bio-
refinery for extraction of multiple products like bioethanol, liquid fer-
tilizer and protein-rich ingredient for fish feed, this sea grown crop can
be potential resource on the green market in agriculture. Similar to the
above project multiple-product bio-refinery technologies for production
of high wvalue specialties could be possible by coupled
agriculture-aquaculture innovations Fig. 1. Implementing principles of
green economy to overcome all the challenges in various ocean based
sectors has further brought ocean economy towards sustainability. With
further improvement in policies and increased research towards blue
economy, this amalgamation of green economy with ocean economy can
ensure increase in economic development along with environmental and
social developments Fig. 3. Additionally, studies and projects aimed to
improve the understanding of carbon sequestration in coastal and ma-
rine ecosystems are required to identify options for the incorporation of
hybrid economy into policy and management for sustainable ecosystems
preserved for future generations.

(iii) Integrated cultivation of marine flora and fauna: A Novel bio-
logical blue market

In sea (blue) environment, all biological organisms live together
harmoniously and depends on each other for their food and habitat.
Over exploitation of this natural resources affect the nature which
eventually affect sustainability of market. Farming of non-competitive
and economically important micro-macro algae together can increase
the value of both biomass with overall reduction in cost of land, culti-
vation practices and processes. During downstream processing, for
instance, lipid and protein rich microalgae can be extracted along with
carbohydrate and mineral rich macro algae and then isolation of cell
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wall, liquid bio fertilizers, stimulants will be a(n) unique blend of bio-
refinery approach and also serve as raw material for many industries.
In addition, seaweeds like Gracilaria and Ulva species were cultivated in
raceway ponds with paddle wheel to support abalone (Sea snail) pro-
duction in South Africa (FAO, 2018). Integrated farming of micro and
macro algae in raceway ponds will support the aquaculture system year
around and will valorize the blue economy. Additionally the industri-
alization of integrated cultivation of macroalgae and microalgae can be
used to generate highly potent bioactive compounds for treatment of
infectious diseases. For example, griffithsin extracted from Griffithsia
and sulphated polysaccharides derived from Saccharina japonica have
antiviral properties against retrovirus iodine rich Sarconema and
Asparagopsis taxiformis to control goiter are few seaweed based phar-
macological products which can be valorized for revenue generation
(Kwon et al., 2020; Lusvarghi and Bewley, 2016). In another way,
integration of microalgae or macro algae with carnivorous fishes or
other aquatic animals will double the income of sea farmers and could
support the SDG 15 appropriately (Ahmad Ansari et al., 2020).

6. Conclusion & recommendations

The scope for business activities including industrial expansion on
and around the sea are enormous. Aquaculture, fisheries, minerals
extraction, medical or pharma industry, transportation and tourism are
some of the long known business endeavors on and around the sea.
Moreover, biological blue economy market involving marine organisms
like microalgae and macroalgae requires more attention to achieve
profitable commercialization. Apart from individual development for
biofuel, feed etc., productions, coupling of two or more biological
components (e.g microalgae + macroalgae) can create multiple product
chain which needs to be explored by coastal industries to build resilience
of ocean ecosystems as a whole Exploiting blue economy reservoirs for
green economy and developing green economy in the blue world
economy thus will bring best of both worlds, utilizing marine resources
for world economic development, without exploiting the environment.
This paper highlighted challenges of green and blue economy and pre-
sented integrated routes to meet economic gap under the sustainable
environment and economic equity in relation to the UN’s SDGs. To
achieve the sustainable targets, multi government commitment with
developed financial innovations is required for integrating ocean and
terrestrial solutions into a comprehensive climate change policy. The
above scenario will be helpful to yield higher economic growth than
traditional investments for the environment under sustainable devel-
opment and due to this the greenhouse gas emissions will be fall by one
third from the current levels. This study provides preliminary frame-
work intended to explore research and economic opportunities of ocean
economy. Based on enormous scope for bridging green and blue econ-
omy, the study recommend to explore (i) smart innovations in coupled
terrestrial-marine cultivation (ii) realistic approach to operationalise
marine renewable energy (iii) aligning socio-environmental goals with
coastal urbanization (iv) efficient infrastructure for bioprospecting un-
explored marine biodiversity. The review encourage the execution of
transdisciplinary projects for sustainable use of ocean by industries,
scientists and local communities and promote pragmatic approach to
meet sustainable development goals.
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