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Abstract: The rapid growth of aquaculture production has required a huge power demand, which is
estimated to be about 40% of the total energy cost. However, it is possible to reduce this expense
using alternatives such as renewable energy (i.e., solar energy) instead of non-renewable energy.
Solar energy is one of the cleanest energy sources and is touted as a potential renewable energy
source for the world with benefits such as reducing CO2 emissions, reversing global warming by
being eco-friendly, and bringing innovation to sustainable aquaculture and potential cost-efficiency
for manufacturing. In this review, we present an overview of using non-renewable and renewable
energy sources for aquaculture by reviewing several articles and applications of solar energy at many
companies in the world. Moreover, this review shows potential and future trends using solar energy
for aquaculture.

Keywords: solar energy; renewable energy; aquaculture; future; potential; energy for aquaculture

1. Introduction

Aquaculture plays a vital role in the world of food economy, and supplies 43% of
aquatic food for human consumption [1]. There are many aquatic species cultured for
commercial use, including fish, crustaceans, mollusks, and others. It supplied about USD
31.94 billion in 2019 with a healthy growth rate of more than 7.1% for the forecasted period
of 2020–2027 [2]. According to the FAO 2020, world aquaculture production reached
another record high of 114.5 million tons in live weight in 2018, with a total farmgate sale
value of USD 263.6 billion [3].

Mainstream energy sources are used for aquaculture, including oil, diesel, and fossil
fuel. The energy cost and matched implications for carbon emission of aquaculture activities
are drawing much attention [1]. Tyedmers and Pelletier [4] demonstrated that energy
dependence was related to aquaculture production intensity. This depends on the energy
input in the production and feed delivery for activities on a farm, which can range from
zero up to an estimated 3 kWh/kg. Electricity is generated for land-based farms from
the central grid, and diesel and fossil fuels are used on cage-based farms. Based on the
intensity of energy for aquaculture by regions, it is showed that Europe and Central Asia
has the highest energy intensity with 0.032 TJ/ton, followed by others. The high energy
intensity accounts for a large percentage of intensive culture or land-based system [5].

In particular, in the marine aquaculture sector, requirements are in place for energy
used for several devices, such as water pumps, aeration systems, light, machines, fridges,
ice production, etc. For the offshore culturing sector, energy is supplied for feeder machines,
fridges, freezers, devices for staff in terms of culture (lights, televisions, air-condition/fans),
aeration system, and others [6].
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The energy requirement of 60% the world primary energy from 2002 to 2030 increases
annually by 1.7% per year [2]. According to the organization for Economic Co-operation
and Development (OECD), this requires 4.4 tons of oil equivalent annually per capita in
developed countries [7] and other developing countries are catching up. Coal, petroleum,
and natural gas are fossil fuels in the forms of the present primary sources of energy.
The fluctuation of oil price affects the energy sector [6]. The energy industry cannot
continue sourcing energy from fossil fuels long-term. However, worldwide energy demand
continuously increases. Statistics showed that total global carbon emissions are equal to
the total for all previous years, with fossil fuel making up more than 80% of the primary
energy mix for each energy sector over the past 27 years [8].

Within the past 30 years, greenhouse gas (GHG) emissions have been increasing,
accounting for 60% of the total GHG presently. The percentage of carbon dioxide emissions
from coal, gas, and oil is estimated to be 44%, 20%, and 35%, respectively, together with big
amounts of other GHG emissions, such as methane and nitrous dioxide [6]. According to
the National Oceanic and Atmospheric Administration (NOAA), CO2 emissions from fossil
fuels are the main factors causing climate change [9]. That is a big issue which concerns to
the world.

One of the cleanest energy resources is solar energy, which is friendly to the environ-
ment and does not cause global warming. It is used instead of oil and coal [10]. Solar energy
comes in the form of electromagnetic radiation, emitted from the sun. This electromagnetic
radiation is converted into usable thermal or electric power with the aid of mechanical
equipment [11]. It is used to provide energy for solar home systems (such as electricity
for lighting, televisions, washing machines, and other appliances), cooling systems (air
conditioning), and water heater systems with photovoltaic technologies [12]. Currently,
there are many countries in the world that have installed solar power systems as alternative
energy, such as China, Taiwan, South Africa, United States, Australia, etc. [13].

Presently, solar photovoltaic (PV) modules and concentrated solar power (CSP) are
the two kinds of main solar technologies. The principal of PV operation is that the PV
cell absorbs sunlight and then transforms it into electricity by the movement of atoms.
However, CSP focuses the sunlight onto a mirror and then transfers it into steam to move a
turbine, which generates electricity [14].

PV (photovoltaic) is made by several PV devices. A PV device is considered to be a
PV cell, which can transform solar power into electricity using semiconducting materials.
With the interconnection among cells, the PV module is formed. The PV system has several
parts, including inverters, batteries, electrical components, and mounting systems. Each
PV system is linked to another to increase the capacity of electricity from a few Watts to
100 kW [13,15,16]. There are many different kinds of PV modules recently produced, based
on PV cell semiconductor materials. Each PV module has advantages and disadvantages
for applications. Therefore, the kind of PV module is chosen depending on the target
application [17,18]. Many kinds of PV systems have been recently used, such as rooftop,
canal top, offshore, and floating PV systems [19].

Concentrated solar power (CSP) technologies can produce electricity through concen-
trating sun radiation to heat a steam turbine, which can generate electric power. Recently,
several CSP technologies have been improved. For example, a transfer oil or circulating
molten salt is circulated through the steel pipe, where it is heated [14]; circulating molten
salt is an effective material because it can be stored several days before generation into
electricity. That means electricity can be generated in days without sunlight or during
nighttime [20,21]. Generally, there are three different CSP technologies to heat the medium
have been used recently. These are trough systems, power tower systems, and engine
systems [22,23].

Solar energy is also one of the energy sources for aquaculture in many countries in
the world, including China, America, Canada, Germany, Korea, and Vietnam. It is applied
for the culturing of many aquatic species, including fresh water, seawater. For instance,
photovoltaic power is used for the aeration of fishponds, and new energy technologies are
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applied for marine fish hatchery production [24–31]. Moreover, solar-generated electricity
provides off-grid aquaculture potential [31].

In this paper, we present the status of energy used in cultivating different aquatic
species in intensive, semi-intensive, and extensive systems with various culture-raising
technologies in several countries. From that point, we survey the status of solar energy used
in aquaculture. From this, we offer an overview of potential and future trends to develop
more renewable energy for aquaculture in a sustainable way. A brief diagram of this review
is presented in Figure 1. The strategy of this review is presented as follows: (1) the status of
energy used in aquaculture; (2) the status of solar energy for aquaculture; (3) the potential
of solar energy for aquaculture; (4) the future of solar energy for aquaculture.
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2. Overview of Solar Energy for Aquaculture
2.1. Status of Energy Used in Aquaculture

The more that aquaculture production has dramatically increased, the more intensively
energy has been consumed, especially from non-renewable sources. As the price of energy
increases, it strongly impacts on aquaculture industry activities, which may reduce food
security at the local, regional, and global level [18].

In aquaculture, energy intensity depends on cultured species, scale, system, tech-
nology, production, and local conditions [32,33]. Many studies have been conducted to
determine the energy intensity used in different culture systems with various aquatic
species. Toner and Mathies [34] conducted an experiment to estimate the energy consump-
tion for three inland aquaculture sites—a farm for Pacific oyster, a farm for rainbow trout,
and a farm for marine fish grown under recirculation. The results showed that energy
production for a Pacific oyster farm is equal to energy consumption for a family. On the
other hand, the most power is used for purification systems, and then the pond aerator with
33.6 kilowatt-hours (kWh)/week, and 15.4 kWh/week, respectively. The most power is
used for the aeration system (23.8 kWh/week) and recirculation system (13.440 kWh/week)
in the farm for rainbow trout and for marine fish, respectively.

Aquatera [35] took account of the energy consumption and sites for aquaculture. This
research was conducted for a freshwater aquaculture system; however, the obtained results
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can be used as a good sample for other water resources. There was discussion to find out
and supply input techniques for an offshore aquaculture position using a combination of
electrical and physical elements as well as others, including energy storage and backup to
account for the fluctuation of wave resources. More detail can be found in a review which
conducted by Fiander et al. [36]. The energy demand cycle lasts between two and three
years in a fish farm. It depends on production biomass and the production cycle stage [36].
The most energy consumption in a fish farm is not related to marine energy resources
according to season. When choosing the position for aquaculture, the ability to supply
energy in each season should be considered, as it may decline somewhat as a consequence
of a combination between marine energy resources and energy storage systems.

For more detail, Table 1 shows the use of energy in aquaculture for more than 10 years,
year-round. The table shows that most studies were conducted in a semi-intensive and
intensive system. Re-circulating aquaculture system (RAS) had higher energy consumption
than others. Ayer and Tyedmers [37] investigated the intensity of the salmon culture system
with net-pen, flow-through, land-based, and RAS techniques. Pelletier et al. [38] also
studied the energy input in intensive systems in different countries for salmon production.
Pelletier and Tyedmers [39] also conducted an experiment to consume energy for intensive
cultivated tilapia in land-based farms. Heeb and Wyss [40] studied energy consumption in
RAS for tilapia production. Costa-Pierce [41] researched salmon, oysters, and shrimp in
different culture systems.

Table 1. Energy used in aquaculture.

References Species System
Intensity Culture Technology Energy Intensive

(MJ/kg Production)

Ayer &
Tyedmers

[37]

Salmon Intensive Net-pen, marine 27

Salmon Intensive Flow-through, land-based saltwater 98

Salmon Intensive Re-circulating, land-based freshwater 353

Salmon Intensive RAS 92

Salmon Semi-intensive Flow-through 48

Salmon Semi-intensive Floating bag system 6

salmon Semi-intensive Net pen 3

Pelletier
et al. [38]

Salmon Intensive Canada 31

Salmon Intensive UK 48

Salmon Intensive Norway 26

Heeb &
Wyss [39]

Tilapia Intensive RAS 772

Tilapia Intensive RAS 570

Eding et al.
[42] Tilapia Intensive RAS 19

Aubin et al.
[43]

Turbot Intensive RAS 281

Trout Intensive Flow-through Raceway 68

Seabass Intensive Cage 49

Gál et al.
[44]

Catfish, tilapia, carp, mussel Intensive Pond 78

Catfish, tilapia, carp Intensive Pond 37

Catfish Intensive Pond 68

Catfish, tilapia, carp, mussel Extensive Pond 30

Catfish, tilapia, carp Extensive Pond 27

Catfish Extensive Pond 32
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Table 1. Cont.

References Species System
Intensity Culture Technology Energy Intensive

(MJ/kg Production)

Catfish, tilapia, carp, mussel Extensive Pond 10

Catfish, tilapia, carp Extensive Pond 9

Catfish Extensive Pond 10

Carp Semi-intensive Pond 23

Carp Semi-intensive Pond 48

Pelletier and
Tyedmers

[39]
Tilapia Intensive Lake-based 18

Costa-
Pierce,

[41]

Salmon n/a Tanks 45

Oysters intensive Cage 586

Shrimp Semi-intensive Pond 40

Catfish n/a Pond 84

Tilapia Semi-intensive Na 60

Mussel n/a Longline 1

Trout intensive Cage 40

Tilapia Semi-intensive Pond 40

Carp intensive Pond 40

Cao et al.
[45]

White-leg shrimp
Litopenaeus vannamei

Intensive
Ponds

62

Semi-intensive 34

Iribarren
[46]

Galician mussels (Mytilus
galloprovincialis) Extensive Rafts 3

Winther
et al. [47]

Blue mussels (Mytilus
edulis) Extensive Longline 3

Meyhoff Fry
[48].

Blue mussels (Mytilus eduli) Extensive Longline 1

Oysters Extensive Bag and trestle 4

Kim et al.
[49] Tilapia Semi-intensive RAS (aquaponics) 16

Kim et al.
[49] Red drum Intensive RAS 81

Boxman
et al. [50] Red drum Semi-intensive RAS (aquaponics) 25

2.2. Status of Solar Energy Used in Aquaculture

Presently, using solar energy in aquaculture has been increasing because of the benefits
of low operation cost, long life-cycle, environmental friendliness, no CO2 emissions, and
low soil contamination [51]. There are several applications of solar energy in aquacul-
ture [11,52], such as solar power generation, solar aerators to oxygenate the water, solar
feed dispensers, solar pumps, and solar water heat systems [53].

The aeration of water when rearing aquatic species, especially white-leg shrimp
and fish in intensive systems, increases oxygen levels, which contributes significantly to
productivity. Applebaum et al. [24] constructed an aeration system using photovoltaic
power to generate electricity for driving a paddle wheel to maintain a dissolved oxygen
level for fish in ponds. It was the first photovoltaic aeration system in Israel. They built the
system with a photovoltaic array, electric motor, gear system (a 13:1 ratio with a paddle-
wheel speed of 144 rpm), paddle wheel, battery, and charge controller. They obtained



Energies 2021, 14, 6923 6 of 20

results in which the dissolved oxygen level was kept safe in the fishpond (2 ppm or greater).
This system demonstrated that the operation of an aeration system at night could reduce
the required size of the photovoltaic system, enabling an economical design. Another
aeration system was designed by Prasetyaningsari et al. [54] to supply electricity for an
aeration system in fishponds in Indonesia. They used a solar PV of 1 kW, 8 batteries of
200 Ah as an electric storage container, and an inverter at 0.2 kW. The harvested electricity
supplied not only aeration but also indoor and outdoor lighting. The result showed
that COE (cost of energy) was about 0.769 $/kWh, which is economically most effective.
Tanveer and Mayilsamy [23] proposed a solar-powered aeration system for aquaculture
farms. The constructed system included PV solar panels (up to a maximum of 100 kW),
DC converter (convert to 120 VAC or 240 VAC), solar batteries, an aerator (paddle wheel or
spiral type), and a power meter. The Figure 1 shows how the PV panel absorbs solar power
to generate electricity. The inverter is a tool to convert direct current (DC) from the battery
to alternating current (AC). The battery is the tool to store the electricity in the form of a
chemical reaction. A power meter is used to check the power consumed by the system. The
whole system is shown in Figure 2. This is an efficient approach for farmers, from whom
there is demand to apply this system for their farms.
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Figure 2. Solar-powered aeration system in an aquaculture pond.

Liu et al. [55] designed a machine to regulate and control water quality in freshwater
fishponds using solar power as the main energy for operation. The machine can walk on
water to collect the sludge from the bottom of ponds. The power supplied for the system
came from two photovoltaic panels (1.6 m × 0.8 m), a power output of 24 V, and a DC
motor. The system is shown in Figure 3 [11,52].
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The light controller, lifting device, walking mechanism, and stabilizer are provided by
a total of 250 W of total solar power. The designed machines on water have a capacity of
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13,000 Lx of illumination and 0.02–0.03 m/s of its stable speed on the water. The sediment-
lifting device runs at 0.13–0.35 m/s, and water delivery capacity is 110–208 m3/h for
13,000–52,500 Lx of an illumination. The machine may work well in ponds at different
water depths, with a distance of sediment-lifting device to the bottom being 0.5–2 m to
10–15 cm. The machine’s efficiency of operation can reach 80%.

Hendarti et al. [56] studied the required illuminance, floating net cage structure, and
types of solar panels that affect the growth of grouper. The results showed that 200 and 1150
lux is the suitable illuminance range to grow grouper in a cage. In addition, a transparent
solar cell film is the most appropriate PV panel, compared to a panel with transparent solar
cells and a panel that is fully covered with solar cells (Figure 4).
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Figure 4. Experiment for choosing a suitable PV panel for grouper growth in a net cage.

Solar power has recently increased in aquaculture in developed countries as well
as in developing countries. Kirihara et al. [57] studied the work being done to adapt
renewable energy for horse mackerel and create a sea cucumber cultivation system in Japan.
The energy in this system can be maintained a cultivating environment for fish and sea
cucumber to live well in a suitable environment. The proposed energy system includes a
solar panel, small wind-power generation, and batteries. The energy enables an air supply
pump to maintain the water quality in cultivation systems. The brief system is presented
in Figure 5 with a monitoring and preservation system, in which batteries are connected to
a small wind-power turbine and solar panels to provide electricity for an air pump and
other tools for aquatic species and to monitor the water quality in the fishing port.
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Figure 5. Concept of system in a fishing port.

Nguyen et al. [58,59] obtained economical production and reduced GHG emissions in
a sustainable energy model for shrimp farms. Solar energy is used to operate the aeration
system in shrimp ponds. The system built on shrimp ponds includes small wind turbines,
photovoltaic arrays, a battery, an alkaline electrolyzer, PEM (proton-exchange 8888) a fuel
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cell, storage systems for oxygen and hydrogen, a micro-bubble generation system, a water
treatment system, and an associated load at the shrimp farm (Figure 6).
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Figure 6. Designed system applied to shrimp ponds.

Electricity is generated from wind turbines, solar panels, a battery bank for energy
storage, a diesel generator, and grid-connected operation modes. The electricity is supplied
for lighting, water pumps, wastewater treatment systems, and alkaline electrolyzer. The
alkaline electrolyzer provides pure oxygen as a micro-bubble generation system before
feeding a shrimp pond. The results showed that a wind system and PV arrays are the
suitable renewable energy sources for improving the DO concentration in a cultured pond,
saving power costs, reducing operation cost and decreasing the amount of CO2 emissions.

Tous-Zamora et al. [60] proposed an aquaponic system for a single family using
solar power to introduce sustainable farming in underdeveloped countries. The solar
power includes PV panels, a PC-AC battery system, and an inverter. The generated power
consumption was enough for 5 pumps, an aerator, a UV filter, and LED lights. The total
generated power was 24.204 Wh/day. The system could operate 7 days a week, 24 h a day,
with estimated periods without sunshine. The RAS system (Figure 7) uses solar power as
its main energy and is designed by Dedy Kurniawan [61]. The RAS consists of a culture
tank, filter, biofilter, aeration system, and recirculation pump. The electric power required
to operate this system comes from solar energy with solar cells.

Babiyola and Selva [62] built a system used for aquaculture including a way to develop
solar photovoltaic polycrystalline solar panels covering an area of 8000 sq. ft. This type
of panel generates pure direct power that generates electricity for the aquaculture field.
A DC-to-AC converter and dual-input inverter was combined into a fuse box. Using an
inverter output connected to the export–import meter line, this renewable energy output is
directly connected to the distribution power supply lines for the aquaculture sector and
reduces fossil-fuel consumption. In addition, the solar grid power plant system was used
to generate electrical energy on site. The on-the-grid solar power plant consists of solar PV
modules, one or more inverters, and grid connection equipment. Here, solar PV modules
are used to generate DC electrical energy, and the grid tie inverter is used to convert DC
electrical energy to AC electrical energy (Figure 8) [62].
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Cornejo-Ponce et al. [63] proposed a system for culturing shrimp in a river using
solar power. There is a trend to develop aquaculture in a sustainable way in Camarones, a
village in Chile with a recirculation aquaculture system. The system includes three main
parts—solar power treatment plants, an aquatic recirculation system, and photovoltaic cells.
The photovoltaic plant generates electricity from solar power and distributes electricity for
the integrated aquatic recirculation system. An estimated 9 m3 per day of treated water
and 1 m3 per day of liquid waste were produced by the solar water treatment plant system.
For the first cycle, the treated water supplied trout and shrimp ponds, and then the water
began flowing and passing through a filtration system. All the system and its directions
are shown in Figure 9 [63]. One of the main goals of this study was to install a solar power
system to provide energy generation for all equipment on a farm.
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Lately, solar power has become the generated power source of choice for the aqua-
culture industry. Many fisheries, private companies, and aquaculturalists have applied
solar power to generate electricity for their farms in many countries. Energy is the costliest
factor in aquaculture, so solar power is an excellent solution to solve this problem and
boost sustainability. However, there are many challenges for using solar power according
to many aquaculture companies [64].

A solar power station of 200 MW capacity has been deployed for several fish farms in
eastern China’s Cixi City, Zhejiang Province. The biggest PV solar plant, which has about
300 hectares of solar panels, can supply electricity for 100,000 households. The fishery
expects to achieve annually about RMB 240 million from the fish farms when there is a
combination between solar power and national grid. It must be sure to maintain proper
space between solar panels to ensure enough supply of sunlight for the development of
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fish in culture systems. In addition, using PV panels to cover the culture systems (pond,
tank) makes for shade that can gradually reduce the water temperature on a hot day. This
is helpful for fish growth [65].

In Taiwan, solar panels have been installed above a giant 60-hectare fishpond. Under
the prerequisite that the solar photovoltaic cells do not change the landscape, building
such a facility equipped with AI technologies on a large fishpond to co-develop fisheries
and electricity serves government policy and will create a niche for fish farming, green
energy, and a clean environment [66].

Vietnam is one of the biggest shrimp exporters in the world, and farms are usually
located in remote off-grid locations. Aquaculturalists must operate their culture activities
using expensive diesel power generation, partially or fully. Moreover, national electricity
is not enough to supply all farms. Therefore, the Frauhofer Institute for Solar Energy
supports PV’s potential to solve the energy demand issues of land-based aquaculture
systems. The project is designed to explain the dual technical and commercial feasibility
of solar power generation in commercial aquaculture. The Frauhofer Institute announced
that a one-megawatt pilot plant may cut CO2 emissions by about 15,000 metric tons each
year and cut water consumption by 75% compared to a conventional shrimp farm. In
addition, PV panels cover the water’s surface, which will help reduce water evaporation
and protect aquatic species from predatory birds [67]. Moreover, in the Bac Lieu and Ca
Mau Provinces, with 5 hectares and 0.3 hectare of commercial shrimp ponds, respectively,
the solar-constructed systems, which include two photovoltaics (85 Watts each) with
2 batteries of 12 V DC, supplied energy for a 120-Watt aeration, lights, a transformer, and a
pump. Figure 10 shows model of PV panels applied in Vietnam [67].
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In Bangladesh, solar-power-driven aeration and circular water current systems are
used in shrimp farming. They developed aeration technology power to maintain a dis-
solved oxygen level of 5–6 ppm and to create water circulation to solve problems common
to cultured shrimp in a semi-intensive area. For instance, low productivity from shrimp
deaths (mortality rate of 60–80%) resulted from insufficient dissolved oxygen, with a lack of
grid electricity in most of the shrimp-producing areas, which consist of 200 semi-intensive
shrimp farms with 2000 operating ponds [68].

In Canada, D’Eon Oyster Co. solved their problem in the oyster culture system after
they adopted a solar-powered system. Since the location in which they cultured oysters
has fluctuating tides and long-lasting low tide, it is hard to collect cultured oysters. At
the same time, much human labor is required for harvesting and transportation stages. In
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cases of low tide, the workers spend much time waiting to do other processes. To solve the
above problems during culture oysters, solar power has been deployed with 8 PV panels
and an energy storage system. The generated electricity can supply power to install more
equipment/machinery (a tumbler and a shaker table) which reduce human force. The
battery capacity can store enough energy for 3 days without sunlight (Figure 11) [64].
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In Egypt, because the cost of fuel and maintenance has been increasing, solar power
has been seriously considered and can be used for aquaculture due to its advantages [69].

2.3. The Potential of Solar Energy Used in Aquaculture

Solar energy has the most potential for renewable energy among natural resources
since it comes from thermal radiation emitted by the sun [70]. According to Mahesh and
Shoba Jasmin [71] and Liu et al. [72], solar radiation produces about 1000 W/m2 within
a few hours in clear conditions at noon in full sunlight. Solar energy’s potential output
ranges from 1575 to 49,837 EJ/ year. Furthermore, 450 billion kWh/year of renewable
energy could be produced by 2030, and an estimated 4572 TWh of electricity generated by
PV would be reached by 2050 [73–75].

At the same time, the market of PV solar is 12% (the equivalent 115 GW) of a total of
627 GW. In Honduras, solar power plants gained 10.7% of total solar energy generation,
which is comparable to many other countries such as Italy (8.6%), Greece (8.3%), Germany
(8.2%), and Chile (8.1%). It is possible to match the world energy demand of 2.8% of global
electricity generation by the end of the year. Currently, Africa and Asia have continuously
increasing PV solar plant projects [76].

In particular, the potential for solar photovoltaic aquaculture or aquavoltaic ecology
was found to be promising [31]. Solar photovoltaic (PV) power generation is growing
fast around the world, and is expected to account for 30–50% of electricity generation by
2050 [77]. According to Solangi et al. [10], summarized in Figure 12, by 2030, with expected
development and installation of PV electricity in many countries such as the US, Europe,
and Japan, it is an optimal future power source for aquaculture.

In addition, several countries all over the world have set public policies to develop
their renewable energy sources, specifically solar energy. This is an immense opportunity
for the use solar energy in agriculture as well as aquaculture.

For instance, solar power could account for 10% of the US’s power needs by 2025.
A published research report by Clean Edge as well as by the nonprofit Co-op America
projects that nearly 2% of the nation’s electricity was derived from concentrated solar power
systems, while solar photovoltaic systems would supply over 8% of the nation’s electricity.
These figures amount to nearly 50.000 MW of solar photovoltaic systems and more than
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6600 MW of concentrated solar power [78]. In Canada, the government is keen on the
expansion of the distributed generation of renewable energy, especially roof-mounted
photovoltaics [79]. Ontario is one of the most important regions for the development of
solar energy applications, including a potential 30 GW from viable solar areas on rooftops
and over 90 GW from land-based solar farms on marginal farms [80]. Although Germany
is one of the lead markets for solar power in the world, it still accounts for a small amount,
with 4% of total electricity generated from renewable sources. Spain has shown that solar
energy plays a vital role in the future of renewable energy. Spain has also become one of the
leading counties in terms of applications, expertise, and development of new technologies.
Solar PV is being implemented at a large scale, ranging from 10 MW to 30 MW [10].
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For some countries in Asia, the potential of solar energy for generating electricity
is very high. The cost of PV power generation will likely decrease supported by energy
policies, enabling solar power generation to be applied at large scale with huge produc-
tion capacity [81]. Pakistan is pursuing potential solar energy to provide electricity for
agriculture. This is an excellent and sustainable energy source that interests the Pakistan
government. The country’s location makes it capable of sun irradiation of 200–250 W/m2

of average global irradiation, or 6840–8282 MJ/m2 [82].
In Malaysia, the rough estimation of RE potential has been demonstrated in the

long term. Malaysia’s hydropower and solar PV production are undertaken without RE
achieving the highest potential due to its geographic features of large rivers, huge amounts
of sunlight, and being a tropical country, which are advantages for the installation of
PV/FPV panel plants (Figure 13) [83].

Figure 13 shows the photovoltaic power potential in the world [84]. In the world, the
value of 2.100 kWh/kWp is a noteworthy breakeven point annually. A world map with the
annual value of photovoltaic power potential in kWh per kWp is shown below. Figure 14
shows that only the brown areas reach this value [84].

2.4. The Future of Solar Energy Used in Aquaculture

Use of renewable energy for cultivating aquatic organisms is an excellent innovation in
sustainable aquaculture. It is a proven eco-friendly innovation for enhancing aquaculture
without damaging natural aquatic ecosystems. In addition, the cost of production can
be directly reduced by producing more energy at scale and at cheaper cost. Efficiently
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produced energy can be used for aeration, feed dissension, water pumping, and light
sources [11]. The demand for energy for aquaculture will increase from 4600 million GJ to
10.700 million GJ because of the high demand for fish need by 2050 [85].
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FPV (floating photovoltaic) systems are built out of same PV panels as land-based PV
systems, but the modules float in water, mainly suspended on floats and tethered to land.
An FPV plant can be installed in different water bodies inland (e.g., dams/reservoirs; lakes,
lagoons, canals) as well as offshore (ocean) [86]. The importance of FPV is predicted to rise
even more with potential offshore ocean applications besides fish farming, including water
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desalination, shipping, data-center cooling, and even hydrogen production [84]. This is a
future sustainable energy that will provide electricity for open sea culture systems in the
aquaculture industry.

The main motivation of FPV is land premium, especially for agriculture. However, for
future-oriented concepts, this will be applied not only in freshwater synthetic reservoirs
but also in marine and large lacustrine sites. The World Bank [87] estimates a potential of
400 gigawatts (GW) to be produced from FPV worldwide. FPV has been installed with
a capacity of 1100 Megawatts (MW), with China leading the global market followed by
Japan and South Korea [88] as of mid-2018.

A project conducted in Singapore’s open seas is an example (Figure 15). Singapore
has already launched the world’s largest floating PV which has been tested on the Tengeh
reservoir in Tuas with a total installed capacity of around 1 MWp. The goal of this test was
to study the technical, economic, and environmental feasibility of conducting large-scale
floating PV systems, usually mounted on a floating pontoon structure [89].
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At the same time as fish aquaculture continues to grow and intensify worldwide,
photovoltaic-based aquaculture can also exploit the potential approach outlined here. Solar
power plants generate electricity that supply most aquaculture activities, for instance
aeration systems, water pumps, and water purification systems, therefore sustaining the
aquaculture [86].

There are several models that apply solar power to provide energy for different
purposes in aquaculture and agriculture, such as electricity for evaporating fishponds to
make fresh water, a process called desalination, for watering plants. This model is designed
for land but can be adapted to operate on the ocean. There are some sample models that
can be expanded and applied at scale in the near future; see Figure 15.

Meanwhile, Figure 16 shows a design as a sample system that includes three main
parts or units as follows: (1) a PV panel to absorb solar irradiation to transfer into electricity;
(2) a device for desalination; (3) an agriculture farm that can be irrigated by water after
desalination. The obtained fresh water can be used to water target plants. It is a smart
system that can be installed on an island. Another example is a culture system deployed for
milkfish ponds [90]. This is a good example of applying FPV in aquaculture to overcome
the disadvantages of installing a PV system. However, they suggest that it should be
installed over 60% of the pond area to ensure optimal environmental conditions in the
culture system; see Figure 17 [91].
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3. Conclusions

Many projects using solar energy for aquaculture are increasingly pursued in several
countries because of its benefits. Solar power has the most potential of renewable resources.
It is sustainable and hard to change by the weather or the season. It can be generated by
two main kinds of technologies—solar thermal and solar PV—for several implementations.
It is noted that solar energy is not just relatively simpler but also much more eco-friendly
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compared to fossil fuel or coal power generation. With the global demand for energy
consumption increasing yearly, switching to renewable solar energy is a viable solution.

Solar energy for aquaculture is a potential renewable energy source of the future. It
has already provided sustainable electricity. Many countries have looked to sustainable
energy alternatives beyond non-renewable resources, in particular solar PV technologies
including PV, FPV, and CSP. It has excellent and promising potential for improving aqua-
culture systems located on the ocean and islands off the national grid. Electricity, which is
generated from a PV solar panel, can be supplied for fish, horse mackerel, sea cucumbers,
shrimp farms, floating and cage activities including aerators, water pumps, and other
devices (light, fridge, and fan). This is an effective and sustainable solution to decrease the
cost of production in aquaculture in different countries in the world such as China, Taiwan,
Indonesia, Malaysia, Canada, Bangladesh, and Vietnam. On the other hand, the site of
aquaculture is often off the national grid, e.g., for cage systems offshore or a long distance
from the national grid. Therefore, it is necessary to use PV solar power in aquaculture.

In the future, energy prices will further decrease thanks to increased production of
renewable energy components at scale. The supply and availability of components on
the market is essential, so various components and options are very sensitive to energy
prices. However, by decreasing the cost of solar panels, it will be possible to expand the
potentially usable fields across many countries.
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