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Abstract: Higher energy efficiency and lower environmental impact have become very important
aspects in the evaluation of the design and operation of technical systems. The same goes for the
fish farming sector, which continuously aims to reduce its environmental footprint as well as its
operating costs. This paper reviews the energy needs of the fish farming sector and their impact
on the environment, and discusses the possibilities of improving the environmental friendliness
of this sector by employing a higher share of renewable energy sources. The fish farming process
is divided into its constitutive phases: fish breeding with associated activities, transportation, and
handling of grown fish, together with relevant processes; and final processing and distribution to
the customers. For these phases, the energy consumption and associated emissions, depending
on the energy source, have been assessed. The parts of the process with the highest potential for
the integration of alternative powering options and consequent environmental improvements are
identified. The case study deals with the fish farming process in Croatia, for which a set of alternative
powering options has been proposed, considering the existing energy supply, i.e., import of fossil
fuels and current Croatian electricity mix, as well as renewable energy potential, which is reviewed
in the paper.

Keywords: mariculture; energy consumption; production; decarbonization; alternative fuels;
renewable energy sources

1. Introduction

Aquaculture is one of the fastest-growing food industries and represents a very im-
portant part of the human food supply. With population growth, demand for more food is
present. Aquaculture can be divided according to different criteria; the basic division is into
seawater and freshwater aquaculture, depending on the salinity of the habitat. Then, there
is a division into land-based, water-based, recirculating, and integrated farming systems [1].
Typical mariculture systems consist of cages, fishing vessels, and an onshore energy net-
work [1], while one production cycle lasts for approximately two years [2]. According
to FAO [3], world aquaculture production and capture of fish, crustaceans, and molluscs
reached 117.8 million tonnes in 2019. China is one of the largest consumers and producers
of fish products [1]. As the country with the highest CO2 emissions, it is developing a low-
carbon economy and controlling carbon emissions [4]. Aquaculture is extremely diversified,
with the FAO FishStat database identifying over 500 species cultivated globally [5]. It has
greater first-sale value levels than capture fisheries on average, but its high investment costs
and profitability are also highly sensitive to changes in fuel and energy costs [5]. Global
mariculture production is now ca. 40% of total aquaculture production, and in recent years,
about 75% of mariculture has been shellfish production; the remainder is finfish, including
high-value marine and brackish water species (e.g., salmon, bream) in intensive farming
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systems in cages and net pens [3]. Intensive aquaculture is usually carried out in tanks,
ponds, or open-water cages with a high stocking density, high water exchange and/or
oxygen management, and complete feed [5]. In general, higher-value carnivorous species
such as salmon, sea bass, groupers, eel, turbot, and cod are intensively farmed. The capture
sector needs to optimize operations, improve profit, increase fishing capacity, or improve
management of operating expenses to keep up with competitors [5]. The fishing sector
may differ in energy consumption, due to activities at sea, breeding, food preparation,
or processing. Different types of vessels are used in the fishing sector, like purse seiners,
trawlers, longliners, gillnetters, crabbers, and others, depending on the activity and the
purpose [5]. Based on that, the energy consumption is also different. Fuel is a substantial
expense for most fishing operations at all output levels. Its significance is determined
by the distance to the fishing grounds, fishing activity, and type, as well as vessel and
management considerations [5]. For example, in the aquaculture sector, it is lower than
in capture production due to the longer period fishermen spend at sea. Keeping in mind
inflation, aquaculture has to cope with higher maintenance and operational costs, so finding
economically acceptable and environmentally friendly methods is a priority [6]. Sometimes
capital costs might be higher, but in the long term, considering changes in price over the
year, some alternative methods are more acceptable [1]. Another factor to consider is where
the demand for aquaculture products is concentrated. Aquaculture seafood supply is more
focused on markets and supermarkets. For instance, 9 out of 10 Greek customers are aware
of cultured fish and 8 out of 10 have tasted such goods, with a predilection for sea bass
and sea bream, both of which are well known [6]. According to Iandoli and Cozzolino [6],
residents of major urban areas are systematic consumers of aquaculture fish. For exam-
ple, in Italy, a national socioeconomic study on employment and the level of reliance on
fishing reveals that the poor performance of wholesale auction markets and excessive frag-
mentation of distribution channels are the main weaknesses in the distribution of fishery
products [6]. Developing countries have a greater water/energy intensity (water/energy
consumption per unit of aquaculture production), which is most likely related to inefficient
farming methods, a low feed conversion ratio, and resource-intensive farmed species [7].
Northern countries have a high demand for frozen and processed fish. Processed seafood
products are consumed by specific consumers in a specific context where seafood demand
is solely based on tradition. In Mediterranean countries, demand for seafood is increasing,
particularly for frozen seafood, despite the fact that fresh seafood accounts for the majority
of consumption [6]. Mariculture is a prominent and rapidly growing sector that has the
potential to supply relatively low-impact, high-quality nutrition to millions more people,
but can also have lasting impacts on marine and coastal environments and socio-ecological
systems [8].

1.1. Environmental Impact of Fisheries

Sustainability is an important factor for aquaculture systems, with the goal of pro-
ducing seafood with a lower environmental impact and higher profitability. Progress in
the development of sustainable aquaculture leads to a reduction in dependency on wild
fisheries and a diversification of aquatic species [9]. To tackle the simultaneous challenges
of feed and energy demands, land and water requirements and consumer preferences
will be involved in rethinking aquaculture production with an integrated mindset [10].
Sustainability studies are presented in [9–11], but these investigations were mostly fo-
cused on general sustainability models, leaving out the importance of knowing the total
energy consumption of an aquaculture system. In Figure 1, different amounts of energy
consumption in the fishing sector types can be seen [5].
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Figure 1. Energy consumption in aquaculture and capture fisheries.

Troell et al. [12] analysed energy use in aquaculture farms, with a focus on industrial
energy, such as fossil fuels. Aquaculture fuel and energy inputs are more diverse than
in capture fisheries, where diesel fuel dominates the energy demand. This is especially
relevant to the production phase and the feeding process, which needs the greatest energy,
water supply, and water quality. Additional energy inputs to aquaculture operations
relate to either hatchery-produced juveniles or wild-caught juveniles [13]. Even if the
energy needs of an offshore aquaculture plant in terms of power or fuel for electricity
production are relatively low in comparison to other industries, they are critical for smooth
and continuous operations [12]. The majority of the power for land-based farms is likely to
be supplied from the central grid, for which the original energy source and transmission
efficiency can also be key factors in total energy accounting. In Figure 2, an example is
given from the FAO database [5], showing the ratio between fossil fuel and solar energy in
aquaculture production for the Scandinavian region. Simple mussel culture systems use
far fewer inputs and rely far more on solar/renewable energy inputs, principally through
photosynthetic inputs driving food chains.
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Figure 2. Ratio between fossil fuels and renewable energy sources in aquaculture.

Cage-based and other immersed/floating farm systems are powered by diesel or other
fossil fuels. A number of rational but sometimes subjective characteristics such as the
distance from the shore (for grid-connected systems) and the initial cost of equipment and
installation of small generators (for standalone systems) direct the power source choice [12].
Environmental studies like [2,14] considered the environmental impact, but also energy
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usage in the mariculture production process before the factory process. Furthermore, a
literature survey on the energy consumption and environmental impact areas indicates a
focus on GHG emissions from the fish metabolites, and energy used for food consumption.
The energy consumption index (kWh/kg fish) is a relevant parameter for Recirculating
Aquaculture Systems (RAS). It varies by species and RAS, since it is affected by elements
such as location and production volume, and, according to Badiola et al. [15], the energy
consumption index varies from 2.9 to 81.48 kWh/kg. Moreover, energy consumption, with
an emphasis on water usage, in the fish industry was analysed by Murali et al. [16]. Most of
the researchers analysed GHG emissions for trawlers, purse seiners, or other fishing vessels
that are hard to compare with aquacultural working boats because of the different operative
profiles and technical properties. Sustainable food production has been characterized
as the sustainable management of resources and ecosystems in order to meet evolving
human requirements, protect natural resources, and maintain or improve environmental
quality [17]. Hancock et al. [18] illustrated a three-pillar model (environmental, economic,
and social) in an effort to consider issues of ‘health’ alongside sustainable communities.

Aquaculture has several direct effects on the environment, such as the negative effect
of fish farm waste and potential effects on endemic species due to introducing non-native
species or propagating diseases, and indirect effects related to the production of fish feed,
all of which have an impact on the environment [10]. In Figure 3, risks for environmental
damage at sea are presented. Greenhouse gas (GHG) emissions from the vessel engine
are various and in different amounts. For instance, marine energy demand results in NOx
emissions of 14–31%, SOx emissions of 4–9%, and global CO2 emissions of 2–6% [19].
According to Parker et al. [20], a major environmental problem in the fish industry is
fossil fuel combustion, leading to the harmful emissions generated by the vessels. Life
cycle analysis is usually used to analyse GHG emissions, but Pringle et al. [21] identified
various flaws in aquaculture LCA interpretation, including a lack of sensitivity analysis of
significant parameters and a lack of statistical analysis of results. Such studies are critical
given the usage of data of varying provenance and quality, as well as the growing use of
modelling throughout the inventory stage. The possible impact of fish farms on the marine
environment, especially on the seabed, comes from the organic load caused by the intake of
fish metabolites (faeces, urine, and gill secretions) and, to a much lesser extent, from uneaten
food from the farm during the breeding cycle [14]. Early detection and identification of
areas exposed to ecological changes, and chronology of events (frequency/seasonality,
intensity, duration), are crucial for taking timely action to avoid or reduce the adverse
effects on the environment, farms, and the health of consumers [22]. The largest share in
the emission of solutes has CO2 emissions, but around marine cage farms and in the cages
themselves, there have been no cases of a significant drop in pH, nor cases of hypercapnia
in farmed fish [2]. The carbon footprint is getting higher, and due to new regulations, by
2050 it must be significantly reduced [23]. From an ecological standpoint, most aquaculture
production includes the redirection and concentration of energy and resource flow from
natural ecosystems to the cultural environment [13]. As a result, relatively few systems
rely only on the sun’s radiation impacting the manufacturing site because of the limited
surface area of many high-density culture systems that are exposed to sunlight [13]. In
the study of Koričan et al. [1], energy consumption was analysed for the ship and feeding
process, including an analysis of using renewable energy sources (RESs) in an alternative
mariculture farm configuration. Through the example of a mariculture system in Croatia, it
is shown that integration of RESs is comparable to conventional solutions over a lifetime.
However, the remit of this study is rather narrow, considering only the basic energy needs
of the fish cultivation process.
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1.2. Technology Improvement

Technology in aquaculture production can greatly impact production in the long
term. It can result in more precise data, control, and economic growth. Most of the
technologies using artificial intelligence (AI), and Internet-of-Things (IoT) are based on
measuring water parameters, like pH, water depth, temperature, ammonia, dissolved
oxygen, salinity, etc. [24]. Oxygen depletion is characterized by a low level of Dissolved
Oxygen (DO), which may cause fish deaths [24]. Another consideration is the pH of
the water, which should be in the range from 6.5 to 9.0 [25]. The other criterion is the
temperature of the water body, which varies depending on the fish species. Utilizing
Internet of Things (IoT)-based devices to monitor aquaculture’s basic demands and assist
in providing items required for fisheries can help maintain an ecofriendly environment
for the fish [25]. In Table 1, the advantages and drawbacks of technology like AI, IoT, and
blockchain are shown.
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Table 1. Advantages and drawbacks of using technology in the fishing sector.

Sensor Parameters Android
Application

Web
Application Advantages Drawbacks

Celefish [26]

Weather,
Fishpond
information,
Disease,
Price fluctuation

n/a Yes

AI platform, which
includes suppliers, fish
market, catering
enterprises, banks, and
insurance companies

Single case study, new
areas to explore, how
users interact and
contribute to
sustainability, what are
the challenges and
obstacles regarding
sustainable
development, disruption
of traditional industries

IoT-based
aquaculture
system [24]

Temperature, pH,
Dissolve oxygen,
Ammonia

Yes No

Improve and monitor
the quality of water,
and aquatic
environment more
profitable, sustainable,
and productive

More parameters for the
future, lack of the
necessary equipment to
maintain proper health
for fish, lack of sharing
knowledge and
informing the fish
farmers

Artificial Neural
Network (ANN)
[27]

Salinity, Dissolved
oxygen, pH,
Temperature

Yes Yes

A convenient and
easily accessible tool to
manage aquatic
farming

Limitations for specific
applications, the lack of
a webcam be linked to
an image detector in a
computer

Intelligent fish
farm [28]

pH, Dissolved
oxygen, EC,
Temperature,
Ammonia, Nitrite,
automatic
equipment

Yes Yes

Measurement and
control, feeding,
inspection, and
harvesting
Equipment for an
intelligent fish farm is
introduced in detail

Education of the farmers,
lack of government
support, installation and
procurement of the
equipment

Fish Farm Data
(eFish Benin,
eAquaculture)
[29]

For fish diseases
classification:
Convolutional
Neural Network,
water quality
monitoring, issues
detection, alerting,
remote pumps
controls, and fish
diseases detection

Yes n/a

Arduino Mega, ESP32,
wi-fi, and MQTT
protocol to collect
data from fish farms
and send them in real
time to smartphones, a
digital community for
fish farmers to
improve their
activities

Dependency on wi-fi
connectivity and low
accuracy in fish diseases
classification,
improvement of the
classification accuracies,
deploying the model on
ESP32, and integration
connectivity media such
as SIM Card Router, etc.

Blockchain-
based fish farm
platform [30]

Data integrity for
aquaculture

Providing secure
storage for large data
files and minimizing
duplication,
approachable interface
to provide interaction
between the legacy
system and the
blockchain network,
highly secure data and
deleting history

The threat of data
transmission, lack of
authentication, the
connection of peer
nodes to Local Area
Network (LAN), not
Wide-Area-Network
(WAN)

1.3. The Aim of the Paper

There are a number of recent publications dealing with sustainability and reducing the
environmental impact of aquaculture farms, as well as those considering renewable energy
from the sun, wind, and sea. However, all these references make the analysis boundaries
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rather too narrow, considering only one or two segments of the complete fish farming and
fish processing pathway. To the best of the authors’ knowledge, there has been no study
that reviews the energy needs throughout all fish farming, processing, and delivery stages,
together with an analysis of alternative energy sources to reduce environmental impact
and keep operating costs as low as possible.

The novelty of this review is a complete analysis of energy consumption for the whole
aquaculture production cycle. Therefore, the overall process is logically structured into
key phases, and for each phase, specific energy needs are determined. Then, the energy
alternatives are considered, together with the potential environmental benefits.

The aim of this paper is to give a review of energy consumption in mariculture
production, including the whole process. Nevertheless, the possibility of GHG emissions
reduction in a sustainable way, with an increase in RES use, is given. Thereby, as an
illustrative scheme, a conventional mariculture farm in Croatia is considered. The given
model, with the relevant data, applies to other case studies, regardless of the country, type
of production, and species.

2. Methodology
2.1. Structure of Fish Farming and Processing

The production process of a typical aquaculture farm is divided into three phases, as
can be seen in Figure 4, where a simplified scheme of a production process is shown. The
first phase, between A and B, considers processes from the harbour to the cage. The second
phase continues in the factory with fish processing, from B to C, and the third phase, from
C to D, involves the distribution of the final product.
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According to Troell et al. [13], direct energy consumption comes along with a range of
processes such as harvesting, transport, collection or production of juveniles, and general
production operations. Energy requirements in mariculture take place in water pumps,
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aeration systems, light, ice production, fridges, transport to the farm, feeder machines,
freezers, air-conditioning, etc. [31]. In Figure 5, the energy used in aquaculture production
is presented, showing that nowadays fossil fuels are needed for the working vessel and
the distribution of the final product. However, electric energy is used for the automatic
feeding machine and in the whole industry where fish is being processed and prepared for
the market.

Energies 2022, 15, x FOR PEER REVIEW 8 of 27 
 

 

According to Troell et al. [13], direct energy consumption comes along with a range 
of processes such as harvesting, transport, collection or production of juveniles, and 
general production operations. Energy requirements in mariculture take place in water 
pumps, aeration systems, light, ice production, fridges, transport to the farm, feeder 
machines, freezers, air-conditioning, etc. [31]. In Figure 5, the energy used in aquaculture 
production is presented, showing that nowadays fossil fuels are needed for the working 
vessel and the distribution of the final product. However, electric energy is used for the 
automatic feeding machine and in the whole industry where fish is being processed and 
prepared for the market. 

 
Figure 5. Energy used in aquaculture production, by phases. 

The first part of the energy consumption is related to the vessels, transport from the 
harbour to the cages, and the feeding machine. At sea, in the cages, energy is used for 
feeding machines, which are mostly positioned on a floating deck. Afterward, fish are 
transported to the factory, where the majority of the energy is used. In the factory, 
processes include sorting, washing, chilling, skinning, gilling, gutting, filleting, shucking, 
salting, drying, preserving, or canning (this step varies depending on which species of 
seafood is being processed and if it is sold fresh or frozen), storing, and dispatching [32]. 
The production process is finalized with transport from the factory to the marketplace, 
and in this phase, regular fossil fuel is used. 

The usage of quality fish feed is one of the crucial factors in the whole fish farming 
process. Even though fish feed is the biggest aquaculture cost, every farm has a feeding 
system installed. Feeding machines use mostly granular food like seeds, cereals, pellets, 
etc., while feeding with fresh or frozen small fish is usually done manually. If the fish are 
being fed other smaller fish, it is usually done manually. Besides the vessel’s energy, the 
automatic feeding machine is also consuming some of the total energy. Fish feed 
production is the most expensive part of aquaculture production and also the largest 
contributor to GHG emissions in the sector [33]. Fish convert part of the eaten food into 
their biomass, and part is excreted as waste products of metabolism into the environment. 
The emission of a substance from a fish farm into the environment can be twofold, i.e., in 
particles (solid) or dissolved [34]. The consequence of the operation of the farm is 
increased emissions of organic matter, whose source is the faeces of cultivated organisms 
and uneaten food. 

The production process continues in the factory. It begins with fish sorting, then 
cleaning and cutting. After that, depending on the fish species, the fish are prepared with 
machines that use electric energy. Some of the machines used in the factory are 
precookers, heat exchangers, fridges, freezers like IQF (Individual Quick Freezing), 
autoclaves, conveyor belts, etc. [35].  

Fish transportation can be conducted by road, air, or sea. Railroads do not have a 
common means for seafood transport, so this is not an option in most countries [36]. Fresh 
fish is stored at low temperatures, from 0 to 4 °C. Distribution is carried out by a closed 
means of transport. Frozen fish, packed in cardboard boxes, are placed on pallets and 
stored in chambers at a temperature of –18 °C [37]. There are two main tasks when cooling 

Figure 5. Energy used in aquaculture production, by phases.

The first part of the energy consumption is related to the vessels, transport from the
harbour to the cages, and the feeding machine. At sea, in the cages, energy is used for
feeding machines, which are mostly positioned on a floating deck. Afterward, fish are
transported to the factory, where the majority of the energy is used. In the factory, processes
include sorting, washing, chilling, skinning, gilling, gutting, filleting, shucking, salting,
drying, preserving, or canning (this step varies depending on which species of seafood
is being processed and if it is sold fresh or frozen), storing, and dispatching [32]. The
production process is finalized with transport from the factory to the marketplace, and in
this phase, regular fossil fuel is used.

The usage of quality fish feed is one of the crucial factors in the whole fish farming
process. Even though fish feed is the biggest aquaculture cost, every farm has a feeding
system installed. Feeding machines use mostly granular food like seeds, cereals, pellets,
etc., while feeding with fresh or frozen small fish is usually done manually. If the fish are
being fed other smaller fish, it is usually done manually. Besides the vessel’s energy, the
automatic feeding machine is also consuming some of the total energy. Fish feed production
is the most expensive part of aquaculture production and also the largest contributor to
GHG emissions in the sector [33]. Fish convert part of the eaten food into their biomass,
and part is excreted as waste products of metabolism into the environment. The emission
of a substance from a fish farm into the environment can be twofold, i.e., in particles (solid)
or dissolved [34]. The consequence of the operation of the farm is increased emissions of
organic matter, whose source is the faeces of cultivated organisms and uneaten food.

The production process continues in the factory. It begins with fish sorting, then
cleaning and cutting. After that, depending on the fish species, the fish are prepared with
machines that use electric energy. Some of the machines used in the factory are precook-
ers, heat exchangers, fridges, freezers like IQF (Individual Quick Freezing), autoclaves,
conveyor belts, etc. [35].

Fish transportation can be conducted by road, air, or sea. Railroads do not have a
common means for seafood transport, so this is not an option in most countries [36]. Fresh
fish is stored at low temperatures, from 0 to 4 ◦C. Distribution is carried out by a closed
means of transport. Frozen fish, packed in cardboard boxes, are placed on pallets and
stored in chambers at a temperature of –18 ◦C [37]. There are two main tasks when cooling
fresh fish: rapid temperature reduction, to the desired low temperature of around –1 ◦C;
and temperature maintenance during storage and transport [37].

Packaging plays an important role in maintaining the desired product temperature,
especially if ambient temperature fluctuations are frequent [37]. Developed countries
transport fish in temperature-controlled vehicles [36].
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2.2. Energy Consumption in the Considered Phases

To assess the total energy consumption, it is necessary to determine the energy used
in each part of the production process, as presented in Figure 6. Figure 7 shows alterna-
tive aquaculture.
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Depending on the technical and operating characteristics of the working vessels,
the energy needs, and consequently the fuel consumption, can vary significantly [38].
Generally, the power needs include propulsion (main needs) and some auxiliary needs
that are regularly considered as a share of the main power needs. So, the energy needs
should be determined for each aquaculture system separately, due to possible scattering
in characteristics of different vessels to fuel different aquaculture systems. The feeding
process is operated by the feeding machine, which is supplied by electric energy. During
one fish production cycle, which lasts for 24 months, 10,554 tonnes of feed are needed for
the production of 5030 tonnes of fish, i.e., for the total farming process during one cycle [2],
indicating that about 2.1 kg of feed is required per 1 kg of fish. According to the data for
the feeder machine [39], the feeder consumes 4 kWh of energy to emit 150 kg of food in an
hour. In 2 h, for all cages at the farm, the feeder releases 300 kg of food and consumes 8
kWh of energy. The energy consumption for 1 kg of discarded food is calculated according
to Equation (1):

ECFkg =
ECFp f

DFp f
, (1)
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where ECFkg (kWh/kg) is for the energy consumption of the feeding machine per kilogram
of dispensed food, ECFpf is the total energy consumption per feeding machine in a day, and
DFpf is the total weight of dispensed food per feeding machine in a day. According to that,
the total energy consumption of the daily amount of thrown food per day is calculated by
Equation (2):

ECtotal = DFtotal ∗ ECFkg, (2)

where ECtotal (kWh) is the total energy consumption of all feeding machines in one day,
and DFtotal is the total food dispensed by all feeding machines in a day.

The EC in onshore facilities depends on the activities that take place during the
production; for this case study, the overall EC was obtained directly from the fish farm
owner. The total energy used in the production process in the factory was examined. The
energy consumption of different machines is important to know for further fish processing,
which can be seen in Figure 8, and depends on the factory, equipment, and processes
used. In the case where both salted and smoked fish are processed, the plant also uses
other energy sources such as wood and heating oil [40]. According to Thrane et al. [32],
some of the companies use smaller pumps, automatic door openers, reduction of idling of
production equipment, more efficient machines, etc. The indicators for energy consumption
are more complex and require the use of a Life Cycle Assessment (LCA).
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Transportation of the final product is regularly performed by road vehicles like trucks
that regularly use diesel as fuel. Energy consumption depends on the distance from the
factory to the marketplace. The total amount of fish produced in one year is calculated
from the data from [2] over two years, and further calculated per one day. According
to Andersen [41], the energy use per product unit in transportation is 0.2 kWh/kg; by
multiplying the energy use by the number of fish produced per day, the total energy
consumption in the transport phase was calculated. The total energy consumption (Etotal)
was calculated by adding up the energy needs in all production phases, where E1 is the
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energy used for powering the working vessel and for the feeding process, E2 in the industry
part, and E3 for the transportation, as shown in Equation (3):

Etotal = E1 + E2 + E3. (3)

2.3. Implementation of Alternative Power Options
2.3.1. Alternative Power Options for the Vessel

In the first phase of production, for the working vessel, alternative fuels can be con-
sidered, such as electricity, LNG (liquefied natural gas), biodiesel, ammonia, methanol,
etc. [42]. For a better understanding of the economically acceptable options, the total
costs of these fuels were analysed by a Life Cycle Cost Assessment (LCCA) [42,43]. The
environmental effect of alternative power options was assessed by LCA, as can be seen
in [1,42,43], where electrification regularly appears as the most environmentally friendly
option. However, LCCA provides additional information on the economic pillar of sus-
tainability and should be conducted in order to identify economically viable solutions.
Complete information on the feasibility of different alternatives is therefore derived from
LCA (which is considered in detail in [1] for the first phase of the production process) and
the LCCA presented in this paper, which tackles the complete aquaculture production
process. LCCA considers the total cost of a power system design over the 10 cycles of a
production process. One production cycle lasts for 2 years, and the total ship lifetime is
about 20 years, so in total, there are 10 production cycles when analysing the whole life
cycle of a product, including the lifetime of a ship. Investment costs are capital expenses
incurred at the start of production, maintenance costs are associated with equipment and
its replacement, and fuel costs examine the fuel used for the vessel’s operations.

• LCCA of diesel-powered ship

The cost of a new diesel engine for each ship considered is estimated by multiplying
the ship’s average power by the expected conversion factor of EUR 250/kW [43]. The diesel
price (PRD) is obtained from [44]. The life cycle fuel costs (LCFCD) are calculated using
Equation (4) [43]:

LCFCD = LT ∗ FCD ∗ PRD, (4)

where LT is the lifetime (the production process lasts for 2 years and the ship’s lifetime is
20 years, so there are 10 production cycles) and FCD is the fuel consumption of a diesel-
powered system. According to Christos [45], the maintenance cost of a diesel-powered
ship is expected to be EUR 0.014/kWh. EC stands for the energy consumption of the ship.
Maintenance costs are calculated by Equation (5) [43]:

LCMCD = LT ∗ EC ∗ 0.014. (5)

• LCCA of an electric-powered ship

The high capital cost of Li-ion batteries is one of the barriers preventing their widespread
adoption. The cost of retrofitting a ship with a battery is 45% of the battery price, with the
remainder representing installation, electric engine, and additional equipment expendi-
tures [45]. Battery capacity, BC (kWh), is calculated by Equation (6) [1]:

BC = 1.5 ∗ EC. (6)

When the safety regulations of the battery are taken into account, the required capaci-
ties increase by 50% [1]. Investment costs (IC) are calculated via Equation (7) [1]:

IC =
BC ∗ BP

0.45
, (7)
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where BP is the battery price, which, according to Perčić et al. [43], is EUR 200/kWh; 45% is
battery replacement costs, and the rest is other equipment. The life cycle fuel consumption
of electric-powered system, LCFCE, is calculated using Equation (8) [43]:

LCFCE = LT ∗ EC ∗ PRE, (8)

where PRE is the price of electric energy [46]. Life cycle maintenance costs, LCMCE, are
calculated using Equation (9) [43]:

LCMCE = (BC ∗ BP2030) + LC, (9)

where BC is the battery capacity and BP2030 is the battery price in 2030, which is assumed
to be EUR 169/kWh according to Ioannis et al. [47]; LC is landfill costs and is considered
to be part of the maintenance costs. According to Lima et al. [48], the total cost to recycle
lithium batteries is approximately EUR 26.79/kWh.

• LCCA of an LNG-powered ship

Natural gas can now be utilized in a monofuel gas engine (Otto cycle) or mixed with
a diesel engine in dual-fuel engine, which is more efficient than a monofuel engine [49].
This engine provides a smooth transition from one fuel (diesel) to another (natural gas)
during the ship’s operation with no loss of power or speed [43]. To calculate the life cycle
cost assessment of the LNG-powered ship, the fuel consumption must be calculated first.
In Equation (10) [43], the fuel consumption for natural gas is calculated, and for the pilot
fuel in Equation (11) [43].

FCNG = XNG ∗ EC ∗ SFCNG (10)

FCP−NG = XP−NG ∗ EC ∗ SFCP−NG (11)

FCNG stands for fuel consumption of natural gas; XNG is 99% natural gas and 1%
pilot fuel, which is diesel (XP−NG). SFCNG stands for the specific fuel consumption for
natural gas, which is 154.4 g/kWh, and SFCP−NG for the specific fuel consumption of pilot
fuel, which is 1.8 g/kWh [43]. The conversion rate for a freshly constructed LNG system
is roughly EUR 1160/kW, which includes the engine and any other equipment such as
the storage tank [50]. The price of 1 kg of LNG in Europe ranges from EUR 0.95 to EUR
1.1 [43]. The life cycle fuel consumption LCFCLNG for the LNG is calculated based on
Equation (12) [43]:

LCFCLNG = LT ∗ (FCNG ∗ PRLNG + FCP−NG ∗ PRD), (12)

where LT means the lifetime, FCNG and FCP−NG denote natural gas (LNG) and pilot fuel use,
respectively, and PRD denotes the diesel price. The cost of LNG technology maintenance
is EUR 0.015/kWh [51]. Equation (13) [43] calculates the life-cycle maintenance cost of an
LNG-powered ship (LCMCLNG):

LCMCLNG = LT ∗ EC ∗ 0.015. (13)

• LCCA of a B20-powered ship

The use of biodiesel does not necessitate the upgrading of diesel infrastructure. As a
result, the maintenance and investment costs of a B20-powered ship are identical to those
of a diesel-powered ship. Because there are no longer incentives for using biodiesel as a
fuel in Croatia, the price of pure diesel is considered to be the same as the standard price
of Croatian diesel, which is EUR 1.64/kg [44]. The life-cycle fuel cost (LCFCB20) is then
computed by taking into account the diesel price (PRD), biodiesel price (PRBD), lifetime
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(LT), fuel consumption of a B20-powered ship (FCB20), and proportions of different fuels in
the mix (XD and XBD) in Equation (14) [43]:

LCFCB20 = LT ∗ FCB20 ∗ (XD ∗ PRD + XBD ∗ PRBD). (14)

Besides these alternative fuels, there are also other possibilities that are worth men-
tioning, like ammonia, methanol, hydrogen, CNG (natural gas), etc.

2.3.2. Alternative Power Options for the Fish Processing

For the second phase of the production, electric energy is used for operating the plant.
Assuming that most of the electric energy comes from a diesel generator, modifications
are needed to achieve a more environmentally friendly power system. The use of RESs
has high importance in aquaculture production. The application of new energy technolo-
gies in aquaculture has been studied, with encouraging results [8]. Solar irradiation and
photovoltaic technology are well known in the Mediterranean [17].

Using solar panels, photovoltaics (PV) or wind turbines can have a positive impact on
sustainability. The costs of PV and wind turbines are analysed and compared with today’s
electric energy price. Considering that the area and factory with all equipment are standard,
without any changes, the influence of the energy consumption is taken into account. The
PV-cell power system layout is heavily influenced by weather conditions and available
installation space. Ančić et al. [52] used Equation (15) to compute the total yearly energy
production, EPV (MJ):

EPV = ηPV ∗ ERAD ∗ A, (15)

where ηPV is the efficiency of the system, ERAD stands for average solar irradiance, and A
denotes the area in m2.

The power output of a PV system PPV (kWh) is calculated by dividing the calculated
EPV by the number of daily solar hours ts (h).

Using the energy from wind turbines depends on the location and wind density. Wind
power is calculated by Equation (16) [1]:

PW =
1
2

∗ ρ ∗ AW ∗ v3, (16)

where ρ in kg/m3 is the air density, AW is the area of a turbine, and v is the wind speed
(m/s). With Equation (17) [1], the area of the turbine can be calculated, where D stands for
diameter of the turbine [1]:

AW =
D2 ∗ π

4
. (17)

The LCCA of a wind and PV-cell-powered system configuration comprises the PV
system investment costs, which are calculated by multiplying the PV cell investment
cost (€/kW) by the total power of the PV system (kW), as well as the cost of a wind
turbine [1]. The wind turbine, according to Hadžić et al. [53], is EUR 3000/kW, and the PV
system EUR 1116/kW, according to Koričan et al. [1]. A PV system’s maintenance cost is
considered to be 20% of its investment cost, whereas a wind turbine’s maintenance cost is
estimated to be 10% of its investment cost.

2.3.3. Alternative Power Options for the Fish Distribution Process

The last phase of the production is transportation. Most delivery trucks operate on
diesel-powered systems. To have environmentally friendly delivery, fully electric and
hybrid system are analysed and compared to the costs of a diesel engine. Further on,
for the distribution, a truck with a refrigerator is used. The trucks are still powered by
diesel engines, but the use of electricity presents a more environmentally friendly powering
method. For life cycle costs of the truck powered by a diesel engine, the price of the diesel
(PD), power of the engine, diesel engine power (PDE), and maintenance costs are calculated.
In Croatia, the current price of the diesel is EUR 1.63/L. According to Klanfar et al. [54],
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specific fuel consumption is considered to be 0.22 kg/kWh, which, multiplied by the energy
consumption, gives us the fuel consumption (FC). According to Equation (18) [43]:

LCFCD = FC ∗ PD ∗ LT, (18)

the life cycle fuel costs for diesel-powered engine, LCFCD, were calculated for a specific
number of km that a vehicle travels in a day, for 20 years, which is 10 cycles. In one year, it
is concluded that delivery happens only on weekdays, an estimate of around 260 days [55],
so to calculate the lifetime, one year is considered to be the 260 days on which delivery
is operating.

Investment costs consider the price of the diesel engine power and price of the engine.
The maintenance costs for this kind of engine are set at EUR 0.088/kWh, according to
Zhao et al. [56]. The life cycle maintenance costs are calculated by Equation (19):

LCMCD = (EC ∗ 0.088 ∗ LT) + LC, (19)

where EC denotes the energy consumption and LC landfill costs, which are EUR 26.79/kWh [48].
Investment in electric delivery trucks may still be challenging because of the growing industry
but, considering the costs of replacing the old engine powered system with only electrified, as
previously mentioned, it is assumed that costs are reduced by 45% because of the equipment
already in place. Investment costs are calculated by Equation (7). The maximum capacity for
distribution trucks is 240 kWh [57]. According to Zhou et al. [58], the battery price is EUR
354/kWh, and the replacement of the battery after 10 years with an assumption of lower
battery price of EUR 247/kWh. the electricity price in Croatia for non-household use is EUR
0.078/kWh [46]. Maintenance costs include the replacement of the battery, which, according to
Zhou et al. [58], is EUR 246.50/kWh. The life cycle fuel costs are calculated by Equation (20):

LCFCE = EC ∗ PE ∗ LT, (20)

where EC is energy consumption, PE the price of the electricity, and LT the lifetime.
Some of the new technologies that are being integrated in production are recirculating

aquaculture systems (RAS) and integrated aquaculture [59]. RAS are indoor fish farms
with rearing systems where purifying water and removing toxic metabolites and waste
are carried out with biofiltration [60]. It is one of the solutions for ecologically sustain-
able and economically profitable production, and can take place in either urban or rural
environments [61]. Although this method can have high costs, it is good for the environ-
ment, productive, and profitable in the long term. In such controlled systems, better feed
conversion is achieved, which means that less waste generated by feeding goes into the
environment [62]. Bohnes et al. [63] used the methodology for sustainable aquaculture,
first identifying important laws and regulations, and then using economic equilibrium
modelling to create realistic future-oriented scenarios for the aquaculture sector, which are
then coupled with life cycle assessment concepts. Fish behaviour can be monitored using
machine vision and sonar technologies, which are successful according to Shainee et al. [64].
Offshore farming, with depths of 15–40 m, has good water exchange with water currents
and higher output [65], but also some disadvantages given changeable weather conditions,
as in Norway [64]. A fishing machine, whose task is primarily to solve the problem of how
to elevate the target of manufacturing objects without injuring them in the offshore farming,
and to reduce human work, should utilize classification equipment, machine vision, and
other technologies to automatically filter the finished fish based on monitoring system data,
fish growth model, fish volume, and so on [65]. The use of mollusc production to increase
carbon sequestration and seaweed culture in coastal locations to reduce aquatic nutrient
loadings are also important examples of how aquaculture methods can be environmen-
tally friendly while also contributing to socioeconomic development [66]. Antonucci and
Costa [67] stated that some technologies, such as acoustic and optical sensing technology,
which provide feeding control and sizing system solutions, are still ready to be adopted
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or commercialized for precision aquaculture. Quijera et al. [35] analysed the integration
of a solar thermal system with a heat pump in a tuna factory. The energy potential of this
integration for a production process operating at medium or low temperatures has shown
good potential for reducing total energy consumption. According to Kassem et al. [68], a
smart and sustainable farm is built on the hybrid aquaculture idea, which combines the
benefits of recirculating aquaculture systems, zero-water discharge, and smart technology.
Antonucci and Costa [67] stated that some technologies, such as acoustic and optical sens-
ing technology that provides feeding control and sizing system solutions, are ready to be
adopted or commercialized for precision aquaculture.

3. Case Study

In the Republic of Croatia, mariculture includes the breeding of white fish, blue fish
(tuna), and shellfish. According to the Ministry of Agriculture, Republic of Croatia [69], the
total mariculture production in 2020 was 18,992 tonnes. Sea bass (Dicentrarchus labrax), sea
bream (Sparus aurata), tuna (Thunnus thynnus), and mussels (Mytilus galloprovincialis) are the
most important breeding species in Croatian mariculture, which is developing intensively
and recording a constant increase in productivity and employment. Zadar county is known
for the largest farms of white fish and tuna [70]. The investigated farm, whose location can
be seen in Figure 9, has a volume of 25,000 m3 per cage, with a total of 48 floating feeding
machines and round shape cages with a diameter of 50 m. According to Haramina [2], the
total amount of produced fish after two years was 5,030,000 kg.
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Cages are placed at least 300 m from shore [71]. Feeding the fish can be performed
manually or by machine, depending on the fish size, temperature, and biomass of the
food [2]. Feeding machines are placed on a floating platform, and release the food on
a timer, or in connection to pipes, and spread the pellets in a homogeneous way [72].
Fingerlings (weighing from 2 to 10 g) are most often placed in cages in spring and early
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summer. Already during the summer of the first breeding year, it is necessary to transfer
the fingerlings to a bigger cage, in which they remain until they weigh about 150 g, at the
beginning of the summer of the second breeding year [2]. Then, they are transferred to
cages with a diameter of 50 mm, where they remain until caught for sale. The fish reach
consumption size (300–400 g) in the second growing year, but the final product for the
sale, because of continuity in the market, determines the growth cycle of three calendar
years [2]. Food consumption for breeding of one generation, which lasts 83–110 weeks, is
10,500 t, and the conversion index is 2.1 kg of food per kg of fish [2]. The number of meals
can vary from one to six meals a day, depending on the size of the fish and the season
(summer or winter) [33]. Vessels are used for transporting the workers to the farm and
back. According to Koričan et al. [1], 250 kg is the daily fuel consumption for the vessel
used for the transport from the harbour to the aquaculture farm. The most common fuel
used for vessels in Croatia is “Eurodiesel Blue,” which is a combination of diesel and 0.5%
sulphur [1]. According to Koričan et al. [1], this fuel is diesel coloured with blue dye. The
crude oil used for production is imported from the Middle East to Croatia via tankers and
pipelines [73]. The price of the “Eurodiesel Blue” is EUR 1.13/L [44], but because that
cost is rising, alternatives need to be considered. According to Koričan et al. [1], for these
vessels, the fuel consumption is 400 kg/t of the total weight (ice, fish, feed, etc.).

Nowadays, most feeders are automated and the estimated energy consumption was
obtained from [39]. The price of electric energy is EUR 245.58/MWh in Croatia in 2022 [46].
In the plant for processing part of the caught fish, sorting, labelling, and packaging are
done, but there may also be a process by which smoked and marinated fish products are
produced [74]. Fish processing can be divided into the primary processing of raw fish, and
the production of fishery products—secondary fish processing [37]. Geographically, this
area of Croatia has good potential for renewable energy sources because of the abundance
of sunny hours (ts), especially on the Adriatic coast, where this farm is located: horizontal
irradiation is 5471 MJ/m2 a year [75]. Wind also represents potential energy, and makes
a significant contribution to the total energy in Croatia. The most important wind types
are “Jugo”, which blows from the south, and “Bura”, which blows from the northeast [76].
According to Ančić et al. [52], there is an average wind velocity of 6.5 m/s, used in this
paper, a wind density of 1.2 kg/m3, and a temperature of 20 ◦C n. According to For Fish [77],
anything over 1000 m2 is considered a large fish factory. For the purposes of this paper, an
area of 1000 m2 was assumed for PV cells next to the factory wind turbines. According
to Koričan et al. [1], the module area is 1.64 m2 with a power of 0.24 kW. According to
wind-turbine models [78], a 20-kW powered turbine has been selected, with a diameter of
10 m and swept area of 78.5 m2.

Packaged fresh fish are further stored or frozen and ready for the market. For the
purposes of this paper, a route from Zadar to Zagreb, and back to Zadar, was considered.
For energy consumption, a value of 1 kWh/km [58], the total energy for one day, there
and back, is 576 kWh/day. According to Klanfar et al. [54], for delivery trucks, the diesel
engine power is 164 kW for a load capacity of 4410 kg [79], and the price of the diesel
engine considered is EUR 16,560.64 [80]. For the more than 16 t of produced and delivered
fish per day, four distribution trucks are needed.

4. Results and Discussion

The results of the analysis of the total energy consumption in the mariculture process
are shown in Table 2 [1]. According to Prussi et al. [81], CO2 emissions are expected to rise
to 270% by 2050. The specific fuel consumption is constant for the diesel-powered system,
0.215 kg/kWh [82]; dividing fuel consumption from specific fuel consumption, the energy
consumption used only for the fuel in the vessel was 1162 kWh. Reducing the EC and
fish production to a daily level, an energy consumption of 0.072 kWh/kg of fish per day
was calculated.
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Table 2. Vessel particulars [1].

Power System Diesel Engine Powered

FC daily, kg 250
EC daily, kWh 1162.79
Equipment consumption daily, kWh 0.8159

Taking into account a daily feed consumption of 14,457 kg, the EC for 48 cages was
calculated at 0.0242 kWh/kg fish per day. Furthermore, the energy consumption for the fish
processing was 0.0379 kWh/kg fish. For 16,121.80 kg of fish per day, approximately four
delivery trucks are needed, and thus, the energy consumption is 0.1428 kWh/kg of fish in a
day. The total energy used for the whole mariculture production process of 24 months is
given in Table 3.

Table 3. Specific energy consumption per kg of produced fish in the whole mariculture produc-
tion process.

Energy
Consumption

Vessel + Feeding
Machine Industry Process Distribution

kWhdaily 0.096 0.0379 0.1428
kWh production process 70.80 27.67 104.24
Total consumption in cycle,
kWh/kg of fish 201.91

In Figure 10, the main energy sources for Croatian electricity are shown, except nuclear
energy, which is produced in Slovenia [83]. Most of the energy used in the mariculture
process is electric. The environmental impact depends on what kind of electric energy is
used, from which sources.
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Calculating the investment, maintenance, and fuel costs per kg of fish, for vessels, a
life cycle cost analysis has been performed, and the results are presented in Figure 11.
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Figure 11. LCCA results.

The results indicate that fuel costs are highest with diesel and biodiesel-powered
systems; from an environmental perspective, biodiesel is the better option. An electric-
powered system has lower fuel costs, but requires high investment because of the price
of the battery. Looking at the long term, it is a better option in terms of fuel costs than
diesel- or biodiesel-powered systems. Due to the needed replacement of the battery after
10 years, maintenance costs are high. The landfill costs of battery disposal after 10 years
are also included in the life cycle cost analysis. Natural gas has higher fuel costs, but
is still more environmentally friendly than diesel. Lithium-ion battery landfill includes
costs like waste treatment, auxiliary equipment, electricity, labour work, maintenance,
taxes, and depreciation [49]. The costs of the recycling process also include the recycling
plant’s area and location, whether manufacturing scrap and rejected cells will be reused, the
materials and energy flow associated with the recycling process, the equipment used for the
procedure, the unit prices for chemicals and utilities consumed, the unit prices for materials
recovered, and information about the plant operation, all of which are cost parameters.
The investment cost is high, as with battery-powered systems. Maintenance costs with
diesel, biodiesel, and natural gas are not high in the sensitivity analysis of specific costs
with respect to fuel price variations, as shown in Figure 12.
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The sensitivity analysis indicates that the price changes in an electric-powered system
will not have a significant effect on the total fuel costs compared to other powering options.
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Furthermore, changes in LNG prices can have a slightly bigger impact, but still not as high
as the changes in price of diesel and biodiesel. The price of the biodiesel is the highest, the
same as the price of pure diesel in Croatia, so it may have the biggest impact on the total
fuel cost.

Moving to the next phase of the production, which is industry, the use of RESs was
analysed. In Table 4, the main particulars of the PV cells and wind turbines are presented.

Table 4. Particulars of RES system.

PV System Wind Turbine

A (m2) 1000 Rated capacity (kW) 20
η (%) 17 D (m) 10
ts (h) 7 Swept area (m2) 78.5
Erad (MJ/m2) 5825 Power output–daily (kWh) 310.4
Power output–daily (kWh) 107.64
Total power output = 418.04 kWh/day

For the annual amount of energy consumption in the factory, two wind turbines are
needed for an output of 226,458 kWh. PV cells cover 1000 m2 in this case study, but to
fully replace energy consumption in the industry process, 3460 PV cells are needed, to
cover an area of 5674 m2. If a combination of wind and solar energy is used, then one wind
turbine and 1702 PV cells are needed to cover the total amount of energy used in the factory.
The summarized investment and maintenance costs of the PV cells and wind turbines are
shown in Figure 13, used to cover the total energy needs in the second phase.
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The results indicate that it is more profitable to invest in wind turbines, but PV cells
are more reliable. Depending on the strength of the wind, it is not the best way to fully
replace electric energy. On the contrary, there are much more sunny days than windy,
but even with solar models, there is still the possibility of low efficiency, especially in the
winter. In Figure 14, the influence on total cost of electric energy, in one production cycle,
in the industry process is shown. Data were calculated for the one wind turbine and PV
cells for 1000 m2 because of the available surface for the RESs. The highest energy price
was achieved by using only electric energy from the different sources, but with use of
solar energy, that price is already reduced, and the most viable option is using solar and
wind energy.
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Figure 14. Costs of electric energy combined with RES system.

In the last part of the production process, delivery by electric truck or a diesel-powered
vehicle were compared. The results of the LCCA can be seen in Figure 15. According to
these results, the fuel costs for the next 20 years, driving 260 days in a year, are higher than
for the electric-powered one. The investment cost is negligible compared to the electric
engine, but maintenance costs are higher than with the battery-powered system. As for
the electric-powered system in the vessel, for the maintenance costs, landfill costs are
included in the life cycle cost analysis. It is important to emphasize the issues regarding a
fully electric truck. The characteristics of an electric-powered vehicle are shown in Table 5.
According to Liimatainen et al. [84], the electric truck with battery engine power and
consumption used in this paper has a range of 300 km. After that, it takes more than 6 h to
charge fully. For the delivery of food, this can represent a major problem. These kinds of
vehicles are still at the beginning of their development, and in some countries like Norway,
the USA, or Canada, they can be used for some purposes, but in Croatia it will take time for
adequately efficient vehicles to come onto the market. A lack of charging stations can also
present an obstacle to the use of fully electric vehicles for transportation. The combination
of a diesel-powered and battery-powered system can potentially be a better solution until
the development of acceptable conditions for fully electric trucks. A hybrid system uses a
battery for starting an engine and goes further on the fuel energy. This solution is better for
the environment, but also in terms of costs.
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Table 5. Electric vehicle characteristics [84].

Manufacturer Commercial
Name

Maximum
Weight

Battery
Capacity
(kWh)

Range
(km)

Energy Con-
sumption
(kWh/km)

Volvo Fl Electric 16 t 100–300 100–300 1.00

It is clear that fuel consumption still has a significant influence on the total energy
consumption in production. An analysis of alternative fuels showed that electric-powered
vessels and LNG-powered vessels are most profitable. Similar results were presented
in the analysis of alternative fuel of three different ro-ro ships by [43], where the most
cost-effective and environmentally friendly system was an electric engine as a replacement
for diesel-powered ships. Pyrometallurgy (smelting), hydrometallurgy (leaching), and
direct recycling are the three fundamental process types (physical processes) of lithium-ion
battery recycling. Depending on parameters such as the quantity and characteristics of
the material supplied, and the quantity and value of the materials that may be recovered,
process components can be combined in a variety of ways [85]. Regardless of the technology
used, a recycling plant operates 320 days a year, 20 h a day [48]. Due to greater use of
these batteries in electric vehicles or vessels and other applications, the recycling process
will become more financially appealing. Renewable energy can be used in the first phase
of production for installing PV cells and wind turbines, as in [1], where the use of these
RES turned out to be more environmentally friendly and economically acceptable than
a conventional farm system. According to Hadžić et al. [86], solar panels are regarded
as the most appropriate renewable technology. In the whole process, electric energy has
many applications in terms of total energy consumption, but it is important to consider
where the energy comes from. Using RESs in some part of the process could be a significant
environmental improvement. For example, in industrial processes, a large-area installation
of PV cells and wind turbines reduces the costs of electric energy by 48%, the installation
of only PV cells by 18%, and the installation of only wind turbines by 24%. Additionally,
Folke and Kautsky [17] stated that the use of solar energy systems for fish rearing units may
decrease the total energy consumption from 14.25 to 2.31 e−03 kWh/kg fish. In the study by
Quijera et al. [35], after the incorporation of solar thermal energy in a canned fish factory,
the energy consumption represented a 24% reduction in the use of fossil fuel resources. In
the study [86], Hadžić et al. analysed the installation of horizontal-axis tidal turbines for an
annual production of 20 GWh and it did not appear to be a viable option, especially when
the installation cost of about 4450 turbines is considered. For this case study, the wind
turbine power is 310 kWh per kg fish per day. The amount of energy from [86], 20 GWh,
can be generated by five wind turbines with an installed power of 5 MW. For the last phase,
distribution trucks usually use diesel fuel. An alternative would be the use of an electric
or hybrid vehicle. According to Elangovan et al. [87], diesel trucks for food distribution
in the Gowanus district utilize 300% more energy than electric trucks and emit 40% more
greenhouse emissions. In Croatia, the use of electric trucks is still not convenient, but in the
future, to start with, a hybrid model could reduce the impact on the environment.

The weaknesses and limitations of this study are as follows:

• The results were obtained by combining the input data taken from the relevant litera-
ture and some real data obtained from the producer, which require further justification
(e.g., energy consumption in the fish factory). Therefore, sensitivity analyses of the
results with respect to the selected input data are provided in the Appendix A.

• Only one aquacultural farm is taken into account, and therefore, additional test cases
are desirable to determine the application of the presented model. The necessity of
testing relevant mathematical models for assessment of aquaculture sustainability is
also indicated in [1,10].
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5. Conclusions

Aquaculture production is becoming more popular in the food industry. With high fuel
prices, capture production is more challenging due to higher costs. Considering the whole
production process, energy consumption is still high in the first phase of production. Fossil
fuels have a much bigger impact on the environment, but also on economic performance.
For short distances such as are seen in aquaculture, usually from the harbour to the cage,
because scenarios of spending a few days at sea like in fisheries are not common, RESs
can be used for the vessel. Thus, in the first phase of production, the potential for zero-
emissions production is high, especially in the Croatian electricity mix, where hydro energy
accounts for almost 50% of the electric power. Combining conventional energy sources
with RESs makes production more sustainable and environmentally friendly. Additionally,
alternative fuels were analysed in this study, and, due to the sensitivity of the fuel price
differences, it is clear that an electric-powered system would experience the least change if
the electricity varies. A life cycle cost analysis has also been conducted with alternative
fuels like biodiesel, LNG, and electric vessel, with the assumption of diesel fuel as a pilot
fuel. Costs like investment, maintenance, and fuel were analysed and, looking at only the
economical aspect, the electric-powered system showed the lowest costs. For the energy
used in the cage, an automated machine was taken as the feeding system. In this work,
the feeding machine is powered by electric energy; however, a lot of feeding machines
are still powered on diesel, and thus, can also have a negative environmental impact. It
is preferable to use electric feeding machines. Processes in the factory are powered only
by electric energy, but it is important to know the source of the energy supplied. Croatia
has a good potential for using RESs in mariculture production. PV cells proved to be more
accessible. The best option would be a combination of other RESs like wind, water, or other,
but some of this depends on the weather more than other sources. Wind turbines would be,
theoretically, the easiest and fastest option for electric energy production, but they depend
a lot on the weather conditions, so in practice, for a fish factory, they could not be the only
energy source. For zero-emissions production, in the second phase, the potential is also
great. Hydro energy, solar, and wind energy can make a significant contribution to more
sustainable production. With the combination of RESs and electric energy from the mix,
it would have a greater impact on the environment; also, over a longer period, the costs
would be less. Further research is needed to better understand the needs of mariculture
and how to make it sustainable. In the last phase, there are still problems with making
the whole production zero-emissions. Most of the distribution methods, especially trucks,
are powered by diesel engines. The possibility for battery-powered systems is not that
high because of a few disadvantages. Hybrid models can replace fully diesel-powered
systems for a start, but that is still not zero-emissions, so therefore, further investigations
are needed.
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Appendix A

A major issue in the assessment of lifetime costs in aquaculture relates to collecting
reliable input data. In this study, all the input data were taken from the relevant literature,
while the energy consumption in the fish factory was obtained by direct contact with the
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selected factory. Therefore, a sensitivity analysis of the specific production costs with
respect to energy consumption in the factory as well as some other quantities is shown in
Figure A1.
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References
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